Chapter 3 Problem Set

Chapter 3
PROBLEMS

For all problems, use the device parameters provided in Chapter 3 (Tables 3.2 and 3.5) and the inside
back book cover, unless otherwise mentioned. Also assume T = 300 K by default.

1.

4.

[E,SPICE,3.2.2]

Consider the circuit of Figure 0.1. Using the simple model, with V,,,= 0.7V, solve for j,.
. Find I, and ¥, using the ideal diode equation. Use I,= 10* A and 7= 300 K.

Solve for Vj,, Vpy, and I, using SPICE.

. Repeat parts b and ¢ using Ig= 107" A T=300K, and I5 = 107"A, T=350 K.

g o T8

R, =2kQ

Figure 0.1 Resistor diode circuit.

[M, None, 3.2.3] For the circuit in Figure 0.2, ;= 3.3 V. Assume A, = 12 umz, 0y=0.65V,
andm=0.5. N,=2.5E16 and N, =5 E15.

a. Find [, and V),

b. Is the diode forward- or reverse-biased?

c. Find the depletion region width, /¥, of the diode.

d. Use the parallel-plate model to find the junction capacitance, C;.
e

. Set ¥V, = 1.5 V. Again using the parallel-plate model, explain qualitatively why C;
increases.

Figure 0.2 Series diode circuit

[E, None, 3.3.2] Figure 0.3 shows NMOS and PMOS devices with drains, source, and gate
ports annotated. Determine the mode of operation (saturation, linear, or cutoff) and drain cur-
rent I, for each of the biasing configurations given below. Verify with SPICE. Use the follow-
ing transistor data: NMOS: &, = 115pA/V?, Vi = 043 V, L = 0.06 V™!, PMOS: k; = 30
HA/VZ, Vi ==0.4 V, L =-0.1 V', Assume (W/L) = 1.

a. NMOS: V3=2.5V, Vpg=2.5 V.PMOS: V5=-0.5V, Vs =—-125V.

b. NMOS: V=33V, Vpg=22V.PMOS: V33=-2.5V, Vpg=-1.8 V.

¢. NMOS: V3=0.6'V, Vpg=0.1 V.PMOS: Vgg=-2.5V, V;g=-0.7 V.

[E, SPICE, 3.3.2] Using SPICE plot the I-V characteristics for the following devices.
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D s
G
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S D Figure 0.3 NMOS and PMOS devices.
a. NMOS W=12um, L=0.25um
b. NMOS W=4.8um, L =0.5um
c¢. PMOS W=1.2 pum, L=0.25 pm
d. PMOS W=4.8 um, L=0.5 um

5. [E, SPICE, 3.3.2] Indicate on the plots from problem 4.
a. the regions of operation.
b. the effects of channel length modulation.

¢. Which of the devices are in velocity saturation? Explain how this can be observed on the /-
V plots.

6. [M, None, 3.3.2] Given the data in Table 0.1 for a short channel NMOS transistor with
Vpsar = 0.6 V and k' =100 pA/V?, calculate Vi, v, A, 2|9/, and W/ L:

Table 0.1 Measured NMOS transistor data

Ves Vps Vs I, nA)
1 2.5 1.8 0 1812
2 2 1.8 0 1297
3 2 2.5 0 1361
4 2 1.8 -1 1146
5 2 1.8 -2 1039

7. [E, None, 3.3.2] Given Table 0.2 ,the goal is to derive the important device parameters from
these data points. As the measured transistor is processed in a deep-submciron technology, the
‘unified model’ holds. From the material constants, we also could determine that the satura-
tion voltage Vg, equals -1V. You may also assume that -2dp =-0.6V.

NOTE: The parameter values on Table 3.3 do NOT hold for this problem.

a. Is the measured transistor a PMOS or an NMOS device? Explain your answer.
b. Determine the value of V.

¢. Determine y.

d. Determine A.
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e. Given the obtained answers, determine for each of the measurements the operation region
of'the transistor (choose from cutoff, resistive, saturated, and velocity saturated). Annotate
your finding in the right-most column of the above.

Table 0.2 Measurements taken from the MOS device, at different terminal voltages.

Measurement | VGS VDS VSB ID (uA) Ope.ration
number (2 V) 2 Region?

1 -2.5 -2.5 0 -84.375

2 1 1 0 0.0

3 -0.7 -0.8 0 -1.04

4 -2.0 -2.5 0 -56.25

5 -2.5 -2.5 -1 -72.0

6 -2.5 -1.5 0 -80.625

7 -2.5 -0.8 0 -66.56

8. [M, None, 3.3.2] An NMOS device is plugged into the test configuration shown below in Fig-
ure 0.4. The input V;, =2V. The current source draws a constant current of 50 pA. R is a vari-
able resistor that can assume values between 10kQ and 30 k€2 Transistor M1 experiences
short channel effects and has following transistor parameters: & = 110¥10¢ V/A%, V; = 0.4 ,
and Vpgur = 0.6V. The transistor has a W/L = 2.51/0.25p. For simplicity body effect and
channel length modulation can be neglected. i.e A=0, y=0. .

Vpp =2.5V
R
Vb
W/L =2.51/0.25
v,=2v | [ M1 e
Vs
I=50pA Figure 0.4 Test configuration for the NMOS device.

a. When R =10k< find the operation region, Vp and V.

b. When R= 30k again determine the operation region Vp, Vg

¢. For the case of R = 10kQ, would Vy increase or decrease if A # (. Explain qualitatively
9. [M, None, 3.3.2] Consider the circuit configuration of Figure 0.5.
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a. Write down the equations (and only those) which are needed to determine the voltage at
node X. Do NOT plug in any values yet. Neglect short channel effects and assume that A,
=0.

b. Draw the (approximative) load lines for both MOS transistor and resistor. Mark some of
the significant points.

¢. Determine the required width of the transistor (for L = 0.25um) such that X equals 1.5 V.

d. We have, so far, assumed that M, is a long-channel device. Redraw the load lines assum-
ing that M, is velocity-saturated. Will the voltage at X rise or fall?

25V

Il R, =20kQ
X
Il

[M, None, 3.3.2] The circuit of Figure 0.6 is known as a source-follower configuration. It
achieves a DC level shift between the input and output. The value of this shift is determined
by the current 7. Assume y = 0.4, 2|¢p4 = 0.6 V, V;;;=0.43 V, k' = 115 pA/V2 and A = 0. The
NMOS device has W/L = 5.4p/1.2p such that the short channel effects are not observed.

a. Derive an expression giving V; as a function of V, and V{(V,). If we neglect body effect,
what is the nominal value of the level shift performed by this circuit.

b. The NMOS transistor experiences a shift in /- due to the body effect. Find Vas a function
of V, for V, ranging from 0 to 1.5V with 0.25 V intervals. Plot V', vs. V.

c. Plot V, vs. V; as V, varies from 0 to 1.5V with 0.25 V intervals. Plot two curves: one
neglecting the body effect and one accounting for it. How does the body effect influence
the operation of the level converter? At ¥, (body effect) = 1.5V, find ¥, (ideal) and, thus,
determine the maximum error introduced by body effect.

Figure 0.5 MOS circuit.

Vop=2.5V

v _I 5.4wW/1.20
V

o

1,=35uA

e Figure 0.6 Source-follower level converter.

M, SPICE, 3.3.2] Problem 11 uses the MOS circuit of Figure 0.7.

Plot V,,, vs. V,, with V;, varying from 0 to 2.5 volts (use steps of 0.5V). V5, =2.5 V.

. Repeat a using SPICE.

Repeat a and b using a MOS transistor with (W/L) = 4/ 1. Is the discrepancy between
manual and computer analysis larger or smaller. Explain why.

—

I
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12.

Vipp=2.5V

8 kQ

out

Vin Ml
_| 1w0.25n

— Figure 0.7 MOS circuit.

[E, None, 3.3.2]Below in Figure 0.8 is an I-V transfer curve for an NMOS transistor. In this
problem, the objective is to use this [-V curve to obtain information about the transistor. The
transistor has (W/L)=(1p/1p). It may also be assumed that velocity saturation does not play a
role in this example. Also assume -2d; = 0.6V. Using Figure 0.8 determine the following
parameters: device Vg, v, A.

