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Fundamentals of MOS Transistors

Problems

2-1.

2-2.

Calculate the intrinsic carrier concentration of silicon at (a) 7'= 350 K and (b) 7" = 650 K.

Solution: From Equation (2.1)), we obtain the values of bandgap energy E, at temperature 350 K
and 650 K are 1.11 eV and 1.02 eV, respectively. Hence, the intrinsic carrier concentrations of silicon
at these two temperatures can be computed using Equation (2.13) and are as follows:
(a) At T =300 K:
—-1.11
350 x 8.62 x 10—

n? = 6.2 x 103! x 350% exp ( ) =2.79 x 10%3

Therefore, the intrinsic carrier concentration n; at temperature 350 K is 5.28 x 10*! /cm?
(b) At T =650 K:

—1.02
650 x 8.62 x 10~°

n? = 6.2 x 10*" x 650% exp ( > = 2.11 x 102

Therefore, the intrinsic carrier concentration n; at temperate 600 K is 1.45 x 10*¢/cm?®.

Consider a p-type silicon doped with boron impurity and assume that the concentration of boron
impurity is 8.5 x 10'% cm™3.

(a) Calculate the Fermi potential of the p-type material.

(b) Calculate the thermal-equilibrium electron concentration at T'= 300 K.

Solution: The Fermi potential and thermal-equilibrium electron concentration are computed sepa-
rately as follows:

(a) The Fermi potential can be computed by using Equation (2.15):

kT N,
p— —71 J—
Prp o n < T )
8.5 x 101°
— — -3 e e
= 25.86 x 107" 1In (1.45 » 1010) 034V

(b) Assume that at room temperature all acceptor atoms are ionized. Hence, pg = N,. The thermal-
equilibrium electron concentration can then be obtained from the mass-action law:

n?  (1.45 x 10'0)?
no =

_ 4 -3
0 S5 X100 2.47 x 10* cm
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2-3.

2-4.

2-5.

2-6.

Chapter 2. Fundamentals of MOS Transistors

Consider an n-type silicon doped with antimony impurity and assume that at T = 300 K. The Fermi
energy is 0.35 eV below the conduction band.

(a) Calculate the concentration of antimony impurity, assuming that all impurity atoms are ionized.

(b) Calculate the thermal-equilibrium hole concentration.

Solution: The antimony impurity and thermal-equilibrium hole concentrations are computed sepa-
rately as follows:

- . . E, .
(a) The bandgap energy of silicon at 7' = 300 K is 1.125 eV and e¢y, is equal to = — 0.35 = 0.21

eV. That is, ¢y, = 0.21 V. The concentration of antimony impurity can be computed by using
Equation (2.17):

Ng
21 = 25. 10731 _
0 5.86 x 10 n<1.45x1010)

Solving it, the concentration of antimony impurity is found to be 4.88 x 10 c¢cm~3.

(b) The thermal-equilibrium hole concentration can be obtained from the mass-action law:
ny (145 x 10'7)?

= =4.3x10% cm™3
no | 4.88 x 1013 x A em

Po =

Assume that a p-type material with impurity concentration of N, = 5 x 10'® /cm3 and an n-type
material with impurity concentration of Ny = 8.4x10% /em? are combined into a pn junction. Calculate
the built-in potential of the pn junction at T' = 300 K.

Solution: The built-in potential can be calculated as follows:

o = A el
& ni
862 x107°(eV/K) x 300 K L 84X 1015 x 5 x 10%®
e (1.45 x 1010)2
= 1.00V

Consider a pn junction with acceptor and donor concentrations of N, = 1.2 x 10¥/cm?® and Ny =
2.6 x 10'% /cm?, respectively. Calculate the width of depletion region at T = 300 K.

Solution: Using the fact that N, > N4, we have:

x _ 255¢0 i
L (& Nd
2 % 11.7 % 8.85 x 10-14 x (.78 1
_ — 0.623
\/ 1.6 x 10-19 (2.6 X 1015> pm

The built-in potential ¢ is given as follows:

8.62 x 1075(eV/K) x 300 Ko 12 1018 x 2.6 x 10%°

0 = e U145 % 1010)2

0.78 V

Represent the junction capacitance versus the applied diode voltage V. The diode is formed between the
n-well and p-type substrate. The area and depth of the n-well are 80 x 60 ym? and 2 um, respectively,
as shown in Figure 2.8(a). Suppose that N, = 4.5 x 10'® ecm~2 and Ny = 1.6 x 10'7 cm~3. The
measured zero-bias junction capacitance is 85 aF/um? and m = 0.45.
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Solution: The built-in potential ¢ is calculated as follows:

