11.
12.
13.

14.

15.

16.

PROBLEMS

Unless otherwise specified, use K. =160 RLA/VZ, K;, =

40 pA/V?, Vioy =0.7

2¢r = 0.6 V. For simulation, use the models in

Appendix B.

8.1 Random-Access Memory (RAM)
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has 10 pF of capacitance, and the voltage is 1.8 V?
(b) Repeat for 3 GHz and 1.8 V.

Suppose that each cell in a 1-Gbit memory chip
must be refreshed every 10 ms. What is the power
dissipated in refreshing the chip if the cell capac-
itance is 100 fF and the cell voltage is 2.5 V?
Assume that 50 percent of the cells have 1 bits stored
and that the cell voltage is completely discharged

V, Viop= —0.7V,y =05V, 34

8.1. (a) How many bits are actually in a 256-Mb memory

chip?Ina 1-Gb chip? (b) How many 128-Kb blocks
must be replicated to form the 256-Mb memory in
Fig. 8.1?

8.2. How much leakage is permitted per memory cell
in a 256-Mb static CMOS memory chip if the total
standby current of the memory is to be less than
1 mA? (b) Repeat for a 4-Gb memory.

8.3. Suppose a memory chip has a 128-bit-wide external

memory bus. What is the power dissipated driving
the memory bus at a 1-GHz data rate if each bus line

and restored during the refresh operation.

8.2 Static Memory Cells
8.5. Find the voltages corresponding to D and D in an

NMOS memory cell with resistor loads in place of
the PMOS transistors in Fig. 8.6 if R = 1010 ,
Vpp =3V, and W/L =2/1. Use Vzo = 0.75 V,
y =0.5+/V, and 2¢r = 0.6 V.

*8.6. Assume that the two bitlines are fixed at 1.5 V in the
circuit in Figs. 8.7 and 8.8 and that a steady-state
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condition has been reached, with the wordline volt-
age equal to 3 V. Assume that the inverter transistors
allhave W/L = 1/1, Vey =07V, Vpp = —0.7V,
and y = 0. What is the largest value of W /L for
M 4, and M 4, (use the same value) that will ensure
that the voltage at D, < 0.7 V and the voltage at
Dy, =23V?

Simulate the response time of the 6-T cell in
Fig. 8.6 from an initial condition of D; = 1.55V
and D, = 1.45 V with the access transistors off.
How long does it take for the cell voltages to reach
90 percent of their final values? Use Vpp = 3 V and
a symmetrical cell design, with W /L of the NMOS
transistors = 2/1. Use the SPICE models from
Appendix B.

Simulate and plot a graph of the transients that
occur when writing a 0 into a cell containing a 0, as
in Fig. 8.12. Discuss the results.

8.3 Dynamic Memory Cells

8.9.

8.10.

8.11.

8.12.

The 1-T cell in Fig. P8.9 uses a bitline voltage of
2.5 V and a wordline voltage of 2.5 V. (a) What
are the cell voltages stored on C¢ for a 1 and 0 if
Vio = 0.6V, ¥y = 0.5V, and 2¢; = 0.6 V?
(b) What would be the minimum wordline voltage
needed in order for the cell voltage to reach 2.5 V
fora 1?

BL iWL
1=
= T

Ce

Figure P8.9

Repeat Prob. 8.9 if the bitline and wordline voltages
are 1.8 V.

Substrate leakage currents usually tend to destroy
only one of the two possible states in the 1-T cell.
For the circuit in Fig. P8.9, which level is the most
sensitive to leakage currents and why?

Find an expression for the energy that is lost during
the charge redistribution for reading out the data in
the 1-T? (a) How much energy is lostif Ve = 1.9V,
Ver = 1V, and C¢ = 25 fF. State your assump-

tions. (b) Suppose a 128 Mb memory using these
cells is refreshed every 5 ms. What is the aver-
age power consumed by the charge redistribution
operation?

*8.13.

8.14.

8.15.

8.16.

The gate-source and drain-source capacitances of
the MOSFET in Fig. P8.9 are each 100 fF, apq
Cc = 75 fF. The bitline and wordline have beep
stable at 2.5 V for a long time. The wordline sig-
nal is shown in Fig. P8.13. What is the voltage
stored on C¢ before the wordline drops? Estimate
the drop in voltage on the C¢ due to coupling of the
wordline signal through the gate-source capaci-

tance. Use Vrp = 0.70 V, ¥ = 0.5+/V, and
2¢r = 0.6 V.

b Wordline voltage
25N

t
0 vV 1 1

0 0.5 ns 1.0 ns 1.5 ns

Figure P8.13

A 1-T cell has Ce = 60 fF and Cp;, = 7.5 pF
(a) If the bitlines are precharged to 2.5 V, and the
cell voltage is 0 V, what is the change in bitline
voltage AV following cell access? (b) What is the
final voltage in the cell?

