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Symmetrical CMOS inverter
Taper factor
Transmission gate

Precharge phase
Propagation delay
Rise time
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PROBLEMS

Use K, = 100 pA/VZ, K/, = 40 pA/V?, Viy = 0.6 V,
and Vrp = —0.6 V unless otherwise indicated. For

junctions when vo = 2.5 V? Assume Vpp =25V
and Vss =0 V. (c) When v =0V?

; : , : *7.4. A particular interconnection between two logic
simulation purposes, use the values in Appendix B. gates in an 1C chip runs one-half the distance across
a 10-mm-wide die. If the line is 1 m wide and the
oxide (g, =3.9, gy = 8.854 x 10~"* F/cm) beneath
7.1 CMOS Inverter Technology the line is 1 wm thick, what is the total capacitance
7.1. Calculate the values of K, and K, for NMOS of this line, assuming that the capacitance is three
and PMOS ftransistors with a gate oxide thick- times that predicted by the parallel plate capaci-
ness of 100 A. Assume that 1, =500 cm®/V - s, tance formula? Assume that the silicon beneath the
wp =200 cm*/V - s, and the relative permittivity of oxide represents a conducting ground plane.
the gate oxide is 3.9. (29 =8.854 x 107 Flem). 75 pe CMOS inverter in Fig. P7.5 has Vpp =25V
7.2. Draw a cross section similar to that in Fig. 7.1 and Vgs =0 V. What are the values of Vj and ¥
for a CMOS process that uses a p-well instead for this inverter? (b) Repeat for Vpp =1.8 V.
of an n-well. Show the connections for a CMOS
inverter, and draw an annotated version of the cor- Voo
responding circuit schematic. (Hint: Start with an j
n-type substrate and interchange all the n- and i Mp
p-type regions.)
*7.3. (a) The n-well in a CMOS process covers an area of vo
I cm x 0.5 cm, and the junction saturation current v ™ %
density is 500 pA/cm?. What is the total leakage ! ¥
current of the reverse-biased well? (b) Suppose the
drain and source regions of the NMOS and PMOS Vg
transistors are 2 wm x 5 pm, and the saturation Figure P7.5
current density of the junctions is 100 pA/em?.
If the chip has 20 million inverters, what is the 7.6. .The CMOS invetter in Fig. P7.5 has Vipp =338

total leakage current due to the reverse-biased

Vss=0V, (W/L)y =4/1, and (W/L)p = 10/L.
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What are the values of V; and V;, for this inverter?
(b)Repeatfor (W/L)y =6/1and (W/L)p =15/1.
The CMOS inverter in Fig. P7.5 has Vpp =2.5V,
Vss=0V, (W/L)y=4/1, and (W/L)p =10/1.
What are the values of Vy; and V; for this inverter?
(b) Repeat for (W/L)y =4/1 and (W/L)p =4/1.
The CMOS inverter in Fig. P7.5 has Vpp = 3.3V
and Vss =0V If V;rN = 0.75 V and Vrp =
—0.75 V, what are the regions of operation of
the transistors for (a) V;, = V.7 (b) V; = Vy?
() Vi =Vo=1.65V?

The CMOS inverter in Fig. P7.5 has Vpp = 2.5V
and VSS =0V If VTN = 0.60 V and VTPZ
—0.60 V, what are the regions of operation of
the transistors for (a) V; = V.7 (b) V; = Vy?
(C) V[ — VO = 125\

(a) The CMOS inverterinFig. P7.5 with (W/L)y =
20/1and (W/L)p = 50/1 is operating with Vpp =
O0Vand —Vgs = —5.2V. Whatare V; and V2 (b) If
(W/L)y = 10/1 and (W/L)p = 10/1?

(a) Calculate the voltage at which vy = v, for
a CMOS inverter with K, = K,. (Hint: Always
remember that ipy = ipp.) Use Vpp = 2.5V,
Ven = 0.6V, Vrp = —0.6V. (b) What is the cur-
rent Ipp from the power supply for vo = V; if
(W/L)y = 2/17 (c) Repeat the calculation in (a)
fora CMOS inverter with K, = 2.5K ,. (d) What is
the current [ from the power supply for vg = V,
if (W/L)y =2/1?

(a) Repeat Prob. 7.11 for Vpp = 1.8V, Vpy =
0.5Vand Vrp = —0.5 V. (b) Repeat Prob. 7.11 for
Vop =25V, Vry =075V and Vyp = —0.65 V.
(c) Repeat Prob, 7.11 for Vpp = 2.5V, Voy =
0.65Vand Vyp = -0.75 V.

(a) Repeat Prob. 7.11 for Vpp = 3.3V, Vpy=
0.75 V, and Vyp = —0.75 V. (b) Repeat Prob. 7.11
for VDD = 2.5 V, VTN = 0.60 V., and VTP =
—0.50 V.