3200 o

300u
280u
260u
s~
220u
2000
180u

160u

LX {lin}

140u

120u

100u

Vgs=1.5V, Vbs=0.0¥

Vgs=1.5V, Vbs=-1.0V

Vgs=1.0V, Vbs=0.0V

Vgs=1.0V, Vbs=-1.0V

a 200m 400m 600m 800m

1 1.2 1.4 16 1.8 2 22 24 26
Voltage X {lin}) (VOLTS) ’

Figure 0.8 I-V curves
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13. [E, None, 3.3.2]The curves below in Figure 0.9 represent the gate voltage(Vg) vs. drain cur-
rent (Ipg) of two NMOS devices which are on the same die and operate in subthreshold

region. Due to process variations on the same die the curves do not overlap.
| s Vs VGS in weak inversion

D

Figure 0.9 Subthreshold
current curves. Difference is
due to process variations

N
°,
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VGS

Also assume that the transistors are within the same circuit configurations as Figure 0.10
in If the in put voltages are both V;, = 0.2V. What would be the respective durations to dis-
charge the load of C; = 1pF attached to the drains of these devices.

Vi

]— C.= IpF
Figure 0.10 The circuit for testing the time to
V.._| M1 I_
m _—

discharge the load capacitance through a device
operating in subthreshold region.

14. [M, None, 3.3.2] Short-channel effects:

a. Use the fact that current can be expressed as the product of the carrier charge per unit
length and the velocity of carriers (/5= Qv) to derive /g as a function of W, C,, Vo— Vi,
and carrier velocity v.

b. For a long-channel device, the carrier velocity is the mobility times the applied electric
field. The electrical field, which has dimensions of V/m, is simply (V53— V) / 2L. Derive
I for a long-channel device.

¢. From the equation derived in a, find /)¢ for a short-channel device in terms of the maxi-

mum carrier velocity, v,,,..

Based on the results of » and ¢ describe the most important differences between short-
channel and long-channel devices.
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15. [C, None, 3.3.2] Another equation, which models the velocity-saturated drain current of an
MOS transistor is given by

_ 1 HoCox _W_/ _ 2
Idsat 1+(V657 Vt)/(waL)[ 2 ]L(VGS VT)

Using this equation it is possible to see that velocity saturation can be modeled by a MOS

device with a source-degeneration resistor (see Figure 0.11).

a. Find the value of Ry such that I,g,{Vss, Vps) for the composite transistor in the figure
matches the above velocity-saturated drain current equation. Hint: the voltage drop across
Ry is typically small.

b. Given E,,,= 1.5 V/um and &' = p,C, = 20 pA/V?, what value of Ry is required to model
velocity saturation. How does this value depend on W and L?

Vb
Vc—| wiL
Vs
Ry
Figure 0.11 Source-degeneration model of
Vs velocity saturation.

16. [E, None, 3.3.2] The equivalent resistances of two different devices need to be computed.
a. First, consider the fictive device whose I-V characteristic is given in Figure 0.12. Constant
k has the dimension of S (or1/€). V,, is a voltage characteristic to the device. Calculate the
equivalent resistance for an output voltage transition from 0 to 2V, by integrating the
resistance as a function of the voltage.

4 I +
(A [=k*vxMY)
\'%
Figure 0.12  Fictive device
whose equivalent resistance is to
> Viv) be calculated.

b. Next, obtain the resistance equation 3.43 using the Figure 0.13. Assuming the Vg is kept
at Vpp, Calculate the Req as output (Vpg) transitions from Vpp to Vpp/2.(Figure 0.13).
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Hint: Make sure you use the Short channel Unified MOS Model equations. Hint: You
will need to use the expansion. In(I+x) ~x - x’/2 + x°/3

VDD‘{ _ Figure 0.13 The equivalent resistance is to
be computed for the H—L transition.

[M, None, 3.3.3] Compute the gate and diffusion capacitances for transistor M1 of Figure 0.7.
Assume that drain and source areas are rectangular, and are 1 pm wide and 0.5 um long. Use
the parameters of Example 3.5 to determine the capacitance values. Assume m; = 0.5 and
=(.44. Also compute the total charge stored at node /n, for the following initial condi-

mjsw

tions:

a. V,=25V,V,,=25V,0.5V,and 0 V.
b. V,=0V,V,,,=25V,05V,and 0 V.

[E, None, 3.3.3]Consider a CMOS process with the following capacitive parameters for the
NMOS transistor: Cgso, Capo» Cox» Cp» My, Cigyr Mgy and PB, with the lateral diffusion equal

jswe jswe

to Lp. The MOS transistor M1 is characterized by the following parameters: W, L, AD, PD,
AS, PS.

Vop=Vr
-

g
r——| Ml Figure 0.14  Circuit to measure total input
capacitance

a. Consider the configuration of Figure 0.14. Vy, is equal to Vi (the threshold voltage of the
transistor) Assume that the initial value of V, equals 0. A current source with value I is
applied at time 0. Assuming that all the capacitance at the gate node can be lumped into a
single, grounded, linear capacitance Cr, derive an expression for the time it will take for
V, toreach 2 Vp

b. The obvious question is now how to compute Cr. Among, Cyy, Cyp,, Cyg, Cyg, Cyp, Which of
these parasatic capacitances of the MOS transistor contribute to Cp. For those that contrib-
ute to C write down the expression that determines the value of the contribution. Use only
the parameters given above. If the transistor goes through different operation regions and
this impacts the value of the capacitor, determine the expression of the contribution for

each region (and indicate the region).
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19.

20.

21.

c. Consider now the case depicted in Figure 0.15. Asssume that V is initially at 0 and we
want to charge it up to 2 V5. Again among, Cyp, Cy,, Cy, Cyg, Cy, Which device capaci-
tances contribute to the total drain capacitance? Once again, make sure you differentiate

between different operation regions..

\Z

Il
I
0
—
o)

= L

Figure 0.15 Circuit to measure the total drain
capacitance

[M, None, 3.3.3]For the NMOS transistor in Figure 0.16, sketch the voltages at the source
and at the drain as a function of time. Initially, both source and drain are at +2.5 volts. Note
that the drain is open circuited. The 10 pA current source is turned on at t=0. Device parame-
ters:W/L = 125p/0.25 ; uC,, = 100 nA/V?; Cox= 6fF/u? ;Cor(per width) = 0.3 fF/p ; Cy =
100 fF; Cdb = 100fF;Vpgar =1V

HINT:Do not try to solve this analytically. Just use a qualitative analysis to derive the dif-
ferent operation modes of the circuit and the devices.

Cgd ‘d

Figure 0.16 Device going through different
operation regions over time

[C, SPICE, 3.4] Though impossible to quantify exactly by hand, it is a good idea to understand

process variations and be able to at least get a rough estimate for the limits of their effects.

a. For the circuit of Figure 0.7, calculate nominal, minimum, and maximum currents in the
NMOS device with V;,=0V, 2.5V and 5 V. Assume 3¢ variations in V;,of 25 mV, in k' of
15%, and in lithographic etching of 0.15 um.

b. Analyze the impact of these current variations on the output voltage. Assume that the load
resistor also can vary by 10%. Verify the result with SPICE.

[E, None, 3.5] A state-of-the-art, synthesizable, embedded microprocessor consumes

0.4mW/MHz when fabricated using a 0.18 pm process. With typical standard cells (gates),

the area of the processor is 0.7 mm2. Assuming a 100 Mhz clock frequency, and 1.8 V power
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supply. Assume short channel devices, but ignore second order effects like mobility degrada-
tion, series resistance, etc.

a.

d.

Using fixed voltage scaling and constant frequency, what will the area, power consump-
tion, and power density of the same processor be, if scaled to 0.12 um technology, assum-
ing the same clock frequency?

. If the supply voltage in the scaled 0.12 pm part is reduced to 1.5 V what will the power

consumption and power density be?

How fast could the scaled processor in Part (b) be clocked? What would the power and
power density be at this new clock frequency?

Power density is important for cooling the chip and packaging. What would the supply
voltage have to be to maintain the same power density as the original processor?

The superscalar, superpipelined, out-of-order executing, highly parallel, fully x86 compatible
JMRII microprocessor was fabricated in a 0.25 m technology and was able to operate at 100
MHZ, consuming 10 watts using a 2.5 V power supply.

a.

Using fixed voltage scaling, what will the speed and power consumption of the same pro-
cessor be if scaled to 0.1 pm technology?

. If the supply voltage on the 0.1 um part were scaled to 1.0 V, what will the power con-

sumption and speed be?