A 1-T cell memory can be fabricated using PMOS
transistors in the array shownin Fig. P8.15. (a) What
are the voltages stored on the capacitor corres-
ponding to logic 0 and 1 levels for a technology
using VDD =33 V? (b) Rﬁpeﬂt for VDD =25V

Pl

Figure P8.15

The bottom electrode of the storage capacitor in the
1-T cell is often connected to a voltage Vpp rather
than ground, as shown in Fig. P8.16. Suppose that
Vpp = 5 V. (a) What are the voltages stored in
the cell at node Ve for 0 = 0 V on the bitline and
I = 3 V on the bitline? Assume the wordline can
be driven to 3 V. (b) Which level will detericrate
due to leakage in this cell?

WL ”
BL PP

i i Ce

T
Figure P8.16




8.17.

*8.18.

*8.19.

(a) Calculate the cell voltage for the boosted word-
line version of the 1-T cell in Fig. 8.24 and show
that the value in the text is correct. (b) Verify that
the value of the current entering the sense ampli-
fier node from the 1-T cell immediately following
activation of the wordline is 216 pA.

The 1-T cell in Fig. P8.18 uses bitline and wordline
voltages of 0 V and 5 V. (a) What are the cell volt-
ages stored on C fora 1 and O if Vi = —0.80 V,
¥ = 0.65 V%3 and 2¢p = 0.6 V? (b) What would
be the minimum wordline voltage needed for the
stored cell voltage to reach 0 V for a 0 state?

+5V

—T
T

Figure P8.18

BL
Ce

In the discussion of the 1-T cell in the text, an im-
provement factor of 15 was stated for current drive
from the boosted wordline cell compared to the
normal cell. How much of this factor of 15 is at-
tributable to the increased Vpg across the access
transistor, and what portion is attributable to the
increased gate voltage?

Simulate the refresh operation of the 4-T dynamic
cell in Fig. P8.20. For initial conditions, assume
that node D has decreased to 1 V, and node D
isatO0V.Use BL=3V,BL=3V, W/L =2/1
for all transistors, and the bitline capacitance is
500 fF.

Wordline

<

L

Figure P8.20

8.21.

Simulate the read access operation of the 4-T cell
in Fig. P8.21 and discuss the waveforms that you
obtain. What is the access time of the cell from the

Problems 455

time the wordline is activated until the data is valid
at the output of the sense amplifier? Use W/L =

2/1 for all devices, and assume Cp; = 1 pF, with
VDD = 3 V
Bl Wordline BL
I' T
iy Ve aid 1
I BL = My | My, — Caer I

’L_T_g
[>o
]

T PC

Vpe WL
VDD TE
0
0 1 2 t (ns)
Figure P8.21
8.4 Sense Amplifiers

8.22. A simple CMOS sense amplifier is shown in

Fig. P8.22. Suppose Vpp = 2.5 V and the W/L
ratios of all the NMOS and PMOS transistors are
5/1 and 10/1, respectively. What is the total cur-
rent through the sense amplifier when the precharge
transistor is on? How much power will be con-
sumed by 1024 of these sense amplifiers operating
simultaneously?

%

BL BL

- 11

Figure P8.22
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The two bitlines in Fig. 8.29 are driven above
Vpp by capacitive coupling of the precharge sig-
nal through the gate capacitance of the precharge
devices. (a) Calculate the expected voltage change
AV on the bitlines due to this coupling and compare
to the simulation results in the figure. (b) What is
the largest possible value of AV ? See Appendix B
for transistor models. Use Cy; = 500 fF.

A transient drop can be observed in the waveforms
for the two bitlines in Fig. 8.25 due to capacitive
coupling of the precharge signal through the gate ca-
pacitance of the precharge device. Calculate the ex-
pected voltage change A V on the bitlines due to this
coupling and compare to the simulation results in
the figure. The BL capacitances are each 500 fF.
See Appendix B for transistor models.

Figure P8.25 shows the basic form of a charge-
transfer sense amplifier that can be used for am-
plifying the output of a 1-T cell. Assume that the
switch closes at + = 0, that capacitor Cec is ini-
tially discharged, and that C; is initially charged
to +3 V. Also assume that charge sharing between
Ce and Cg; occurs instantaneously. Find the to-
tal change in the output voltage Av, that occurs
once the circuit returns to steady-state conditions
following the switch closure. Assume Ce=50fF,
Cpr=1pF, C, =100 fF, and W/L =50/1. (Hint:
The MOSFET will restore the BL potential to the
original value, and the total charge that flows out
of the source of the FET must be supplied from the
drain.)

e
1 T~

I Cpr,

Figure P8.25  Charge transfer sense amplifier.

Simulate the circuit in Fig. P8.25 using a MOSFET
(W/L = 4/1) for the switch and compare the
results to your hand calculations.

Convince yourself of the statement that any voltage
imbalance in the cross-coupled latch will be rein-
forced by simulating the CMOS latch of Fi g. P8.27
using the following initial conditions: (a) D =
145 Vand D, = 155V, (b) D, = 1 V and
Dy =125V,(c} Dy =275Vand D, =270 V.