8.62 x 1075(eV/K) x 300 K . 4.5 x 10'6 x 1.6 x 1017

= 1
%o e BT (145 x 1010)2
— 081V

The zero-bias junction capacitance consists of two parts: bottom capacitance Cjo, and sidewall capac-
itance Cjpsy. The bottom capacitance under zero-bias condition can be calculated as follows:

Ciop = Cjo x (80 x 60 pum?)
= 85 aF/um? x (80 x 60 pm?)
= 041 pF

The sidewall capacitance under zero-bias condition can be calculated as in the following:

CjOsw = Cjo X (280 X 2 ,umz)
85 aF/um? x (280 x 2 pm?)
= 0.048 pF

Therefore, the total zero-bias junction capacitance is 0.46 pF. Using Equation (2.51), the junction
capacitance can then be expressed as:

v —0.45

For an abrupt n*p junction diode with Ny = 4.5 x 10'® cm ™2 and N, = 5.6 x 10'® cm ™2, assume that
the junction area is 50 x 50 pm?.

(a) Find ¢g and Cjo at T = 300 K.
(b) Find C; for V= —-1.8 V.
() Find O,y for Vi = —1.8 V and Vo = 0 V.

Solution: (a) The built-in potential at zero bias, ¢g, can be calculated as follows:

No Ny 4.5 x 108 x 5.6 x 101
— Viln ( 225) = 0.0261 =0.84
#o th( n? ) OOGH( (1.45 x 1010)2 081V

i

The zero-bias junction capacitance, Cjo, is found to be:

Cjo =

€Egj NaNd 1/2
2¢9 No + Ng

1.6 x 10719 % 11.7 x 8.854 x 1014 4.5 x 10 x 5.6 x 1015\ /2
2% 0.84 4.5 x 1018 5.6 x 1015

= 25x 107 (
= 0.59 pF

(b) The junction capacitance C; at V = —1.8 V is:

- G _ 0.59 pF -
C; = - (V/do)™ [1— (—L8/0.84)]05 0.33 pF
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(c) The equivalent capacitance C., for the two extreme voltage values, V3 = —1.8 Vand V2 =0V, is
as follows:
C _ . Cj0¢0 (1_‘/2>1m_(1_‘/1)1m
“ (Vo2 =V1)(1 —m) o o
059084 Lo O (18
~ (0+1.8)(1—0.5) 0.84 0.84
= 043 pF

. Supposing that the p-type substrate has impurity concentration of N, = 6.5 x 10'® ¢cm™3 and using

n; = 1.45 x 10'° em™3, find the maximum depletion layer thickness Td(maz) &t T = 300 K.

Solution: From Equation (2.8), we obtain

N, 6.5 x 10'°

The maximum depletion layer thickness is:

.  [Aegldg] \/4 x 11.7 x 8.854 x 10~14 x 0.34
d(maz) = eN, 1.6 x 10-19 x 6.5 x 1015

0.37 pm

Assume that the substrate is n-type with donor concentration of Ny = 2 x 10'® cm ™2 and the temper-
ature is 300 K. ¢ and ¢g; are the work function (Fermi energy level) of gate and silicon substrate,
respectively. Referring to Figure 2.1, complete Table 2.10 if electron affinity is 4.05 eV and bandgap
energy Fy = 1.12 eV.

Table 2.10: The Table for Problem 2-9

Aluminum pT polysilicon nT polysilicon

lo¥e. (V) 4.10 5.17 4.05
¢si (V)
Viep (V)

Solution: The Fermi potential of the n-type substrate is equal to

Ny 2 % 10'6
=V,ln(~%) =0.026ln( ) =0.
Srn mn(n> 006n<1.45><1010> 0.37 V

Hence, the ¢g; of the n-type substrate is equal to:

E
0si= X+ 52 — O =405+ 0.56 —0.37 = 424V

The flat-band voltages can then be calculated accordingly. The results are listed in STable 2.1.

2-10. For an aluminum-gate MOS system, the gate-oxide thickness t¢,; is 6.5 nm and ¢gs = —0.88 V.

Assume that acceptor concentration Ny is 6.5 x 10 cm™2 and Qs is 6.5 x 101 cm™2.

(a) Find the threshold voltage Vr, at T = 300 K.
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STable 2.1: The resulting table of Problem 2-9.