What supply should be used to fix the power consumption at 10 watts? At what speed
would the processor operate?
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Chapter 4

Problems

[M, None, 4.x] Figure 0.1 shows a clock-distribution network. Each segment of the clock net-

work (between the nodes) is 5 mm long, 3 um wide, and is implemented in polysilicon. At

each of the terminal nodes (such as R) resides aload capacitance of 100 fF.

a. Determine the average current of the clock driver, given avoltage swing on the clock lines
of 5V and amaximum delay of 5 nsec between clock source and destination node R. For
this part, you may ignore the resistance and inductance of the network

b. Unfortunately the resistance of the polysilicon cannot be ignored. Assume that each
straight segment of the network can be modeled as a IN-network. Draw the equivaent cir-
cuit and annotate the values of resistors and capacitors.

c. Determine the dominant time-constant of the clock response at node R.

Figure0.1 Clock-distribution network.

[C, SPICE, 4.X] You are designing a clock distribution network in which it is critical to mini-

mize skew between local clocks (CLK1, CLK2, and CLKS3). You have extracted the RC net-

work of Figure 0.2, which models the routing parasitics of your clock line. Initialy, you

notice that the path to CLK3 is shorter than to CLK1 or CLK2. In order to compensate for this

imbalance, you insert a transmission gate in the path of CLK3 to eliminate the skew.

a. Write expressions for the time-constants associated with nodes CLK1, CLK2 and CLKS3.
Assume the transmission gate can be modeled as aresistance Rs.

b. fRR=R,=R,=Rs;=RandC, =C,=C;=C, = C; = C, what value of R; isrequired to
balance the delaysto CLK1, CLK2, and CLK3?

c. For R=750Q and C = 200fF, what (W/L)'s are required in the transmission gate to elimi-
nate skew? Determine the value of the propagation delay.

d. Simulate the network using SPICE, and compare the obtained results with the manually
obtained numbers.

[M, None, 4.x]Consider a CMOS inverter followed by awire of length L. Assume that in the

reference design, inverter and wire contribute equally to the total propagation delay tpe. You

may assume that the transistors are velocity-saturated. Thewireisscaled in line with theideal

wire scaling model. Assume initially that thewireisa local wire.

a. Determinethe new (total) propagation delay asaafunction of t,., assuming that technol-
ogy and supply voltage scale with afactor 2. Consider only first-order effects.

b. Perform the same analysis, assuming now that the wire scales a global wire, and the wire
length scales inversely proportiona to the technology.
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Rl
Clock —
driver :I:C5
Tc, T —
— ] ¢ CLks
= T
;/ r—
Model as: Figure0.2 RC clock-distribution

network.

<

c. Repeat b, but assume now that the wire is scaled along the constant resistance model. You
may ignore the effect of the fringing capacitance.

d. Repeat b, but assume that the new technology uses a better wiring material that reduces
theresistivity by half, and a dielectric with a 25% smaller permittivity.

e. Discussthe energy dissipation of part a. as afunction of the energy dissipation of the orig-
inal design E,.

f. Determine for each of the statements below if it istrue, false, or undefined, and explain in
one line your answer.

- When driving a small fan-out, increasing the driver transistor sizes raises the short-
circuit power dissipation.

- Reducing the supply voltage, while keeping the threshold voltage constant decreases
the short-circuit power dissipation.

- Moving to Copper wires on a chip will enable usto build faster adders.

- Making awire wider helpsto reduce its RC delay.

- Going to dielectrics with a lower permittivity will make RC wire delay more impor-
tant.

[M, None, 4.x] A two-stage buffer is used to drive ametal wire of 1 cm. Thefirst inverter is of
minimum size with an input capacitance Ci=10 fF and an internal propagation delay t,,=50 ps
and load dependent delay of 5ps/fF. The width of the metal wire is 3.6 um. The sheet resis-
tance of the metal is 0.08 Q/ , the capacitance value is 0.03 fF/um2 and the fringing field
capacitance is 0.04fF/um.

a. What isthe propagation delay of the metal wire?

b. Compute the optimal size of the second inverter. What is the minimum delay through the
buffer?

c. If the input to the first inverter has 25% chance of making a O-to-1 transition, and the
whole chip is running at 20MHz with a 2.5 supply voltage, then what's the power con-
sumed by the metal wire?

[M, None, 4.x] To connect a processor to an external memory an off -chip connection is neces-

sary. The copper wire on the board is 15 cm long and acts as atransmission line with a charac-

teristic impedance of 100Q.(See Figure 0.3). The memory input pins present a very high
impedance which can be considered infinite. The bus driver isa CMOS inverter consisting of
very large devices: (50/0.25) for the NMOS and (150/0.25) for the PMOS, where all sizes are
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in um. The minimum size device, (0.25/0.25) for NMOS and (0.75/0.25) for PMOS, has the

on resistance 35 kQ.

a. Determinethetimeit takes for a change in the signal to propagate from source to destina-
tion (time of flight). The wire inductance per unit length equals 75*10° H/m.

b. Determine how long it will take the output signal to stay within 10% of itsfina value. You
can model the driver as a voltage source with the driving device acting as a series resis-
tance. Assume a supply and step voltage of 2.5V. Hint: draw the lattice diagram for the
transmission line.

c. Resizethe dimensions of the driver to minimize the total delay.
L=15cm

I

—— Z7=100Q ——

Figure0.3 Thedriver, the connecting copper wire and the
memory block being accessed.

6. [M, None, 4.x] A two stage buffer is used to drive ameta wire of 1 cm. Thefirst inverter isa
minimum size with an input capacitance C;=10 fF and a propagation delay t,,;=175 ps when
loaded with an identical gate. The width of the metal wire is 3.6 um. The sheet resistance of
themetal is0.08 Q/ , the capacitance value is 0.03 fF/um2 and the fringing field capacitance
i50.04 fF/um.

a. What isthe propagation delay of the metal wire?
b. Compute the optimal size of the second inverter. What is the minimum delay through the
buffer?

7. [M, None, 4.x] For the RC tree given in Figure 0.4 calculate the EImore delay from node A to
node B using the values for the resistors and capacitors given in the below in Table 0.1.

1 1

Figure0.4 RC treefor calculating the delay
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Table 0.1 Values of the components in the RC tree of Figure 0.4

Resistor Value(Q) Capacitor Value(fF)
R1 0.25 C1 250
R2 0.25 c2 750
R3 0.50 C3 250
R4 100 C4 250
R5 0.25 C5 1000
R6 1.00 C6 250
R7 0.75 Cc7 500
R8 1000 C8 250

8. [M, SPICE, 4.x] In this problem the various wire models and their respective accuracies will
be studied.

a

Compute the 0%-50% delay of a 500um x 0.5um wire with resistance of 0.08 Q/ , with
area capacitance of 30aF/um2, and fringing capacitance of 40aF/um. Assume the driver
has a 100Q resistance and negligible output capacitance.

Using alumped model for the wire.

Using a Pl model for the wire, and the ElImore equations to find tau. (see Chapter 4, figure
4.26).

Using the distributed RC line equations from Chapter 4, section 4.4.4.

Compare your resultsin part a. using spice (be sure to include the source resistance).  For
each simulation, measure the 0%-50% time for the output

First, simulate a step input to alumped R-C circuit.
Next, simulate a step input to your wire asa Pl model.

Unfortunately, our version of SPICE does not support the distributed RC model as
described in your book (Chapter 4, section 4.5.1). Instead, simulate a step input to your
wire using a PI3 distributed RC model.

9. [M, None, 4.x] A standard CMOS inverter drives an aluminum wire on the first metal layer.
Assume Rn=4kQ, Rp=6kQ. Also, assume that the output capacitance of the inverter is negli-
gible in comparison with the wire capacitance. The wire is .5um wide, and the resistivity is
0.08Q/ ..

a
b.

What isthe "critical length" of the wire?

What isthe equivalent capacitance of awire of this length? (For your capacitance calcula
tions, use Table 4.2 of your book , assume there's field oxide underneath and nothing
above the aluminum wire)
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10.

12.

13.

[M, None, 4.x] A 10cm long lossless transmission line on a PC board (relative dielectric con-

stant = 9, relative permeability = 1) with characteristic impedance of 50Q is driven by a 2.5V

pulse coming from a source with 150Q resistance.

a. If the load resistance is infinite, determine the time it takes for a change at the source to
reach the load (time of flight).

Now a200Q load is attached at the end of the transmission line.

b. What isthe voltage at the load at t = 3ns?

c. Draw lattice diagram and sketch the voltage at the load as a function of time. Determine
how long does it take for the output to be within 1 percent of itsfinal value.