Assume all W/L ratios are 2/1 and Vpp = 3.3 V,
and use bitline capacitances of 1 pF.

Figure P8.27

The W/L ratios of the NMOS and PMOS transis-
tors are 2/1 and 4/1, respectively, in the CMOS
inverters in Fig. P8.28. The bitline capacitances are
400 fF, W/L of Mpc is 10/1, and Vpp = 3 V.
(a) Simulate the switching behavior of the Symmet-
rical latch and explain the behavior of the voltages
atnodes D and D5. (b) Now suppose that a design
error occurred and the W/ L ratio of My, is 2.2/
instead of 2/1. Simulate the latch again and explain
any changes in the behavior of the voltages at nodes
D| and Dz.

%

BL BL

2 204

‘LFJ;—J L

Vee
Figure P8.28

VP(.‘

Voo

2 t(ns)

Simulate the response of the NMOS clocked sense
amplifier in Fig. P8.29 if Vpp = 3 V. What are
the final voltage values on the two bitlines? How
long does it take the sense amplifier to develop a

Vop

Figure P8.29




*8.30.

8.31.

8.32.

difference of 1.5 V between the two bitlines? As-
sume that all clock signals have amplitudes equal
to Vpp and rise or fall times of 1 ns. Assume that
the three signals are delayed successively by 0.5 ns
in a manner similar to Fig. 8.29.

Repeat Prob. 8.29 for Vpp =5 V.

Simulate the transfer function of two cascaded
CMOS inverters with all 2/1 devices and find the
three equilibrium points. Use Vpp = 3 V.

(a) Find the noise margins for a memory cell
formed from two cross-coupled inverters as defined
in Prob. 8.31. Use the method described in the EIA
on page 420. (b) Repeat for a symmetrical inverter
using a 2/1 NMOS device and a 5/1 PMOS device.

8.5 Address Decoders

8.33.

8.34.

8.35.

8.36.

Calculate the number of transistors required to im-
plement a 7-bit column decoder using (a) NMOS
pass-transistor logic and (b) standard NOR logic.

(a) How many transistors are required to implement
a full 12-bit NOR address decoder similar to that
of Fig. 8.307 (b) How many transistors are required
to implement a full 12-bit NAND address decoder
similar to that of Fig. 8.31?

Draw the schematic of a 3-bit OR address decoder
using domino CMOS.

What are the voltages at the nodes in the pass-
transistor networks in Fig. P8.36? For NMOS tran-
sistors, use Vrp = 0.8 V, ¥ = 0.6 \/V and 2¢r =
0.6 V. For PMOS transistors, Vyp = —0.8 V and

Yy = 0.6\/\_/.

iOV _T_U Vv -T_OV

4 -I—;:_r ?DO_O

+5V

(b)
Figure P8.36

*8.37.

8.38.

8.39.
8.40.
8.41.
8.42.

-5

8.43.
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(a) Suppose that inputs Ag, A, and A, are all 0
in the domino CMOS gate in Fig. P8.37, and the
clock has just changed to the evaluate phase. If
Ap now changes to a 1, what happens to the volt-
age at node B if C| = 2C,? (Hint: Remember the
charge-sharing phenomena.) (b) Now A; changes
to a l—what happens to the voltage at node B if
C3 = (57 (c) If the output inverter is a symmet-
rical design, what is the minimum ratio of C, /Ca
(assume C3 = C,) for which the gate maintains a
valid output? Assume Vpp =5 V.

j Vop

0
g
-~

Figure P8.37

Draw the mirror image of the gate in Fig. P8.37
by replacing NMOS transistors with PMOS tran-
sistors and vice versa. Assume the logic inputs re-
main the same and write an expression for the logic
function Z.

8.6 Read-Only Memory (ROM)

What are the contents of the ROM in Fig. P8.397
(All FETs are NMOS.)

What are the contents of the ROM in Fig. P8.40?
(All FETs are NMOS.)

What are the six output data words for the ROM in
Fig. P8.417

Identify and simulate the worst-case delay path in
the ROM in Fig. P8.41.

Redraw the ROM circuit in Fig. 8.36 using pseudo-
NMOS circuitry.
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8.7 Flip-Flops

8.44.

8.45.

Q

What are the logic functions of inputs 1 and 2 in the
flip-flop in Fig. P8.44?

What is the minimum size of the transistors con-
nected to the R and S inputs in Fig. P8.45 that
will ensure that the latch can be forced to the de-
sired state? Do not be concerned with speed of the
latch.

8.46.

S

8.47.

&

Simulate the propagation delay through the D latch
to @ and Q in Fig. 8.44. Assume that D is stable and
the clock signal is a square wave. Assume the tran-
sistors all have W/L = 2/1 and use Vpp = 2.5 V.
Use the transistor models on Appendix B.

Simulate the master-slave D-flip-flop with the
slowly rising clock (T =20 ps) in Fig. P8.47(a).
Assume all W/L =2/1. What happens to data on the
D input? Use the transistor models in Appendix B.
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