Aluminum pT polysilicon nT polysilicon

dc (V) 4.10 5.17 4.05
dsi (V) 4.24 4.24 4.24
Vas (V) -0.14 0.93 -0.19

(b) Assuming that delta function is used, find the impurity density required to adjust the threshold
voltage to 0.55 V.

Solution:

(a) At T = 300 K, the intrinsic carrier concentration n; is 1.45 x 10'° cm~3. From problem 2-8, we
have Zg(maz) = 0.37 pm. Hence, Qg(maz) can be calculated as follows:

Qd(maz) = eNaxd(mam)
1.6 x 10719 x 6.5 x 10'° x 0.37 x 10~*
3.85 x 1078 C/cm”

The capacitance C,, of the underlying MOS system is found as:

 Eor  3.9x8854x 1071 . 9
COQ: = E = 6.5 < 10—7 =5.31 x 10 F/cm

The threshold voltage Vi, can then be obtained as follows:

tOJIJ tOI
VTn = 2‘¢fp‘ + Qd(maz)? + (QSGS - QSS&‘)
3.85 x 1078 6.5 x 101% x (1.6 x 10719)
= 2x034+""" " (88—
R TRV T 531 x 107
= —0.15V

(b) In order to adjust the threshold voltage to the desired value of 0.55 V, the required impurity
density of ion implementation can be found from Equation (2.38).

D
AVp = 0.45 — (—0.15) = 0.70 V = BC d
Consequently, the required impurity density of ion implementation is:

Cox 5.31 x 1077

— — _ 12 —2
DI— e XAVT—W x 0.70 =2.32 x 10 cm

2-11. Assume that the gate-oxide thickness t,, is 6.5 nm and ¢ggs = —0.88 V. The impurity concentration
of substrate is N, = 6.5 x 10 cm™3. If the body bias Vsp is 1.8 V, find the body-effect coefficient
~ and the threshold voltage V7, under this body bias, assuming that the threshold voltage without
body bias Vg, is 0.55 V.

Solution: From Problem 2.10, we obtain C,, = 5.31 x 1077 F/ch. The body-effect coefficient v can
be calculated as follows:

_ 2e5ieN,
7T T,
V2 x11.7x 8854 x 10714 x 1.6 x 1019 x 6.5 x 1015
5.31 x 107

= 0.09 (V°%
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The threshold voltage with Vgg = 1.8 V is then calculated as follows:

Vrn = Vron + Y (\/2|¢fp| + VSB) - \/2|¢fp|>

0.55 4 0.09 (V2 x 0.34 + 1.8 — v/2 x 0.34)
0.62 V

where |¢¢,| = 0.34 V, from Problem 2-8.
2-12. Assume that t,; = 3.2 nm in a 0.13 pgm process.

(a) Calculate the effective electron mobility as Vgs = 1.2 V and Vi, =0.35 V.
(b) Calculate the effective hole mobility as Vgg = 1.2 V and Vp, = —0.35 V.

Solution: The effective electron and hole mobilities are calculated as follows:

(a) Using Equation (2.87), we have E, o, = 8.07 x 10° V/cm and using Equation (2.86) the effective
electron mobility is calculated as pefy = 301 cm?/V-s.

(b) Using Equation (2.87), we have Eyorm = 4.43 x 105 V/cm and using Equation (2.86) the effective
hole mobility is calculated as ficff = 98 cm?/V-s.

2-13. Using the parameters given in Table 2.11 and assuming that 2¢; = —0.8 V, determine the device
parameters, Vg, k, v, and A.

Table 2.11: Parameters for Problem 2.13.
Ves(V) Vps(V) Vss(V)  Ip(pA)

0.8 0.8 0 37
0.8 1.2 0 40
1.2 1.2 0 130
1.2 1.2 0.3 44
1.8 1.8 0.3 178

Solution: Solution: Since the transistor operates in saturation region, the drain current is as follows:
1 2
ID(sat) = §kn(VGS — VTOn) (1 + AVps)

(a) Find Vpg. From row 3 and row 2, we obtain

Idsat(row 3) - (12 — VT0)2 - 130

Tisat(row 2) — (0.8 —Vpg)2 40 (21)
Hence, Vg =0.30 V.
(b) Find A. From row 3 and row 1, we obtain
Igsat(row 3)  (Vas — Vro)?(1 + A\Vps(row 3)) _ 081(1+1.2x) 130 (2.2)

Tisat(row 1) — (Vas — Vro)2(1 + AVps(row 1)) — 0.25(1+0.8)) 37
Hence, A =0.25 V.