[C, SPICE, 4.x] Assume Vy5=1.5V. Also, use short-channel transistor models forhand analy-

sis.

Voo Voo
L=350nH/m
) C=150pF/m
in | [>
| \ : :I Figure0.5 Transmission line
Vs 10cm \'A 1 between two inverters

] C,=0.2pF |

a. The Figure 0.5 shows an output driver feeding a 0.2 pF effective fan-out of CMOS gates
through a transmission line. Size the two transistors of the driver to optimize the delay.
Sketch waveforms of Vg and V|, assuming a square wave input. Label critical voltages
and times.

b. Size down the transistors by m times (m is to be treated as a parameter). Derive a first
order expression for the time it takes for V| to settle down within 10% of its final voltage
level.Compare the obtained result with the case where no inductance is associated with the
wire.Please draw the waveforms of V| for both cases, and comment.

c. Usethetransistors asin part &). Suppose C, is changed to 20pF. Sketch waveforms of Vg
and V|, assuming a square wave input. Label critical voltages and instants.

d. Assume now that the transmission lineislossy. Perform Hspice simulation for three cases:
R=100 Q/cm; R=2.5 Q/cm; R=0.5 Q/cm. Get the waveforms of Vg, V| and the middle
point of the line. Discuss the results.

[M, None, 4.x] Consider an isolated 2mm long and 1um wide M1(Metal 1)wire over asilicon

substrate driven by an inverter that has zero resistance and parasitic output capccitance. How

will the wire delay change for the following cases? Explain your reasoning in each case.

a. If thewirewidth is doubled.

b. If the wire length is halved.

c. If thewirethicknessis doubled.

d. If thickness of the oxide between the M1 and the substrate is doubled.

[E, None, 4.x] In an ideal scaling model, where all dimensions and voltages scale with a fac-
tor of S>1:
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a. How doesthe delay of an inverter scale?

b. If achipisscaled from one technology to another where al wire dimensions,including the
vertical one and spacing, scale with afactor of S, how does the wire delayscale? How does
the overall operating frequency of a chip scale?

¢. Repeat b) for the case where everything scales, except the vertical dimension of wires (it
stays constant).
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5.1 Exercisesand Design Problems

1. [M, SPICE, 3.3.2] The layout of a static CMOS inverter is given in Figure 5.1. (A = 0.125
pHm).
a. Determine the sizes of the NMOS and PMOS transistors.
b. Plot the VTC (using HSPICE) and derive its parameters (V. Voo Vi, Vi, and V).
c. Isthe VTC affected when the output of the gates is connected to the inputs of 4 similar

‘ § Vpp =25 V.
\ E \ E =

NMOS PMOS

Metall ||

o

Out

Metal1

Figure5.1 CMOSinverter layout.

d. Resizethe inverter to achieve a switching threshold of approximately 0.75 V. Do not lay-
out the new inverter, use HSPICE for your simulations. How are the noise margins
affected by this modification?

2. Figure 5.2 shows a piecewise linear approximation for the VTC. The transition region is
approximated by a straight line with a slope equd to the inverter gain at V). The intersection
of thisline with the Vg, and the V, lines defines Vv, and V.

a. The noise margins of a CMOS inverter are highly dependent on the sizing ratio, r = ky/k;,
of the NMOS and PMOS transistors. Use HSPICE with Vy, = |V, | to determine the value
of r that resultsin equa noise margins? Give a qualitative explanation.

b. Section 5.3.2 of the text uses this piecewise linear approximation to derive simplified
expressions for NM,; and NM, in terms of the inverter gain. The derivation of the gain is
based on the assumption that both the NMOS and the PMOS devices are velocity saturated
at V), . For what range of r is this assumption valid? What is the resulting range of V,, ?

c. Derive expressions for the inverter gain at V,, for the cases when the sizing ratio is just
above and just below the limits of the range where both devices are velocity saturated.
What are the operating regions of the NMOS and the PMOS for each case? Consider the
effect of channel-length modulation by using the following expression for the small-signal
resistance in the saturation region: r, o = Y(Alp).
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Vin Figure5.2 A different approach to derive

Vi Vi Vipand V.

VOL

[M, SPICE, 3.3.2] Figure 5.3 shows an NMOS inverter with resistive load.

a. Qualitatively discuss why this circuit behaves as an inverter.

b. Find Vg, and V, calculate V,,; and V.

c. Find NM, and NM,,, and plot the VTC using HSPICE.

d. Compute the average power dissipation for: (i) Vi,= 0V and (ii) V;,= 2.5V

+25V

Figure5.3 Resistive-load inverter

e. Use HSPICE to sketch the VTCsfor R, = 37Kk, 75k, and 150k on asingle graph.

f. Comment on the relationship between the critical VTC voltages (i.e., Vo, Vo Vi Vin)
and the load resistance, R, .

g. Do high or low impedance |oads seem to produce more idea inverter characteristics?

[E, None, 3.3.3] For the inverter of Figure 5.3 and an output load of 3 pF:

a. Caculatetyy, tyy, andt,.

b. Aretherising and falling delays equal? Why or why not?

¢. Compute the static and dynamic power dissi pation assuming the gate is clocked asfast as
possible.

The next figure shows two implementations of MOS inverters. The first inverter uses only

NMOS transistors.
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a Cadlculate Vg, Vg, V), for each case.

Vpp =25V Vpp = 2.5V
M, W/L=0.375/0.25 — | M, W/L=0.75/0.25
Vour
Vour Vin —*

Vin M; WIL=0.75/0.25 M3 WIL=0.375/0.25
l Figure5.4 Inverter Implementations 1
b. Use HSPICE to aobtain the two VTCs. You must assume certain values for the source/drain

d.

areas and perimeters since there is no layout. For our scalable CMOS process, A = 0.125
pum, and the source/drain extensions are 5A for the PMOS; for the NMOS the source/drain
contact regions are SAX5A.

Find V4, V., NM_ and NM, for each inverter and comment on the results. How can you
increase the noise margins and reduce the undefined region?

Comment on the differencesin the V TCs, robustness and regeneration of each inverter.

6. Consider the following NMOS inverter. Assume that the bulk terminals of all NMOS device
are connected to GND. Assume that the input IN hasa 0V to 2.5V swing.

o0 oW

Vpp= 2.5V

Vpp= 2.5V
M3 DD

M2
ouT

|N—| M1

Set up the equation(s) to compute the voltage on node x. Assume y=0.5.

. What are the modes of operation of device M2? Assume y=0.

What is the value on the output node OUT for the case when IN =0V ?Assume y=0.

. Assuming y=0, derive an expression for the switching threshold (V,,) of the inverter.

Recall that the switching threshold is the point where V= Vot Assume that the device
sizesfor M1, M2 and M3 are (W/L),, (W/L),, and (W/L);respectively. What are the limits
on the switching threshold?

For this, consider two cases:

i) (W/L), >> (WIL),
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i) (WIL), >> (WIL),

7. Consider the circuit in Figure 5.5. Device M1 is astandard NMOS device. Device M2 has all
the same properties as M1, except that its device threshold voltage is negative and has a value
of -0.4V. Assume that all the current equations and inequality equations (to determine the
mode of operation) for the depletion device M2 are the same as aregular NM OS. A ssume that
theinput IN has a0V to 2.5V swing.

Vpo=25V

M2 (2um/1pm), V4, = -0.4V

ouT

IN —| M1 (4um/1um)

Figure 5.5 A depletion load NMOS inverter

a. Device M2 hasits gate terminal connected to its source terminal. If V| = 0V, what is the
output voltage? In steady state, what isthe mode of operation of device M2 for thisinput?

b. Compute the output voltage for V| = 2.5V. You may assume that V,r is small to simplify
your calculation. In steady state, what is the mode of operation of device M2 for this
input?

c. Assuming Pr;y o= 0.3, what is the static power dissipation of this circuit?