7.2 Static Characteristics of the CMOS Inverter

7.14.

)

s,

Simulate the VTC for a CMOS inverter with K, =
2.5K ,. Find the input voltage for which vy = v,
and compare to the value calculated by hand. Use
Vpp=2.5V.

(a) The CMOS gate in Fig. P7.15 is called pseudo-
NMOS. Find Vj; and V,, for this gate. (b) Repeat
for Vpp = 2.5 V. (c) Repeat for Vpp = 1.8 V.

7.16

7.17.

7.19.

.22,

™*7.23.
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Figure P7.15

What is the switching threshold (where does v, =
Vo) for aminimum size inverter in which both W/L
ratios are 2/1 if Vi, = 2.5V and Vo = —Vyp =
0.6 v?

What are the noise margins of a minimum size
CMOS inverter in which both W/L ratios are 2/1
and VDD =2.5Vand Vy'N = —V;rp =06V?
What is the switching threshold (where does v, =
vp) for a minimum size inverter in which both W/L
ratios are 2/1 if Vpp = 1.8 Vand Vpy = —Vyp =
0.5Vv?

What are the noise margins for a symmetrical
CMOS inverter operating with Vpp = 3.3 V and
Veny = =Vyp = 0.75 V? (b) Repeat for a CMOS
inverter having (W/L)y = (W/L)p operating with
VDD =3.3Vand VTN = _VTP =075V,

Use SPICE to plot the VTC for a CMOS in-
verter with (W/L)y = 2/1, (W/L)p = 5/1,
VDD = 33V, VSS = OV, VTN — 075V, and
Vrp= —0.75V. Repeat if the threshold voltages
are mismatched with values Vyy = 0.85V and
Vrp = 0.65V. Repeat for (W/L)y = 2/1 and
(W/L)p = 4/1 with the original threshold volt-
ages. Plot the three curves on one graph.

(a) Plot a graph of the noise margins of the CMOS
inverter (similar to Fig. 7.9) for Vpp = 3.3V,
VTN = 0.75V, and VTP = —-0.75V. (b) Repeat
for Vop = 2.0V, Vo = 050V, and Vyp =
—0.50 V.

The outputs of two CMOS inverters are acciden-
tally tied together, as shown in Fig. P7.22. What
is the voltage at the common output node if the
NMOS and PMOS transistors have W/ L ratios of
20/1 and 40/1, respectively? What is the current in
the circuit?

A CMOS inverter is to be designed to drive a sin-
gle TTL inverter (which will be studied in Chap-
ter 9). When vg = V., the CMOS inverter must
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sink a current of 1.5 mA and maintain V; < 0.6 V.
When v > Vy, the CMOS inverter must source a
current of 60 pA and maintain Vy > 2.4 V. What
are the minimum W/L ratios of the NMOS and
PMOS transistors required to meet these specifica-
tions? Assume Vpp = 5 V.

7.3 Dynamic Behavior of the CMOS Inverter

7.24.

T25;

7.26.

T2

7.28.

7.29.

7.30.

(a)What are the rise time, fall time, and average
propagation delay for a symmetrical CMOS in-
verter with (W/L)y = 2/1, (W/L)p = 5/1,
Vop = 2.5V, and C = 0.20 pF? (b) Repeat for
Vpp = 2.0 V. (¢) Repeat for V,, = 1.8 V.

(a) Repeat problem 7.24(a) if the inverter is asym-
metrical with Vyy = 0.65 V and Vyp = —0.55 V.
What is the switching threshold v, (where does
vp = v;)? (b) Repeat for Vpp = 1.8 V. (¢) Re-
peat for Vpp = 3.3 V.

(a) Repeat problem 7.24(a) if the inverter is asym-
metrical with Vry = 0.55 Vand Vyp = —0.65 V.
What is the switching threshold v; (where does
vo = v;)? (b) Repeat for Vpp = 1.8 V. (¢) Re-
peat for VDD =33V

What are the rise time, fall time, and average prop-
agation delay for a minimum size CMOS inverter
in which both W/L ratios are 2/1? Assume a load
capacitance of 0.4 pFand Vpp = 2.5 V.

Repeat problem 7.27 if Vi = 0.65 V and Vyp =
—0.55 V. What is the switching threshold v, (v, =
vy) of the inverter?

What are the rise time, fall time, and average prop-
agation delay for a symmetrical CMOS inverter
with (W/L)y =2/1,(W/L)p=5/1,C=0.20 pF,
Vop =33V, Vry=0.75V,and Vyp =—0.75 V?
What are the rise time, fall time, and average propa-
gation delay for a symmetrical CMOS inverter with

T.32,

7.34.