(¢) Find k. From row 3, we obtain
1
130 = Sh(1.2 — 0.30)%(1 +0.25 x 1.2)

Hence, k = 247 uA/V2.
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(d) Find ~. From row 4, we obtain
1
44 = 5247(1.2 - Vrn)?(140.25 x 1.2)

Hence, Vp,, = 0.68 V.
0.68 = 0.30 + v(v/0.8 + 0.3 — v0.8)
Hence, v = 2.38 V.

2-14. Using the parameters given in Table 2.12 and assuming that 2¢; = —0.8 V, determine the device
parameters, Vg, k, v, and A.

Table 2.12: Parameters for Problem 2.14.
Ves(V) Vps(V) Vsgp(V) Ip(pA)

0.8 1.2 0 32
1.2 1.2 0 116
1.2 1.2 0.4 17
1.2 1.8 0 120

Solution: Since the transistor operates in saturation region, the drain current is as follows:
1 2
Ip(sat) = ikn(VGS — Vron) (1 + AVps)

(a) Find Vpg. From row 2 and row 1, we obtain

Tgsat(row 2) (1.2 —Vpg)? 116

Tgsat(row 1) — (0.8 —=Vgo)2 32 (23)
Hence, Vg =0.33 V.
(b) Find \. From row 4 and row 2, we obtain
Igsat(row 4) 1+ AVpg(row 4) 1+ 1.8\ 120 (2.4)

Tisat(row 2) ~ 14+ AVps(row 2)  1+12x 116
Hence, A = 0.06 V.

(¢) Find k. From row 2, we obtain
116 = %k(l.Q —0.33)%(1 4 0.06 x 1.2)
Hence, k = 286 uA/V2.
(d) Find ~. From row 3, we obtain
17 = %286(1.2 — Vrn)?(1+0.06 x 1.2)

Hence, Vp, = 0.87 V.

0.87=10.33 + (0.8 + 0.4 — v0.8)
Hence, v = 2.57 V.

2-15. Show that the temperature dependence of threshold voltage can be expressed as follows:

Ven 1 (E o
i =7 (3~ onl) (” \/2|¢fp|>
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Solution: The threshold voltage Vi, can be rewritten as follows:
Qd(max)
COJ)

v/ deesi N,
—|¢fp| + Vep

CO xr

Virn +VrB

2|¢fp| +

2|¢fp| +

The dependence of Vp,, with temperature can be seen by taking the derivative of Vr,, with respect to
temperature 7":

Wrn ool | VieesiNa dldsyl
dT AT " 2C,u\/by,] AT
_ d|o sl + g
dr \/2|¢fp|

where |¢y,| is also a function of temperature and can be further expressed as follows:

kT N,
|¢fp| = ln()

€ n;
E
ke Noewo (3%
= —1In
e NN,

In the second equation, we substitute the n; with the following expression:

E
n; =/ NyN.exp (—2];[>

where we use the fact that n? = ngpo. Consequently, the dependence of |¢f,| with temperature can be
expressed as:

N, ex <E9>
Aol _ KT (B, k[ Neew (o
dT e 2kT? e N, N,

1 (FE
7 (5 1onl)

Therefore,

dVT”__1<Eg_¢ ) I
ar T \2e 7 V2]

2-16. The well-defined temperature dependence of diode voltage can be used to develop a voltage that is
directly proportional to absolute temperature (PTAT). This voltage is referred as the PTAT voltage
or VPTAT~

(a) Referring to Figure 2.34, show that

I
Verar = Viln (Im>
D2

(b) Calculate Vppar if I is set to 10 times Is.
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‘{ Diode current
V,-0.7 /

R1 Rl Diode voltage

W 07V /¢
O N s bttt 3
I b— | >
Vi % D1 4 53 Seeeol.
R V0.7 V
< < R1
(a) (b)

Figure 2.35: The (a) circuit of a pn-junction diode for studying (b) transition characteristic.