8. [M, None, 3.3.3] An NMOS transistor is used to charge a large capacitor, as shown in Figure

5.6.

a. Determinethet, ,, of thiscircuit, assuming anideal step from Oto 2.5V at the input node.

b. Assume that aresistor Rg of 5 kQ is used to discharge the capacitance to ground. Deter-
mine tyy -

c. Determine how much energy is taken from the supply during the charging of the capacitor.
How much of thisisdissipated in M1. How much is dissipated in the pull-down resistance
during discharge? How does this change when R is reduced to 1 kQ.

d. The NMOS transistor is replaced by a PMOS device, sized so that k; is equal to the k, of

the original NMOS. Will the resulting structure be faster? Explain why or why not.
Vpp = 2.5V

In
20
'—{ > M1

—L— C =5pF

Out

— Figure 5.6 Circuit diagram with annotated WL ratios

9. Thecircuitin Figure 5.7 isknown as the source follower configuration. It achievesaDC level
shift between the input and the output. The value of this shift is determined by the current I,
Assume x;=0, y=0.4, 2|@|=0.6V, V;,=0.43V, k.’=115uA/V? and A=0.
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Vpp = 25V

Vi —| El 1um/0.25um
1V

(o}

Figure 5.7 NMOS source follower configuration

a. Suppose we want the nominal level shift between V; and V, to be 0.6V in the circuit in
Figure 5.7 (8). Neglecting the backgate effect, calculate the width of M2 to provide this
level shift (Hint: first relate V;to V,in terms of |).

b. Now assume that an ided current source replacesM2 (Figure 5.7 (b)). The NMOS transis-
tor M1 experiences a shift in V¢ due to the backgate effect. Find V4 asafunction of V, for
V, ranging from 0 to 2.5V with 0.5V intervals. Plot V1 vs. V,

c. Plot V, vs. V; as V, varies from 0 to 2.5V with 0.5 V intervas. Plot two curves: one
neglecting the body effect and one accounting for it. How does the body effect influence
the operation of the level converter?

d. At V (with body effect) = 2.5V, find V,(ideal) and thus determine the maximum error
introduced by the body effect.

10. For this problem assume:

Vpp = 2.5V, Wp/L = 1.25/0.25, W\/L = 0.375/0.25, L=L =0.25pum (i.e. X4= Opm), C, =C;,,.

gater K’ = 1I5HAIVZ, k' = -300AIV?, Vi = | Vi | = 0.4V, A = OV, y= 0.4, 2|@=0.6V, and t,,

=58A. Usethe HSPICE model parameters for parasitic capacitance given below (i.e. Cyqo, Cj,

Cisw), and assume that V=0V for &l problems except part (€).
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Vpp = 25V

L=Lp=Ly=0.25pm |
v
Vi .¢I>O_

CL = Cinv-gaIe
(Wy/W, = 1.25/0.375)
VSB

v

Figure 5.8 CMOS inverter with capacitive

## Parasitic Capacitance Parameters (F/m)##
NMOS; CGDO=3.11x10"°, CGS0=3.11x10%°, CJ=2.02x10°3, CISW=2.75x101°
PMOS: CGDO=2.68x10"%°, CGS0=2.68x10"%°, CJ=1.93x10°3, CISW=2.23x101°

a

b.

Wheat isthe V,, for this inverter?

What is the effective load capacitance C,  of thisinverter? (include parasitic capacitance,
refer to the text for K, and m.) Hint: You must assume certain values for the source/drain
areas and perimeters since there is no layout. For our scalable CMOS process, A = 0.125
pum, and the source/drain extensions are 5\ for the PMOS; for the NMOS the source/drain
contact regions are SAX5A.

Cdculate tpy, , tp y assuming the result of (b) is ‘C g = 6.5fF . (Assume an idea step
input, i.e. =t =0. Do this part by computing the average current used to charge/dis-
charge C, «.)

d. Find (W/W,) such that tpy_ = to .

Suppose we increase the width of the transistors to reduce the tpy, , tp - DO We get a pro-
portional decrease in the delay times? Justify your answer.

Suppose Vg = 1V, what is the value of Vi, Vi, Vi,? How does this qualitatively affect

Using Hspice answer the following questions.

a

Simulate the circuit in Problem 10 and measure t, and the average power for input V,:
pulse(0 Vpp 5n 0.1n 0.1n 9n 20n), as Vpp variesfrom 1V - 2.5V with a0.25V interval. [tp
= (tpyL +tpy) / 2. Using this data, plot ‘tp vs. Vpp', and ‘Power vs. Vpp'.
Specify AS, AD, PS, PD in your spice deck, and manually add C_ = 6.5fF. Set Vg = 0V
for this problem.
For Vdd equa to 2.5V determine the maximum fan-out of identical inverters this gate can
drive beforeits delay becomes larger than 2 ns.
Simulate the same circuit for a set of ‘pulse’ inputs with rise and fall times of t;; isa
=1ns, 2ns, 5ns, 10ns, 20ns. For each input, measure (1) the rise and fall timest,; ;s and
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tou ) OF the inverter output, (2) the total energy lost E,, and (3) the energy lost due to

short circuit current Eg,.
Using this data, prepare a plot of (1) (toy rise*tout a2 VS. tin risefair (2) Eioar VS
tin rissfalls (3) Esnort VS: tin risefanl @0 (4) Egror/Eqota VS- tin risefal.

d. Provide simple explanations for:
(i) Why the dopefor (1) islessthan 1?
(if) Why Ego,¢ increases with i, i1 ?
(i) Why E,qy increases with t, e a?
12. Consider the low swing driver of Figure 5.9:

VDD:2'5V 15

(0 334
(W)_u_

Vin | ¢ Vout
Oﬁ _q; 31 C_=100fF

Figure 5.9 Low Swing Driver

v

a. What is the voltage swing on the output node (V,,)? Assume y=0.

b. Estimate (i) the energy drawn from the supply and (ii) energy dissipated for a0V to 2.5V
transition at the input. Assume that the rise and fall times at the input are 0. Repeat the
analysisfor a2.5V to OV trangition at the input.

c. Computety y (i.e. thetimeto transition from Vg to (Vg + Vg )/2). Assume the input
risetimeto be 0.V, isthe output voltage with the input at OV and Vo, is the output volt-
age with theinput at 2.5V.

d. Compute V,, taking into account body effect. Assume y = 0.5V for both NMOS and
PMOS.

13. Consider the following low swing driver consisting of NMOS devices M1 and M2. Assume
an NWELL implementation. Assume that the inputs IN and TN have a 0V to 2.5V swing and
that V,\ = 0V when Vi = 2.5V and vice-versa. Also assume that there is no skew between IN
andIN (i.e., theinverter delay to deriveIN from IN is zero).

Viow= 05V

25um/0.25um

C.=1pF

Figure5.10 Low Swing Driver

a. What voltage is the bulk terminal of M2 connected to?
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b. What is the voltage swing on the output node as the inputs swing from OV to 2.5V. Show
the low value and the high value.

c. Assume that the inputs IN and IN  have zero rise and fall times. Assume a zero skew
between IN and IN. Determine the low to high propagation delay for charging the output
node measured from the the 50% point of the input to the 50% point of the output. Assume
that the total load capacitance is 1pF, including the transistor parasitics.

d. Assume that, instead of the 1pF load, the low swing driver drives a non-linear capacitor,
whose capacitance vs. voltage is plotted below. Compute the energy drawn from the low
supply for charging up the load capacitor. Ignore the parasitic capacitance of the driver cir-
cuit itself.

34
1/

5v 1v 15v 2v 25V 3V 'Voltage,v

P

14. The inverter below operates with V,;=0.4V and is composed of [Vt| = 0.5V devices. The
devices have identical 1,and n.

a. Cdculate the switching threshold (V) of thisinverter.
b. Caculate V| andV, of theinverter.

Vpp = 0.4V

—_—

VIN VOUT

Figure5.11 Inverter in Weak Inversion Regime

15. Sizing achain of inverters.
a. In order to drive alarge capacitance (C, = 20 pF) from a minimum size gate (with input
capacitance C; = 10fF), you decide to introduce a two-staged buffer as shown in Figure
5.12. Assume that the propagation delay of a minimum size inverter is 70 ps. Also assume
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that the input capacitance of a gate is proportiond to its size. Determine the sizing of the
two additional buffer stages that will minimize the propagation delay.

‘1" isthe minimum size inverter.

In
| : | : | : out
G =10fF T T G
= \

/ hr—as

Added Buffer Stage

Figure 5.12 Buffer insertion for driving large loads.

b. If you could add any number of stages to achieve the minimum delay, how many stages
would you insert? What is the propagation delay in this case?

c. Describe the advantages and disadvantages of the methods shown in (a) and (b).

d. Determine a closed form expression for the power consumption in the circuit. Consider
only gate capacitances in your analysis. What is the power consumption for a supply volt-
age of 2.5V and an activity factor of 1?