7:35;

7.36.

T2l

7.38.

7.39.

7.40.

741

®

»7.42,

(W/L)y = 2/1, (W/L)p = 5/1,C = 0.15 PR
Vop =2.5V, Vry = 0.60V, and Vep = —-0.60 V9
What are the sizes of the transistors in the CMog
inverter if it must drive a 1-pF capacitance with
an average propagation delay of 3 ns? Design the
inverter for equal rise and fall times. Use Vop=
25 V, VTN =0.6 V, VTP =—0.6V.

Design an asymmetrical inverter to meet the da-
lay specification in Prob. 7.31 with (W/L), =
(W/L).
Design a symmetrical CMOS reference inverter o
provide a delay of 1 ns when driving a 10-pF Jogq.
(a) Assume Vpp =2.5V. (b) Assume V=33 V
and VTN = —VTp =095V

Design an asymmetrical inverter to meet the de.
lay specification in Prob. 7.33 with (W/L), =
2W/L)y.

Design a symmetrical CMOS reference inverter
to provide a propagation delay of 200ps for
a load capacitance of 100fF. Use Vp,= 1.5V,
Vry =050V, and Vrp=—-0.50 V.

Design an asymmetrical inverter to meet the de-
lay specification in Prob. 7.35 with (W/L)p =
(W/L)n.

Design a symmetrical CMOS reference inverter
to provide a propagation delay of 400 ps for
a load capacitance of 100fF. Use Vpp =25V,
VTN =0.60 V, and VTp =-0.60V.

Design an asymmetrical inverter to meet the de-
lay specification in Prob. 7.37 with (W/L)p =
(W/L)y.

(a) Scale the reference inverter in Fig. 7.12 to
achieve a 0.4 ns delay with C = 2 pF. (b) What
is the delay of the new inverter if C = 3 pF?

(a) Scale the reference inverter in Fig. 7.12 fo
achieve a 0.3 ns delay with C = 0.5 pF. (b) What
is the delay of the new inverter if C = 1.5 pF?

Use SPICE to determine the characteristics of the
CMOS inverter for the design given in Fig. 7.12 1
C =100 fF. (a) Simulate the voltage transfer func-
tion. (b) Determine ¢,, tf, Tpyy, and tpyy for this
inverter with a square wave input. What must bé
the total effective load capacitance C based on the
propagation delay formula developed in the text?

Use SPICE to simulate the behavior of a chain of
five CMOS inverters similar to those in Fig, 7.13(b)
The input to the first inverter should be a squat®
wave with 0.1-ns rise and fall times and a pefiod
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of 100 ns. (a) Calculate ¢, ty, Tpyi, and Tppy us-
ing the input and output waveforms from the first
inverter in the chain and compare your results to
the formulas developed in the text. (b) Determine
fyy by, Tppy, and Tpp gy from the waveforms at the
input and output of the fourth inverter in the chain,
and compare your results to the formulas developed
in the text. (c) Discuss the differences between the
results in (a) and (b).

0 7.4 Power Dissipation and Power Delay
) Product in CMOS

7 7.43.

r 7.44.

.o e

F 747,

7.45.

7.46.

A high-performance CMOS microprocessor design
requires 500 million logic gates and will be placed
in a package that can dissipate 100 W. (a) What is
the average power that can be dissipated by each
logic gate on the chip? (b) If a supply voltage of
1.8 V is used, what is the average current that must
be supplied to the chip?

A certain packaged IC chip can dissipate 5 W. Sup-
pose we have a CMOS IC design that must fit on one
chip and requires 5 million logic gates. What is the
average power that can be dissipated by each logic
gate on the chip? If the average gate must switch at
5 MHz, what is the maximum capacitive load on a
gate for Vpp =3.3V,25Vand 1.8 V.

(a) The n-well in a CMOS process covers an area
of 5 mm x 10 mm, and the saturation current den-
sity of the junction is 400 pA/cm?. What is the to-
tal leakage current of the reverse-biased well? (b)
Suppose the drain and source regions of the NMOS
and PMOS transistors are each 0.5 pm x 1.25 um
in size, and the saturation current density of the
junction is 150 pA/cm?. If the chip has 200 million
inverters, what is the total leakage current when
Vo =2.5 V? Assume Vpp=2.5 V. (b) Repeat for
Vg = 0V.

A high-speed CMOS microprocessor has a 64-bit
address bus and performs a memory access every
2 ns. Assume that all address bits change during
every memory access and that each bus line repre-
sents a load of 25 pF. (a) How much power is being
dissipated by the circuits that are driving these sig-
nals if the power supply is 2.5 V7 (b) Repeat for
33V

(a) A CMOS inverter has (W/L)y=15/1,

(W/L)p =15/1,and Vpp = 3.3 V. Whatis the peak
current in the logic gate and at what input voltage
does it occur? (b) Repeat for Vpp =2.5 V.