Solution:

(a) From Figure 2.34, we obtain

I I
Vo1 — Vpa = Viln <f1) —thn< }”)

Ipy kT Ipy
Viln (221 ) = " qn (222
' H<ID2> e (IDQ)

Hence, the temperature dependence of I, has been eliminated from the equation.
(b) If I is set to 10 times Io, then

Verar

B Ipi\ 138 x 10727
Verar = Viln <®) = W 111(10) ~ 0.27 mV

Hence, the voltage is linearly proportional to temperature.
2-17. In this problem, we would like to study the transient characteristics of a pn-junction diode. Referring

to the circuit shown in Figure 2.35(a), use SPICE to verify the transition characteristic given in
Figure 2.35(b). Assume that the diode parameters are as follows:

.model Diode D IS=1.0E—15 TT=10E-9 CJO0=1E—-12 VJ=0.7 M=0.33

Solution: A sample SPICE program is as follows:

A study of pn Diode transition characteristics ——
**xkkx*xk*x*x*kx Parameters and model s kskskkokkxkxxk

.model Diode D IS=1.0E—15 TT=10E-9 CJO0=1E—12 VJ=0.7 M=0.33
skxxxkkk Circuit description *kkkxkskskkk
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D1 Vd O Diode

R1 Vin vd 1k

Vin vin 0 DC 0 pulse 5 =5 10n 0.1n 0.1n 20n 40n
*okkkkkkk Analysis statement Hokksokksokkskok

.tran 100p 50n

kackkckkokokk JQutput statements sokskkskoksokskokkokk
.print i(Vin) PAR(‘—i(Vin)*1k?)

JEND

2-18. Referring to Figure 1.33(a), design a two-stage buffer. The first stage is a standard 1X inverter and
the second stage is a 4X inverter. Assume that L = 2\ and W = 3.

Solution: A sample SPICE program is as follows:

A two—stage buffer design —— 0.18—um process
**kxkxkkkxkx Parameters and model kkkkkkkkx
.lib 7.\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd

.opt scale=0.09u

*kkkkkkxk Circuit description kdkskkkxkkx

Mn1 a Vin Gnd Gnd nmos L=2 W=3 =** input stage
Mp1 a Vin Vdd Vdd pmos L=2 W=6

Mn2 Vout a Gnd Gnd nmos L=2 W=12 ** output stage
Mp2 Vout a Vdd Vdd pmos L=2 W=24

Vdd Vdd Gnd ’Supply’

Vin Vin Gnd PULSE 0 ’Supply’ Ops Ops Ops 1lns 2ns
*xkxckkkk analysis statement xkkkkkk

.trans lps 4ns 10ps

kackkckkkk Jutput statements kxkskkokkxk

.probe V(Vin) V(Vout)

JIND

2-19. Referring to Figure 1.33(b), write a SPICE data file to verify the function of the two-input NAND
gate. Assume that L =2\ and W = 3.

Solution: A sample SPICE program is as follows:

A two—input NAND gate —— 0.18—um process
**kxkkkkx*kx Parameters and model kk¥kkkkkx
.lib 7.\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd

.opt scale=0.09u

*kkkkxkkxk Circuit description kdkskkkikkx

Mn1 x B Gnd Gnd nmos L=2 W=6 ** input B

Mn2 Vout A x Gnd nmos L=2 W=6 ** input A
Mpl Vout B Vdd Vdd pmos L=2 W=06
Mp2 Vout A Vdd Vdd pmos L=2 W=6

Vdd Vdd Gnd ’Supply’

VinA A Gnd PULSE 0 ’'Supply’ Ops Ops Ops lns 2ns
VinB B Gnd PULSE 0 ’Supply’ Ops Ops Ops 2ns 4ns
kxkkckkkk analysis statement xkkkkokk

.trans lps 4ns 10ps

>k 3k 3k >k >k %k k k Dutput statements kkkkxxkx

.probe V(VinA) V(VinB) V(Vout)

JIND
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2-20. Referring to Figure 1.33(c), write a SPICE data file to verify the function of the two-input NOR gate.
Assume that L =2\ and W = 3.

Solution: A sample SPICE program is as follows:

A two—input NOR gate —— 0.18—um process
*xckxkkkk Parameters and model s kkkkkkkok
.lib  ’..\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd

.opt scale=0.09u

kackkckkkk Circuit description kdskdoskskskkskok

Mnl Vout B Gnd Gnd nmos L=2 W=3 ** input B

Mn2 Vout A Gnd Gnd nmos L=2 W=3 ** input A

Mpl Vout B x Vdd pmos L=2 W=12

Mp2 x A Vdd Vdd pmos L=2 W=12

Vdd Vdd Gnd ’Supply’

VinA A Gnd PULSE 0 ’Supply’ Ops Ops Ops lns 2ns
VinB B Gnd PULSE 0 ’Supply’ Ops Ops Ops 2ns 4ns
*kxkkkkkx analysis statement ki