[M, None, 3.3.5] Consider scaling aCMOS technology by S> 1. In order to maintain compat-

ibility with existing system components, you decide to use constant voltage scaling.

a. Intraditiona constant voltage scaling, transistor widths scale inversely with S, wllvs.
To avoid the power increases associated with constant voltage scaling, however, you
decide to change the scaling factor for W. What should this new scaling factor be to main-
tain approximately constant power. Assume long-channel devices (i.e., neglect velocity
saturation).

b. How does delay scae under this new methodology?

¢. Assuming short-channel devices (i.e., velocity saturation), how would transistor widths
have to scale to maintain the constant power requirement?
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DESIGN PROBLEM

Using the 0.25 pm CMOS introduced in Chapter 2, design a static CMOS
inverter that meets the following requirements:

1. Matched pull-up and pull-down times (i.e., ty = ty)-

2. t,=5nsec (£ 0.1 nsec).
The load capacitance connected to the output is equal to 4 pF. Notice that this
capacitance is substantially larger than the internal capacitances of the gate.

Determine the W and L of the transistors. To reduce the parasitics, use

minimal lengths (L = 0.25 pm) for all transistors. Verify and optimize the design
using SPICE after proposing a first design using manual computations. Com-
pute also the energy consumed per transition. If you have a layout editor (such
as MAGIC) available, perform the physica design, extract the rea circuit
parameters, and compare the smulated results with the ones obtained earlier.
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[E, None, 4.2] Implement the equation X = (A + B) (C + D + E) + F) G using complemen-
tary CMOS. Size the devices so that the output resistance is the same as that of an inverter
with an NMOS WL = 2 and PMOS WL = 6. Which input pattern(s) would give the worst and
best equivalent pull-up or pull-down resistance?

Implement the following expression in a full static CMOS logic fashion using no more than
10 transistors:

Y = (AxB) + (AXC xE) + (D xE) + (D xC xB)

Consider the circuit of Figure 6.1.

VDD

=
e

Figure 6.1 CMOS combinational logic gate.

What is the logic function implemented by the CMOS transistor network? Size the NMOS
and PMOS devices so that the output resistance is the same as that of an inverter with an
NMOSWIL =4 and PMOSWIL = 8.

Wheat are the input patterns that give the worst case t,, andt, . State clearly what are the
initial input patterns and which input(s) has to make a transition in order to achieve this
maximum propagation delay. Consider the effect of the capacitances at the internal nodes.
Verify part (b) with SPICE. Assume all transistors have minimum gate length (0.25nm).

If P(A=1)=0.5, P(B=1)=0.2, P(C=1)=0.3 and P(D=1)=1, determine the power dissipation
in the logic gate. Assume Vpp=2.5V, C,,=30fF and fy,=250MHz.

[M, None, 4.2] CMOS Logic

a

Do thefollowing two circuits (Figure 6.2) implement the same logic function? If yes, what
isthat logic function? If no, give Boolean expressions for both circuits.

b. Will these two circuits' output resistances always be equal to each other?
c. Will thesetwo circuits' rise and fall times always be equal to each other? Why or why not?
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+ 6
A-c{GB-o|J6 c[6 p[6
f I
A[# F
]
B[4
]
c—|j1
o4 E-I!l
= = Figure 6.2 Two static
Circuit A Circuit B CMOS gates.

[E, None, 4.2] Thetransistorsin the circuits of the preceding problem have been sized to give

an output resistance of 13 kWfor the worst-case input pattern. This output resistance can vary,

however, if other patterns are applied.

a. What input patterns (A—E) give the lowest output resistance when the output is low? What
isthe value of that resistance?

b. What input patterns (A-E) give the lowest output resistance when the output is high? What
isthe value of that resistance?

[E, None, 4.2] What is the logic function of circuits A and B in Figure 6.3? Which oneis a

dua network and which one is not? Is the nondual network still a valid static logic gate?

Explain. List any advantages of one configuration over the other.

Vop Voo
EE
A
F F
B B
A A
Ciréuit A Circuit B Figure 6.3 Two logic functions.

[E, None, 4.2] Compute the following for the pseudo-NMOS inverter shown in Figure 6.4:

a. Vg and Vgy

b. NM__and NM,,

c. The power dissipation: (1) for V;, low, and (2) for V;, high

d. For an output load of 1 pF, calculate t, y, tyy, and t,. Are the rising and falling delays
equal? Why or why not?

[M, SPICE, 4.2] Consider the circuit of Figure 6.5.
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25V
PMOS

] A

ﬁ M, W/L = 0.5nm/0.25nm
} VOUI

_{ M, WIL = 4mm/0.25mm
Vln

1

= NMOS  Figure 6.4 Pseudo-NMOS inverter.

a. What isthe output voltage if only oneinput is high? If all four inputs are high?

b. What is the average static power consumption if, at any time, each input turns on with an
(independent) probability of 0.570.1?

¢. Compare your analytically obtained results to a SPICE simulation.

VDD

__,:c| (WIL) = 0.6

A AL A
€L

= Figure 6.5 Pseudo-NMOS gate.

9. [M, None, 4.2] Implement F = ABC + ACD (and F) in DCVSL. Assume A, B, C, D, and their
complements are available as inputs. Use the minimum number of transistors.
10. [E, Layout, 4.2] A complex logic gateis shown in Figure 6.6.
a. Write the Boolean equations for outputs F and G. What function does this circuit
implement?
b. What logic family does this circuit belong to?

¢. Assuming W/L = 0.5u/0.25u for all nmostransistors and W/L = 2u/0.25u for the pmos tran-
sistors, produce a layout of the gate using Magic. Y our layout should conform to the fol-
lowing datapath style: (1) Inputs should enter the layout from the left in polysilicon; (2)
The outputs should exit the layout at the right in polysilicon (since the outputs would prob-
ably be driving transistor gate inputs of the next cell to the right); (3) Power and ground
lines should run vertically in metal 1.

d. Extract and netlist the layout. Load both outputs (F,G) with a 30fF capacitance and simu-
late the circuit. Does the gate function properly? If not, explain why and resize the transis-
tors so that it does. Change the sizes (and areas and perimeters) in the HSPICE netlist.
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- — Figure 6.6 Two-input complex logic gate.

11. Design and simulate a circuit that generates an optimal differential signal as shown in Figure
6.7. Make sure the rise and fall times are equal.

y A
Y 1

Y

v >< 50% of Vpp,

Figure 6.7 Differential Buffer.

o |<
o r |<I

12.  What isthe function of the circuit in Figure 6.8?

iy

3 &
o<
_| —— I_ Figure 6.8 Gate.

13. Implement the function S= ABC + ABC + ABC + ABC, which gives the sum of two inputs
with a carry bit, using NMOS pass transistor logic. Design a DCV SL gate which implements
the same function. Assume A, B, C, and their complements are available as inputs.

14. Describe the logic function computed by the circuit in Figure 6.9. Note that al transistors
(except for the middle inverters) are NMOS. Size and simulate the circuit so that it achievesa

A
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15.

16.

17.

100 ps delay (50-50) using 0.25nm devices, while driving a 100 fF load on both differential
outputs. (Vpp = 2.5V) Assume A, B and their complements are available as inputs.

=

Y Y

T T T

]

Dl b
A—IJ 54_] I—oﬂ-—l LI—A | x
B GG
4 D Je

Figure 6.9 Cascoded Logic Styles.

For the drain and source perimeters and areas you can use the following approxima-
tions: ASSAD=W*0.625u and PS=PD=W+1.25u.

[M, None. 4.2] Figure 6.10 contains a pass-gate logic network.
a. Determinethe truth table for the circuit. What logic function does it implement?
b. Assuming 0 and 2.5V inputs, size the PMOS transistor to achieveaV, = 0.3 V.

c. If the PMOS were removed, would the circuit still function correctly? Does the PMOS
transistor serve any useful purpose?

A —4¢

Figure 6.10 Pass-gate network.

[M, None, 4.2] This problem considers the effects of process scaling on pass-gate logic.

a. If aprocesshasat,, of 0.4 ns, Req of 8 kW, and C of 12 fF, what is the optimal number of
stages between buffers in a pass-gate chain?

b. Supposethat, if the dimension of this process are shrunk by afactor S Ry, scalesas g, C
scalesas 1/S and t,, ¢ scales as 1/S. What is the expression for the optimal number of buff-
ersasafunction of S? What isthisvalueif S=2?