7.48.

*7.49.

7.50.

Tl

T.52.
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(a) Repeat Prob. 7.47(a) for Vpp = 1.8 V. (b) Re-
peat for Vpp = 2.5V, Voy = 0.55 V, and
Vrep = —0.65V.

(a) A CMOS inverter has (W/L)y=2/1,

(W/L)p ‘:5/1, and VDD =3.3 V. Assume VTN =
—Vrp =0.7V. What is the peak current in the logic
gate and at what input voltage does it occur? (b) Re-
peatfor Vpp =2.0V with Voy = —Vyp =0.5V.

(a) Repeat Prob. 7.49(a) for Vpp = 2.0V, Vyy =
045 V, and Vrp = -0535 V. (b) Repeat
Prob. 7.49(a) for Vpp = 2.0V, Vpy = 0.55V,
and VTP = —-0.45V.

What is the power-delay product for the inverter in
Prob. 7.247 How much power does the inverter dis-
sipate if it is switching at a frequency of 100 MHz?

(a) What is the power-delay product for the inverter
in Prob. 7.297 (b) Estimate the maximum switch-
ing frequency for this inverter. (¢) How much power
does the inverter dissipate if it is switching at the
frequency found in (b)?

(a) What is the power-delay product for the inverter
in Prob. 7.30? (b) Estimate the maximum switch-
ing frequency for this inverter. (¢) How much power
does the inverter dissipate if it is switching at the
frequency found in (b)?

Plot the power-delay characteristic for the CMOS
inverter family based on an inverter design in which
(W/L)y =(W/L)p. Assume the load capacitance
C=0.2 pF. Use Vpp=2.5 V and vary the power
by changing the W /L ratios.

Ideal constant-electric-field scaling of a MOS tech-
nology reduces all the dimensions and voltages by
the same factor . Assume that the capacitor C in
Eq. (7.31) is proportional to the total gate capac-
itance of the MOS transistor: C =C,, W/L, and
show that constant-field scaling results in a reduc-
tion of the PDP by a factor of o,

For many years, MOS technology was scaled by
reducing all the dimensions by the same factor «,
but keeping the voltages constant. Assume that
the capacitor C in Eq. (7.31) is proportional to
the total gate capacitance of the MOS transistor:
C=C[ WL, and show that this geometry scaling
results in a reduction of the PDP by a factor of a.

Use SPICE to simulate the behavior of a chain of
five CMOS inverters with the same design as in
Fig. 7.12 with C =0.25 pF. The input to the first
inverter should be a square wave with 0.1-ns rise
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and fall times and a period of 30 ns. (a) Calculate
L., Iy, Tpur, and Tppy using the input and output
waveforms from the first inverter in the chain, and
compare your results to the formulas developed in
the text. (b) Determine ¢, t¢, Tpyy, and 7p,y from
the waveforms at the input and output of the fourth
inverter in the chain, and compare your results to
the formulas developed in the text. (¢) Discuss the
differences between the results in (a) and (b).

Use SPICE to simulate the behavior of a chain of
five CMOS inverters with the same design as in
Fig. 7.12 with C =1 pF. The input to the first in-
verter should be a square wave with 0.1-ns rise
and fall times and a period of 40 ns. (a) Deter-
mine %, {7, Tpyr, and Tppy from the waveforms
at the input and output of the fourth inverter in the
chain, and compare your results to the formulas
developed in the text. (b) Repeat the simulation for
(W/L)p=(W/L)y =2/1,and compare the results
to those obtained in (a).

7.5 CMOS NOR and NAND Gates

7.59,

7.60.

7.61.

7.62.

7.63.

(a) Draw the circuit schematic for a four-input NOR
gate. What are the W/L ratios of the transistors
based on the reference inverter design in Fig. 7.12?
(b) What should be the W /L ratios if the NOR gate
must drive twice the load capacitance with the same
delay as the reference inverter?

Draw the circuit schematic of a four-input NOR
gate. Suppose the PMOS transistors are chosen to
have (W/L)p =2/1. What are the corresponding
W/L ratios of the NMOS devices, if the gate is to
have symmetrical delay characteristics?

Draw the circuit schematic of a three-input NOR
gate. Suppose the PMOS transistors are chosen to
have (W/L)p =2/1. What are the corresponding
W /L ratios of the NMOS devices, if the gate is to
have symmetrical delay characteristics?

(a) Draw the circuit schematic for a four-input
NAND gate. What are the W /L ratios of the tran-
sistors based on the reference inverter design in
Fig.7.127 (b) What should be the W/ ratios if the
NOR gate must drive three times the load capaci-
tance with the same delay as the reference inverter?