.trans lps 4ns 10ps

*xckxckkkk Jutput statements kxkkokkk

.probe V(VinA) V(VinB) V(Vout)

JEND

L
L

2-21. Referring to Figure 1.35(a), write a SPICE data file to verify the function of the 2-to-1 multiplexer.
Assume that L = 2\ and W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:

A 2—to—1 nMOS multiplexer —— (.18 —um process
*kxkxkkxkx Parameters and model s kxkskkkxk
.lib  ’..\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd

.opt scale=0.09u

*xckxckkkk Circuit description ksskkskkskkskk

Mn1 Y Sbar DO Gnd nmos L=2 W=3 ** input DO
Mn2 Y S D1 Gnd nmos L=2 W=3 ** input D1
Mn3 Sbar S Gnd Gnd nmos L=2

Mp3 Sbar S Vdd Vdd pmos L=2

Vdd Vdd Gnd ’Supply’

VinDO DO Gnd PULSE 0 ’Supply’ Ops Ops Ops lns 2mns
VinD1 D1 Gnd PULSE 0 ’Supply’ Ops Ops Ops 2ns 4ns
VinS S Gnd PULSE 0 ’Supply’ Ops Ops Ops 3ns 6ns
*xkxckkkk analysis statement xkkkkkk

.trans lps 6ns 10ps

kackkckkkk Jutput statements kxkdokkxk

.probe V(VinDO) V(VinD1) V(VinS) V(Y)

JIND

2-22. Referring to Figure 1.35(b), define a sub-circuit of TG and write a SPICE data file to verify the
function of the 2-to-1 multiplexer. Assume that L = 2\ and W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:
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A 2—to—1 TG multiplexer —— 0.18—um process
*kkkkkkk Parameters and model kkkkkksksk
.lib 7.\ cmos18.txt’ cmos

.param Supply=1.8V * Set value of Vdd
.opt scale=0.09u

*kokxkkkkkk Subcircuit definition s kkkskkkskkx
.global vdd gnd

.subckt TG a y nctrl pctrl

Mn y nctrl a gnd nmos L=2 W=3

Mp y pctrl a vdd pmos L=2 W=3

.ends

**x define an inverter

.subckt inv a y *** a=input y=output
Mn y a gnd gnd nmos L=2 W=3

Mp y a vdd vdd pmos L=2 W=3

.ends

kackxckkkk Circuit description kdskkoskkskkskok
XTG1 DO Y Sbar S TG ** input DO
XTG2 D1 Y S Sbar TG ** input D1
Xinv S Sbar inv ** inverter
Vdd Vdd Gnd ’Supply’

VinDO DO Gnd PULSE 0 ’Supply’ Ops Ops Ops lns 2mns
VinD1 D1 Gnd PULSE 0 ’'Supply’ Ops Ops Ops 2ns 4ns
VinS S Gnd PULSE 0 ’Supply’ Ops Ops Ops 3ns 6ns

*xkxckkkk analysis statement kkkkkk
.trans lps 6ns 10ps

kackxckkkk Jutput statements kxskkokkxk
.probe V(VinDO) V(VinD1) V(VinS) V(Y)
JIND

Referring to Figure 1.36(a), write a SPICE data file to verify the function of the 1-to-2 demultiplexer.
Assume that L = 2)\ and W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:

A 1-to—2 nMOS demultiplexer —— 0.18—um process

*kkkkkkk Parameters and model kkkkkksksk
.lib 7.\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd
.opt scale=0.09u

kackrckkkk Circuit description kdsksoskskskkskok
Mn1 D Sbar YO Gnd nmos L
Mn2 D S Y1 Gnd nmos L
Mn3 Sbar S Gnd Gnd nmos L
Mp3 Sbar S Vdd Vdd pmos L
vdd Vdd Gnd ’Supply’

2 W
2 W=3
2 W=3

VinD D Gnd PULSE 0 ’Supply’ Ops Ops Ops lns 2ns
VinS S Gnd PULSE 0 ’Supply’ Ops Ops Ops 3ns 6ns

kkxkkkkkx analysis statement dkkkxokx
.trans lps 6ns 10ps

kxckkckkkk Jutput statements kxkdokkxk
.probe V(VinD) V(VinS) V(YO0) V(Y1)
JEND

2 W=3 ** input DO
=3 ** input D1
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2-24. Referring to Figure 1.36(b), define a sub-circuit of TG and write a SPICE data file to verify the

2-25.