[C, None, 4.2] Consider the circuit of Figure 6.11. Let C, = 50 fF, M, has WL = 0.375/0.375,

M, has WIL 4 = 0.375/0.25. Assume the output inverter doesn’t switch until its input equals

Vpp/2.

a. How long will it take M,, to pull down nodex from2.5V to 1.25V if Inisat 0V and B is
at2.5v?

b. How long will it take M,, to pull up node x fromOV to 1.25V if V,,is 2.5V and V; is
25V?

c. What is the minimum value of Vg necessary to pull down V, to 1.25V when V,,=0V?
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VDD
VDD
MT
B[
1 | M:
" T L ou
n -
— Figure 6.11 Level restorer.
18. Pass Transistor Logic
pass transistor network Voo

Vpp =25V

(W/L), = 1.5um/0.25um
(W/L), = 0.5um/0.25um
(WIL),; = 0.5um/0.25um

k, = 1150A/V2, kp' = -30uA/V2
V=043V, Vp=-0.4V

Figure 6.12 Level restoring circuit.

Consider the circuit of Figure 6.12. Assume the inverter switchesideally at V 5/2, neglect
body effect, channel length modulation and al parasitic capacitance throughout this problem.

a. What isthe logic function performed by this circuit?

b. Explain why this circuit has non-zero static dissipation.

¢. Using only just 1 transistor, design afix so that there will not be any static power dissipa-
tion. Explain how you chose the size of the transistor.

d. Implement the same circuit using transmission gates.

e. Replace the pass-transistor network in Figure 6.12 with a pass transistor network that
computes the following function: x = ABC at the node x. Assume you have the true and
complementary versions of the threeinputs A,B and C.

19. [M, None, 4.3] Sketch the waveforms at x, y, and z for the given inputs (Figure 6.13). You
may approximate the time scale, but be sure to compute the voltage levels. Assume that

V1= 0.5V when body effect is afactor.

20. [E, None, 4.3] Consider the circuit of Figure 6.14.

a. Givethelogic function of x and y in terms of A, B, and C. Sketch the waveformsat x andy
for the given inputs. Do x and y evaluate to the values you expected from their logic func-
tions? Explain.

b. Redesign the gates using np-CMOS to eliminate any race conditions. Sketch the wave-
formsat x and y for your new circuit.

21. [M, None, 4.3] Suppose we wish to implement the two logic functions given by

F=A+B+C and G=A+B+C+D. Assume both true and complementary signals are
available.
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B I W
oy | [
B2.5V \

ov

Figure 6.13 Dynamic CMOS.

@]

oV
Figure 6.14 Cascaded dynamic gates.

a. Implement these functions in dynamic CMOS as cascaded f stages so as to minimize the
total transistor count.

b. Design an np-CMOS implementation of the same logic functions. Does this design display
any of the difficulties of part (a)?

22. Consider a conventional 4-stage Domino logic circuit as shown in Figure 6.15 in which all
precharge and evaluate devices are clocked using a common clock f . For this entire problem,
assume that the pulldown network is simply a single NMOS device, so that each Domino
stage consists of a dynamic inverter followed by a static inverter. Assume that the precharge
time, evaluate time, and propagation delay of the static inverter are all T/2. Assume that the
transitions are ideal (zero rise/fall times).

< df b f
B i [ g [ et Iy

Network O Network Out2 Network Out3 Network Out4

SCAE T AT

Figure 6.15 Conventional DOMINO Dynamic Logic.
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a. Complete the timing diagram for signals Out,, Out,, Out; and Out,, when the IN signal
goes high before the rising edge of the clock f. Assume that the clock periodis10 T time
units.

b. Suppose that there are no evaluate switches at the 3 latter stages. Assume that the clock f
is initialy in the precharge state (f =0 with all nodes settled to the correct precharge
states), and the block enters the evaluate period (f =1). Isthere a problem during the evalu-
ate period, or isthere a benefit? Explain.

c. Assumethat the clock f isinitialy in the evaluate state (f =1), and the block enters the pre-
charge state (f = 0). Is there a problem, or is there any benefit, if the last three evaluate
switches are removed? Explain.

[C, Spice, 4.3] Figure 6.16 shows a dynamic CMOS circuit in Domino logic. In determining

source and drain areas and perimeters, you may use the following approximations: AD = AS=

W’ 0.625nm and PD = PS= W + 1.25mm. Assume 0.1 ns rise/fall times for al inputs,

including the clock. Furthermore, you may assume that all the inputs and their complements

are available, and that all inputs change during the precharge phase of the clock cycle.

a. What Boolean functions are implemented at outputs F and G? If A and B areinterpreted as
two-bit binary words, A = AJA, and B = B;B,, then what interpretation can be applied to
output G?

b. Which gate (1 or 2) has the highest potential for harmful charge sharing and why? What
sequence of inputs (spanning two clock cycles) results in the worst-case charge-sharing
scenario? Using SPICE, determine the extent to which charge sharing affects the circuit
for thisworst case..

25V 2.5

v : :
t —d E/;.zs ’—d [315025 =g [3'21;).25 |—o| [31?).25 G
A, L{ @/0.25 \—{ 1/0.25 \—{ 0.5/0.25J—cL

-5, . R,
f - [2/0.25 B, B,

£ —{ 2/0.25

GATE 1 GATE 2

Figure 6.16 DOMINO logic circuit.

24.

[M, Spice, 4.3] In this problem you will consider methods for eliminating charge sharing in
the circuit of Figure 6.16. Y ou will then determine the performance of the resulting circuit.

a. In problem 24 you determined which gate (1 or 2) suffers the most from charge sharing.
Add asingle 2/0.25 PMOS precharge transistor (with its gate driven by the clock f and its
source connected to Vpp) to one of the nodesin that gate to maximally reduce the charge-
sharing effect. What effect (if any) will this addition have on the gate delay? Use SPICE to
demonstrate that the additional transistor has eliminated charge sharing for the previously
determined worst-case sequence of inputs.

b. For the new circuit (including additional precharge transistor), find the sequence of inputs
(spanning two clock cycles) that results in the worst-case delay through the circuit.



Digital Integrated Circuits - 2nd Ed 9

Remember that precharging is another factor that limits the maximum clocking frequency
of the circuit, so your input sequence should address the worst-case precharging delay.

¢. Using SPICE on the new circuit and applying the sequence of inputs found in part (b), find
the maximum clock frequency for correct operation of the circuit. Remember that the pre-
charge cycle must be long enough to alow all precharged nodes to reach ~90% of their
final values before evaluation begins. Also, recall that the inputs (A, B and their comple-
ments) should not begin changing until the clock signal has reached 0 V (precharge
phase), and they should reach their final values before the circuit enters the evaluation
phase.

25. [C, None, 4.2-3] For this problem, refer to the layout of Figure 6.17.

a. Draw the schematic corresponding to the layout. Include transistor sizes.

b. What logic function does the circuit implement? To which logic family does the circuit
belong?
Does the circuit have any advantages over fully complementary CMOS?

. Calculate the worst-case Vo, and V.

e. Write the expresions for the area and perimeter of the drain and source for al of the FETs
interms of | . Assume that the capacitance of shared diffuusions divides evenly between
the sharing devices. Copy the layout into Magic, extract and simulate to find the worst-
case ty, time. For what input transition(s) does this occur? Name all of the parasitic
capacitances that you would need to know to calculate this delay by hand (you do not need
to perform the calculation).
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Figure 6.17 Layout
of complex gate.

26. [E, None, 4.4] Derive the truth table, state transition graph, and output transition probabilities
for a three-input XOR gate with independent, identically distributed, uniform white-noise
inputs.

27. [C, None, 4.4] Figure 6.18 shows atwo-input multiplexer. For this problem, assume indepen-
dent, identically-distributed uniform white noise inputs.
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28.

29.

Chapter 6 Problem Set

a. Doesthis schematic contain reconvergent fan-out? Explain your answer.
b. Find the exact signal (P;) and transition (P, ;) formulas for nodes X, Y, and Z for: (1) a

static, fully complementary CMOS implementation, and (2) a dynamic CMOS implemen-
tation.