Draw the circuit schematic of a four-input NAND
gate. Suppose the NMOS transistors are chosen to
have (W/L)y =2/1. What are the corresponding
W /L ratios of the PMOS devices, if the gate is to
have symmetrical delay characteristics?

7.64.

.65,

**7.66.

=3}

*7.67.

**’7’._68.

=5

Draw the circuit schematic of a three-input NAND
gate. Suppose the NMOS transistors are chosen tg
have (W/L)y =2/1. What are the corresponding
W /L ratios of the PMOS devices, if the gate is t;
have symmetrical delay characteristics?

Design a circuit to multiply two one-bit numbers,
(Hint: Construct a truth table for output bit M based
on two inputs A and B.) Choose the W/L ratigg
based on the inverter in Fig. 7.12.

Use SPICE to determine the characteristics of the
two-input CMOS NOR gate given in Fig. 7.19 with
aload capacitance of 1 pF. Assume that ¥ = 0 fora]]
transistors. (a) Simulate the voltage transfer func-
tion by varying the voltage at input A with the volt-
age atinput B fixed at 2.5 V. (b) Repeat the simula-
tion in (a) but now vary the voltage at input B with
the voltage at input A fixed at 2.5 V. Plot the results
from (a) and (b) and note any differences. (c) De-
termine f,, tr, Tppp, and 7pp y for this inverter with
a square wave input at input A with the voltage at
input B fixed at 2.5 V. (d) Determine ¢,, 1, tpyy,
and 7p; g for this inverter with a square wave input
at input B with the voltage at input A fixed at 2.5V,
(e) Compare the results from (c) and (d). (f) Deter-
mine f,, ty, Tppy, and Tp,y tor this inverter with a
single square wave input applied to both inputs A
and B. Compare the results to those in (¢) and (d).

Repeat (a) and (b), Prob. 7.66, using the nonzero
values for the parameter y from the device param-
eter tables.

Use SPICE to determine the characteristics of the
two-input CMOS NAND gate given in Fig. 7.23
with a load capacitance of 1 pF. Assume that y =0
for all transistors. (a) Simulate the voltage transfer
function by varying the voltage at input A with the
voltage at input B fixed at 2.5 V. (b) Repeat the sim-
ulation in (a) but now vary the voltage at input B
with the voltage at input A fixed at 2.5 V. Plot the
results from (a) and (b) and note any differences.
(c) Determinet,,tf, Tpyy, and Tpp g for this inverter
with a square wave input at input A with the volt-
age at input B fixed at 2.5 V. (d) Determine ¢, 7,
Tppr, and Tpp g for this inverter with a square wave
input at input B with the voltage at input A fixed
at 2.5 V. (e) Compare the results from (c¢) and (d).
(f) Determine #,,¢;, Tpyy, and 1p g for this inverter
with a single square wave input applied to both in-
puts A and B. Compare the results to those in (c)
and (d).




#7.69. Repeat (a) and (b), Prob. 7.68, using the nonzero
<> values for the parameter y from the device param-
eter tables.

7.6 Design of Complex Gates in CMOS
7.70. What are the worst case rise and fall times and
average propagation delays of the CMOS gate in
Fig. 7.26(b) for a load capacitance of 1.25 pF?

7.71 (a) What is the equivalent W/L ratio of the NMOS

switching network in Fig. 7.26(b) when all of the

NMOS transistors are on? (b) Repeat for the PMOS
network.

**7.72. (a) How many transistors are needed to implement

Q the CMOS gate in Fig. 7.29 using depletion-mode
NMOS? (b) Compare the total gate area of the
CMOS and NMOS designs if they are both designed
for a 10-ns average propagation delay for a load ca-
pacitance of 1 pF.

(a) What is the logic function implemented by the
gate in Fig. P7.737 (b) Design the PMOS transis-
tor network. Select the device sizes for both the
NMOS and PMOS transistors to give a delay sim-
ilar to that of the CMOS reference inverter. C is
the same. (¢) What is the equivalent W/L ratio
of the NMOS switching network when all of the
NMOS transistors are on? (d) Repeat for the PMOS
network.

+5V

Logic ————*
inputs
AtoF — o

PMOS network

1

Figure P7.73

7.74. (a) What is the logic function implemented by the
gate in Fig, P7.747 (b) Design the PMOS transistor

Problems 411

network. Select the device sizes for both the NMOS
and PMOS ftransistors to give a delay of approxi-
mately one-half the delay of the CMOS reference
inverter. C is the same. (¢) What is the equivalent
W/L ratio of the NMOS switching network when
all of the NMOS transistors are on? (d) Repeat for
the PMOS network.