function of the 1-to-2 demultiplexer. Assume that L = 2\ and W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:

A 1-to—2 TG demultiplexer —— (.18 —um process
*xckxckkkk Parameters and model s kdskkskkokk
.lib  7..\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd
.opt scale=0.09u

s)kkkkkkkkk Subcircuit definition s xskskskskskskkx
.global vdd gnd

.subckt TG a y nctrl pctrl

Mn y nctrl a gnd nmos L=2 W=3

Mp y pctrl a vdd pmos L=2 W=3

.ends

** define an inverter

.subckt inv a y *** a=input y=output

Mn y a gnd gnd nmos L=2 W=3

Mp y a vdd vdd pmos L=2 W=3

.ends

skokdokkckkx Circuit description sksskkskokskoksk
XTG1 D YO Sbar S TG ** output YO
XTG2 D Y1 S Sbar TG ** output Y1
Xinv S Sbar inv ** inverter
Vdd Vdd Gnd ’Supply’

VinD D Gnd PULSE 0 ’Supply’ Ops Ops Ops 1lns 2ns
VinS S Gnd PULSE 0 ’'Supply’ Ops Ops Ops 3ns 6ns

kackkckkkk analysis statement xkkokkokk
.trans lps 20ns 10ps

>k 3k 3k >k k %k k k Dutput statements kkkkkxxkx
.probe V(VinD) V(VinS) V(YO0) V(Y1)
JIND

Referring to Figure 1.37(a), define a sub-circuit of TG and write a SPICE data file to verify the

function of the positive D-type latch. Assume that L = 2\ and W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:

A positive D—type latch —— 0.18 —um process
*kxkxkkxx Parameters and model s kxkskkkxk
.lib  ’..\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd
.opt scale=0.09u

skkkkkkkkk Subcircuit definition skskskskskskskkk
.global vdd gnd

.subckt TG a y nctrl pctrl

Mn y nctrl a gnd nmos L=2 W=3

Mp y pctrl a vdd pmos L=2 W=3

.ends

** define an inverter

.subckt inv a y *** a=input y=output

Mn y a gnd gnd nmos L=2 W=3

Mp y a vdd vdd pmos L=2 W=3
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.ends

xkkxxxx*x Circuit description K 5K 5K 5K 5 5 3 % % %

XTG1 D 1 clk clkb TG ** S1

XTG2 X 1 clkb clk TG ** S2

Xinvl 1 Qbar inv ** output inverter
Xinv2 Qbar X inv **x feedback inverter

Xinv3 clk clkb inv **x clkb geberator

Vdd Vdd Gnd ’Supply’

VinD D Gnd PULSE 0 ’Supply’ Ops Ops Ops lns 2ns
Vclk clk Gnd PULSE 0 ’'Supply’ Ops Ops Ops 3ns 6ns
kackkckkkk analysis statement xkkokkokk

.trans lps 20ns 10ps

*xkkckkkk Qutput statements kxkxkoksxk

.probe V(VinD) V(Vclk) V(Qbar)

JIND

2-26. Referring to Figure 1.37(b), define a sub-circuit of TG and write a SPICE data file to verify the
function of the negative D-type latch. Assume that L = 2\ and W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:

A negative D—type latch —— 0.18—um process
**kxkkkkx*kx Parameters and model kxkkkkkkx
.lib 7.\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd
.opt scale=0.09u

*)okkokkkkkkk Subcircuit definition kkkskkskkkkxk
.global vdd gnd

.subckt TG a y nctrl pctrl

Mn y nctrl a gnd nmos L=2 W=3

Mp y pctrl a vdd pmos L=2 W=3

.ends

**x define an inverter

.subckt inv a y *** a=input y=output

Mn y a gnd gnd nmos L=2 W=3

Mp y a vdd vdd pmos L=2 W=3

.ends

xkkxxxx*x Circuit description %k 5k %k 5k 3 % %k %k 5k

XTG1 D 1 clkb clk TG ** S1

XTG2 X 1 clk clkb TG ** S2

Xinvl 1 Qbar inv ** output inverter
Xinv2 Qbar X inv **x feedback inverter
Xinv3 clk clkb inv **x clkb geberator

Vdd Vdd Gnd ’Supply’

VinD D Gnd PULSE 0 ’Supply’ Ops Ops Ops 1lns 2ns
Vclk clk Gnd PULSE 0 ’'Supply’ Ops Ops Ops 3ns 6ns
kackkckkkk analysis statement xkkkkokk

.trans lps 20ns 10ps

% 3k 5k >k k %k k k Dutput statements kkkkxkxkx

.probe V(VinD) V(Vclk) V(Qbar)

JIND

2-27. Referring to Figure 1.38, define a sub-circuit of D-type latch and write a SPICE data file to verify the
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function of the master-slave positive-edge triggered D-type flip-flop. Assume that L = 2X\ and W = 3\

are used for all transistors.