+2.5V T

Logic —————=

inputs PMOS network

AGDE o NG

Figure P7.74

(a) What is the logic function implemented by the
gate in Fig. P7.75? (b) Design the PMOS transistor
network. Select the device sizes for both the NMOS

+25V

Logic ——————

PMOS network

inputs
ALQE e

1

Figure P7.75
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and PMOS transistors to give a delay of approxi-
mately one-half the delay of the CMOS reference
inverter. C is the same. (c) What is the equivalent
W/ L ratio of the NMOS switching network when
all of the NMOS transistors are on? (d) Repeat for
the PMOS network.

(a) What is the logic function implemented by the
gate in Fig. P7.767 (b) Design the NMOS transistor
network. Select the device sizes for both the NMOS
and PMOS transistors to give a delay similar to that
of the CMOS reference inverter. C is the same. (c)
What is the equivalent W/L ratio of the PMOS
switching network when all of the PMOS transis-
tors are on? (d) Repeat for the NMOS network.

Logic ————

NMOS network

i

inputs
AR e ® g

Figure P7.76

(a) What is the logic function implemented by the
gate in Fig. P7.777 (b) Design the NMOS transistor
network. Select the device sizes for both the NMOS
and PMOS transistors to give a delay of approxi-
mately one-fourth the delay of the CMOS reference
inverter. C is the same. (c) What is the equivalent
W/L ratio of the PMOS switching network when
all of the PMOS transistors are on? (d) Repeat for
the NMOS network.

Draw the logic diagram and transistor implementa-
tion for a (2-3-1) AOI gate. Use the graphical ap-
proach to design the PMOS network. Choose the
size of the transistors based upon the reference in-
verter in Fig. 7.12.
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7.80.

7.81.

7.82.

[
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Figure P7.77

Draw the logic diagram and transistor implemen-
tation for a (3-2-3-1) AOI gate. Use the graphical
approach to design the PMOS network. Choose the
size of the transistors based upon the reference in-
verter in Fig. 7.12.

(a) Draw the NMOS and PMOS graphs for the
(2-2-1) AOI in the Electronics in Action figure on
page 394. (b) Find an Euler path for this circuit if it
exists. (c) Draw the NMOS and PMOS graphs for
a (2-2-2) AOL (d) Find an Euler path for part (d) if
it exists.

Redraw Fig. 7.28 and highlight the conducting
path(s) for the following sets of inputs for ABCDE:
(a) 10011, (b) 10001, (c) 11101, (d) 00010.

Draw the circuit for Prob. 7.73 and highlight the
conducting path(s) for the following sets of inputs
for ABCDEF: (a) 100110, (b) 011001, (c) 010101,
(d) 110011.

Design a CMOS logic gate that implements the
logic function ¥ = A(BC + DE) and is twice as
fast as the CMOS reference inverter when loaded
by a capacitance of 2C.

Design a CMOS logic gate that implements the
logic function ¥ =ABC + DE, based on the
CMOS reference inverter. Select the transistor sizes
to give the same delay as that of the reference in-
verter if the load capacitance is the same as that of
the reference inverter.




7.85.

Design a CMOS logic gate that implements the
logic function ¥ = A(B + CD) + E and has the
same logic delay as the CMOS reference inverter
when driving a capacitance of 4C.

Design a CMOS logic gate that implements the
logic function ¥ = A(B + C(D + E)), based on
the CMOS reference inverter. Select the transistor
sizes to give the same delay as that of the reference
inverter if the load capacitance is the same as that
of the reference inverter.

Design a complex gate implementation of a one-bit
half adder for which the sum bit is described by
§=X @Y, and the carry bitis givenby C=A - B.
Choose the W/L ratios based on the reference in-
verter design in Fig. 7.12. Assume that true and
complement values of each variable are available
as inputs. (Note: Two gate designs are needed, one
for S and one for C.)

Design a complex gate implementation of a 1-bit
full adder for which the ith sum bit is described by
Si = X;®Y;®C;_,, and the ith carry bit is given by
Ci=X;-Y;+X;-C;_|+Y;-C;_,. Choose the W/L
ratios based upon the reference inverter design in
Fig. 7.12. Assume that true and complement values
of each variable are available as inputs. (Note: Two
gate designs are needed, one for S; and one for C;.)

Design a complex gate implementation of a 2-bit
parallel multiplier. [Note: The circuit should pro-
duce a 4-bit output (e.g., 115 x 11, =1001,), and a
separate circuit should be designed for each output
bit.] Choose the W/L ratios based on the inverter
in Fig. 7.12.

7.7 Minimum Size Gate Design
and Performance

7.90.

7.91.

7.92.

The five-input NAND gate in Fig. 7.24 is im-
plemented with transistors all having W/L =2/1.
What is the propagation delay for this gate for a
load capacitance C = 180 fF? Assume Vpp = 2.5 V.
What would be the delay of the reference inverter
for C =180 fF?

The three-input NOR gate in Fig. 7.21 is im-
plemented with transistors all having W/L =2/1.
What is the propagation delay for this gate for a
load capacitance C = 400 fF? Assume Vpp = 2.5V,
What would be the delay of the reference inverter
for C =400 fF?

A (2-3-1) AOI is implemented with transistors all
having W/L = 2/1. What are the worst-case val-

7.93.

7.95.

~]
o
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ues of Tpry and TpHI if VDD =25Vand C =
350 fF?

A (2-2-2) AOI is implemented with transistors all
having W/L = 2/1. What are the worst-case val-
ues of TpLH and TPHL if VDD =25Vand C =
200 fF?

What are the worst-case values of Tpyr and Tpp g
for the gate in Fig. 7.28 when it is implemented
using only 2/1 transistors and drives a load capaci-
tance of 0.5 pF? Assume Vpp =2.5 V.

What is the worst-case value of tp ¢, for the gate
in Fig. P7.73 when it is implemented using only
2/1 transistors and drives a load capacitance of
0.5 pF? Assume Vpp =2.5V.

(a) Use a transient simulation in SPICE to find
the average propagation delay of a cascade con-
nection of 10 minimum size inverters (W /L =2 /1)
in series. Assume each has a capacitive load C of
200 {F and Vpp =2.5 V. (b) Repeat for a cascade of
10 symmetrical reference inverters with the same
design as in Fig. 7.12, and compare the average
propagation delays.

7.8 Dynamic Domino CMOS Logic

7.97.

7.98.

T9%:

7.100.

7.101.

7.102.

(a) Draw the circuit schematic for a two-input
domino CMOS NOR gate. Assume that true and
complement values of each variable are available as
inputs. (b) Repeat for a two-input domino CMOS
NAND gate.

(a) Draw the circuit schematic for a two-input
domino CMOS OR gate. Assume that true and com-
plement values of each variable are available as
inputs. (b) Repeat for a two-input domino CMOS
AND gate.

(a) Draw the circuit schematic for a three-input
domino CMOS NOR gate, Assume that true and
complement values of each variable are available as
inputs. (b) Repeat for a three-input domino CMOS
NAND gate.

(a) Draw the circuit schematic for a three-input
domino CMOS OR gate. Assume that true and com-
plement values of each variable are available as in-
puts. (b) Repeat for a three-input domino CMOS
AND gate.

Draw the circuit schematic for a (2-2-2) AOI in
domino CMOS.
Draw the circuit schematic for a (3-2-1) AOI in
domino CMOS.
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*7.103.

7.104.

7.105.

7.106.

7.107.

Chapter 7 Complementary MOS (CMOS) Logic Design

(a) Suppose that inputs Ay, A;, and A, are all 0 7.108. Draw the circuit schematic for a domino CMQS

in the domino CMOS gate in Fig. P7.103, and the
clock has just changed to the evaluate phase. If
Ag now changes to a 1, what happens to the volt-
age at node B if C; =2C,? (Hint: Charge sharing
occurs between C; & C,.) (b) Now A, changes
to a 1. What happens to the voltage at node B if
C; = C,7 (c) If the output inverter is a symmetrical
design, what is the minimum ratio of C,/C, (as-
sume C3 = () for which the gate maintains a valid
output? Vpp =25V

j Vop

Clock o—l

Figure P7.103

Draw the mirror image of the gate in Fig. P7.102
by replacing NMOS transistors with PMOS transis-
tors and vice versa. Assume the logic inputs remain
the same and write an expression for the logic func-
tion Z.

Draw the circuit schematic for a domino CMOS
gate that implements the sum of products (SOP)
logic function Z = AB 4 C D. Assume that true and
complement values of each variable are available as
nputs.

Draw the circuit schematic for a domino CMOS
gate that implements the product of sums (POS)
logic function Z = (A + B)(C + D). Assume that
true and complement values of each variable are
available as inputs.

Draw the circuit schematic for a domino CMOS
gate that implements the sum-of-products (SOP)
logic function Z=AB + CD + EF. Assume
that true and complement values of each variable
are available as inputs. (Remember DeMorgan’s
theorem.)

gate that implements the product-of-sums (POS)
logic function Z=(A + B)(C + D)(E + F),
Assume that true and complement values of
each variable are available as inputs. (Remember
DeMorgan’s theorem.)

7.9 Cascade Buffers

7.109.

7.110.

7.111.