Solution: A sample SPICE program is as follows:

A positive—edge triggered D—type FF —— (.18 —um process
*xckxckkkk Parameters and model s kskkskkokk

.lib  7..\ cmos18.txt’ cmos
.param Supply=1.8V  * Set value of Vdd
.opt scale=0.09u

s)kkkkkkkkk Subcircuit definition s xskskskkskskkx
.global vdd gnd

***x define a TG switch **x*

.subckt TG a y nctrl pctrl

Mn y nctrl a gnd nmos L=2 W=3

Mp y pctrl a vdd pmos L=2 W=3

.ends

***x define an inverter **x*

.subckt inv a y *** a=input y=output
Mn y a gnd gnd nmos L=2 W=3

Mp y a vdd vdd pmos L=2 W=3

.ends

*x* define a D-type latch *x*x*
.subckt Dlatch D Qbar clk clkb *x*x*

XTG1 D 1 clk clkb TG ** S1

XTG2 X 1 clkb clk TG ** S2

Xinvl 1 Qbar inv ** output inverter
Xinv2 Qbar x inv ** feedback inverter
.ends

xx*xkx*x*xx Circuit description * %k 5k 5k 5k 5k % % %

XMaster D Qmaster clkn clkb Dlatch ** master latch
XSlave Qmaster (Qslave clkb clkn Dlatch ** slave latch
Xinvl clk clkn inv **x clkn geberator
Xinv2 clkn clkb inv **x clkb geberator

Vdd Vdd Gnd ’Supply’

VinD D Gnd PULSE 0 ’Supply’ Ops Ops Ops 4ns 6ns
Vclk clk Gnd PULSE 0 ’'Supply’ Ons Ops Ops 7ns 1llns
*xkkckkkk analysis statement xkkkkokk

.trans lps 40ns 10ps

fxxkkkkk Qutput statements skkkkxsk

.probe V(VinD) V(Vclk) V(Qslave)

JIND

Referring to Figure 1.38, define a sub-circuit of D-type latch and write a SPICE data file to verify

the function of the master-slave negative-edge triggered D-type flip-flop.

W = 3\ are used for all transistors.

Solution: A sample SPICE program is as follows:

A negative—edge triggered D—type FF —— 0.18—um process
*kxkxkkx Parameters and model s kxkkkkxk

.lib 7.\ cmos18.txt’ cmos

.param Supply=1.8V  * Set value of Vdd

.opt scale=0.09u

Assume that L = 2\ and
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kkkkkkkkkkx Subcircuit definition *kxkskskkkkkxx
.global vdd gnd

*x* define a TG switch **x*

.subckt TG a y nctrl pctrl

Mn y nctrl a gnd nmos L=2 W=3

Mp y pctrl a vdd pmos L=2 W=3

.ends

*x* define an inverter **x*

.subckt inv a y *** a=input y=output
Mn y a gnd gnd nmos L=2 W=3

Mp y a vdd vdd pmos L=2 W=3

.ends

**xx define a D-type latch **x*
.subckt Dlatch D Qbar clk clkb **x*

XTG1 D 1 clk clkb TG ** S1

XTG2 X 1 clkb clk TG ** S2

Xinvl 1 Qbar inv ** output inverter

Xinv2 Qbar x inv *x*x feedback inverter

.ends

skxxkkk*k Circuit description **kxkskkkk

XMaster D Qmaster clkb clkn Dlatch ** master latch
XSlave (Qmaster (Qslave clkn clkb Dlatch ** slave latch
Xinvi clk clkn inv ** clkn geberator
Xinv2 clkn clkb inv **x clkb geberator

Vdd Vdd Gnd ’Supply’

VinD D Gnd PULSE 0 ’Supply’ Ops Ops Ops 4ns 6ns
Vclk clk Gnd PULSE 0 ’'Supply’ Ons Ops Ops 7ns llns
kxckkckkkk analysis statement kkkkkk

.trans lps 40ns 10ps

% 3k 5k >k k %k k k Dutput statements kkkkxxkx

.probe V(VinD) V(Vclk) V(Qslave)

JND