7112,

Design an optimized cascade buffer to drive a load
capacitance of 5000C,. (a) What is the optimum
number of stages? (b) What are the relative sizes of
each inverter in the chain (see Fig. 7.33)? (¢) What
is the delay of the buffer in terms of 7,7

Design an optimized cascade buffer to drive a load
capacitance of 10 pF if the capacitance of the sym-
metrical reference inverter is 80 fF. What is the opti-
mum number of stages? What are the relative sizes
of each inverter in the chain? What is the total delay
of the buffer for Vpp = 2.5 V?

Design an optimized cascade buffer to drive a load
capacitance of 40 pF if the capacitance of a sym-
metrical reference inverter is 50 fF. What is the opti-
mum number of stages? What are the relative sizes
of each inverter in the chain? What is the total delay
of the buffer for Vpp = 2.5 V?

Assume that the area of each inverter in a cascade
buffer is proportional to the taper factor 8 and that
the unit size inverter has as area A,. Write an ex-
pression for the total area of an N-stage cascade
buffer. In the example in Fig. 7.34, buffers with
N =6 and N =7 have approximately the same de-
lay. Compare the area of these two buffer designs
using your formula.

7.10 The CMOS Transmission Gate

7.113.

7.114.

T115:

(a) Calculate the on-resistance of an NMOS transis-
tor with W/L =20/1 for Vg5=25V, Vg =0V,
and Vps=0 V. (b) Calculate the on-resistance
of a PMOS transistor with W/L=20/1 for
VSG =25 \[, VSB =0 V, and VSD =0V (C) What
do we mean when we say that a transistor is “on”
even though [, and Vg =07

Calculate the maximum and minimum values of the
equivalent on-resistance for the transmission gate in
Fig. 7.36.

(a) What is the largest value of the on-resistance of a
transmission gate with W/L = 10/1 for both tran-
sistors if the input voltage range is0 < v; < 1V
and the power supply is 2.5 V? At what input




7.116.

7.117.

voltage does it occur? (b) Repeat for 0 < v,
<25V.

A certain analog multiplexer application requires
the equivalent on-resistance Ryq of a transmission
gate to always be less than 250 € for 0 <y <
2.5 V. What are the minimum values of W/L for
the NMOS and PMOS transistors if V- on =0.75Y,
Vrop=—0.75V,y =05V, 26 =06 V, K~
40 wA/V?, and K/, = 100 pA/V??

(a) What are the voltages at the nodes in the pass-
transistor networks in Fig. P7.117. For NMOS
transistors, use Vyp=0.70 V, y = 0.6V, and
2¢r =0.6 V. For PMOS transistors, Vyp = —0.70 V
and y = 0.5+/V. (b) What would be the voltages
if transmission gates were used in place of each
transistor?

+25V-T_+25Vi+25\/

[ ] l%D'H

(a)

(JV iOV iOV

+2.5V

(b)
Figure P7.117

7.11 CMOS Latchup

7.118. Simulate CMOS latchup using the circuit in

@_\) Fig. 7.37(b) and plot graphs of the voltages at nodes
2,3, and 4 as well as the current supplied by Vpp.
Discuss the behavior of the voltages and identify
important voltage levels, current levels, and slopes
on the graphs.

7119
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Repeat Prob. 7.118 if the values of R, and R, are
reduced by a factor of 10,

7.120. Draw the cross section and equivalent circuit, sim-

ilar to Fig. 7.37, for a p-well CMOS technology.

Additional Problems

7.121.
TI2Z,

7.123.

7.124.

7.125.

(a) Verify Eq. (7.9). (b) Verify Eq. (7.13).

(a) Calculate the sensitivity SK =(K,/t,)
(dz,/dK,) of the propagation delay 7,1nEq. (7.18)
to changes in K,. If the IC processing causes K,
to be 25 percent below its nominal value, what
will be the percentage change in 7,,? (b) Calculate
the sensitivity SV oy = (VTN/rp)(drp/dV, w) of the
propagation delay 7, in Eq. (7.18) to changes in
Virw. If the IC processing causes Vrn to change
from a nominal value of 0.75 V to (.85 V, what will
be the percentage change in T,

Calculate logic delay versus input signal rise time
for a minimum size inverter with a load capacitance
of I pFfor 0.1 ns <t < 5ns.

An NMOS transistor is to be used as a power switch
to disable one core of a multicore processor chip
that operates from a 2.5 V power supply. When the
core is enabled, its current is 4 A. What is the W/L
ratio of the NMOS transistor if the voltage drop
across the transistor must be less than 100 mV? If
L = 1 pm, estimate the area of the transistor.

CMOS with a PDP of 50 fJ is to be used in a chip
design that requires 100 million gates. The chip will
be placed in a package that can safely dissipate 40
W. What is the minimum logic gate delay that can
be used in the design if all the gates operate at the
same speed and 20 percent of the gates are switch-
ing at any given time?