A ) X
S C _‘&_
j)-: z
“v
Y
? Figure 6.18 Two-input multiplexer

[M, None, 4.4] Compute the switching power consumed by the multiplexer of Figure 6.18,

assuming that all significant capacitances have been lumped into the three capacitors shown

inthefigure, where C = 0.3 pF. Assumethat Vpp = 2.5V and independent, identically-distrib-

uted uniform white noise inputs, with events occuring at a frequency of 100 MHz. Perform

this calculation for the following:

a. A static, fully-complementary CMOS implementation

b. A dynamic CMOS implementation

Consider the circuit shown Figure 6.19.

a. What is the logic function implemented by this circuit? Assume that al devices (M1-M6)
are 0.5mm/0.25nm.

b. Let the drain current for each device (NMOS and PMOS) be 1nA for NMOS at V= Vr
and PMOS at V= V4. What input vectors cause the worst case |eakage power for each
output value? Explain (state all the vectors, but do not evaluate the leakage). Ignore DIBL.

c. Suppose thecircuit is active for afraction of time d and idle for (1-d). When the circuit is
active, the inputs arive a 100 MHz and are uniformly distributed (Pr(, —;=0.5,
Prg-1) = 0.5, Pr(c-;y=0.5) and independent. When the circuit is in the idle mode, the
inputs are fixed to one you chose in part (b). What isthe duty cycle d for which the active
power is equal to the leakage power?

Vop=25V  Vpp=25V

B—| M1 C—| M2
Figure 6.19 CMOS

= = logic gate.
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DESIGN PROJECT

Design, lay out, and simulate a CMOS four-input XOR gate in the stan-
dard 0.25 micron CMOS process. You can choose any logic circuit
style, and you are free to choose how many stages of logic to use: you
could use one large logic gate or a combination of smaller logic gates.
The supply voltage is set at 2.5 V! Your circuit must drive an external
20 fF load in addition to whatever internal parasitics are present in your
circuit.

The primary design objective isto minimize the propagation delay
of the worst-case transition for your circuit. The secondary objective is
to minimize the area of the layout. At the very worst, your design must
have a propagation delay of no more than 0.5 ns and occupy an area of
no more than 500 sgquare microns, but the faster and smaller your circuit,
the better. Be aware that, when using dynamic logic, the precharge time
should be made part of the delay.

The design will be graded on the magnitude of A~ tpz, the product
of the area of your design and the square of the delay for the worst-case
transition.
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Chapter 7
PROBLEMS

1. [M, None, 7.4] Figure 1 shows a practical implementation of a pulse register. Clock Clk is
ideal with 50% duty cycle.

|

AL e
L

Q|

X

1
_ i
i
L

Clk o] I: I: I: Clkd

Figure 0.1 Pulse register.

III—|

Data : Vpp = 2.5V, t,,,,= 200ps, node capacitances are Ccy, = 10fF, C, = 101F, both true and
complementary outputs node capacitances are 20fF.

a. Draw the waveforms at nodes Clk, Clkd, X and Q for two clock cycles, with D = 0 in one
cycle and D =1 in the other.

b. What is the approximate value of setup and hold times for this circuit?

¢. ¢)If the probability that D will change its logic value in one clock cycle is o, with equal
probability of being 0 or 1, what is the power consumption of this circuit? (exclude the
power consumption in the clock line) £, = 100 MHz.

4~ ~3
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2. [M, None, 7.4] Figure 2 shows a register that attempts to statistically reduce power consump-
tion using a data-transition look-ahead technique.

CKI I: Q

~

T
[}
Data-Transition :
Look-Ahead

[}

Pulse
Generator

Clk

Figure 0.2 Pulse register.

a. Briefly describe the operation of the circuit.

b. If all the NMOS transistors are of the same size, and all of the PMOS transistors are of the
same size, two times wider than the NMOS, roughly determine the input switching proba-
bility under which this flip-flop reduces power, compared to an equivalent flip-flop with-
out data-transition look-ahead circuitry.

3. [E, None, 7.6] Shown in Figure 3 is a novel design of a Schmitt trigger. Determine the W/L
ratio of transistor M, such that V. = 3V7,. Vpp=2.5V. The W/L ratios of other transistors are
shown in figure. You may ignore the body effect in this question. The other transistor param-
eters are as given in Chapter 3.

NMOS: V7, = 0.4V, k,” = 1150A/V?, V7= 0.6V, L= 0,y = 0V'?

4~ ~3
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PMOS: Vy, = -0.4V, k," = -30uA/V?, Viygr=-1V,k =0,y =-0V'"?

out

Figure 0.3 Schmitt trigger.

4. [M, None, 7.6] Consider the circuit in Figure 4. The inverter is ideal, with V\,=Vp/2 and
infinite slope. The transistors have V; =0.4V, k,’=120 uA/V? and k,= 40 HA/VZ. M, has
(W/L),=1. Ignore all other parasitic effects in the transistors.

Vpp = 1.2V

out

Figure 0.4 Schmitt trigger.

a. As Vjy goes from 0 to Vp,, and back to 0 explain the sequence of events which makes this
circuit operate as a Schmitt Trigger.

b. Find the value of (W/L), such that when ¥V} increases from 0 to Vp the output will
switch at V;,=0.8V.

c. Find the value of (W/L); such that when V), decreases from Vp, to O the output will
switch at V;,= 0.4V. If you don’t trust your value from b., you may use (W/L),=5.

4~ ~3
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5. [M, None, 7.6] Figure 5 shows an astable multivibrator. Calculate and draw voltage wave-
forms at the capacitor V. and at the output V.. What is the oscillation frequency of the mul-
tivibrator?

1

Figure 0.5 Astable multivibrator.

Assume that the amplifier is ideal, with symmetric supplies (¥, = Vpp, V,.,,"" = -Vss)
R; = 1kQ, R, = 3kQ, Ry =R, =4kQ, C = InF, Vj, = -V == 5V, diode voltage Vj, = 0.6V
(ideal diode), V,,, (t=0") = -Vs.

6. [E, None, 7.6] An oscillator is shown in Figure 6. Draw the signal waveforms for this circuit
at nodes X, Y, Z, A, and B. Determine the oscillation frequency. You may assume that the
delay of the inverters, the resistances of the MOS transistors, and all internal capacitors can be
ignored. The inverter switch point is set at 1.25V. Assume that nodes Y and Z are initially at
0V and 2.5V, respectively.

3.3V

Figure 0.6 Oscillator.

4~ ~3
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7. [E, None, 7.6] Consider the oscillator in Figure 7. Assume that the “n” switches turn “on” for
voltages above Vp/2, and the “p” switches turn “on” for voltages below Vp/2. Assume that
the current sources stop when the node voltage charges to either Vpp, or ground.

\Y \

50pA 50 uA q) 500A

500A

\

lw)
o
lw)
o
g
o

T
=
e

50

Figure 0.7 Oscillator.

a. Find the oscillation period for Vpp =3V.
b. Draw the waveforms at nodes X, Y, and Z for two periods.
c. Find the oscillation period.

8. [M, None, 7.6] The circuit in Figure 8 operates at a supply voltage of 3V and uses two
Schmitt triggers with the following threshold voltages: Vy =2V, V.= IV.

Figure 0.8 A circuit composed of Schmitt triggers.

a. Identify whether the circuit is monostable, bistable, or astable?
b. Draw the waveforms at nodes X, Y, and A. Mark all important voltage levels.

¢. Calculate the key timing parameter for this circuit (propagation delay for bistable, pulse
width for monostable, and time period for astable) in terms of R and C. You can assume
that gate delays are negligible compared to the delay of the RC network.

4~ ~3
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Chapter 10
PROBLEMS

1. [C, None, 9.2] For the circuit in Figure 0.1, assume a unit delay through the Register and
Logic blocks (i.e., tg = t, = 1). Assume that the registers, which are positive edge-triggered,
have a set-up time tg of 1. The delay through the multiplexer t,, equals 2 t.

a. Determine the minimum clock period. Disregard clock skew.

Repeat part a, factoring in anonzero clock skew: d =t'g—tg = 1

Repeat part a, factoring in anon-zero clock skew: d =t'g —tg= 4.

Derive the maximum positive clock skew that can be tolerated before the circuit fails.

Derive the maximum negative clock skew that can be tolerated before the circuit fails.

® oo o

EINNE]

[Go]

o]
o]

]

Figure 0.1 Sequential circuit.

2. This problem examines sources of skew and jitter.

a. A balanced clock distribution schemeis shown in Figure 0.2. For each source of variation,
identify if it contributes to skew or jitter. Circle your answer in Table 0.1

@ Power Supply Noise _> _>

® Interconnect

(® Data Dependent Load

= ® Satic Temperature Gradient
<|| D | @ Clock Generation

N
m A

Figure 0.2  Sources of Skew and Jitter in Clock Distribution.
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1) Uncertainty in the clock generation circuit | Skew | Jitter
2) Process variation in devices Skew | Jitter
3) Interconnect variation Skew | Jitter
4) Power Supply Noise Skew | Jitter
5) Data Dependent Load Capacitance Skew | Jitter
6) Static Temperature Gradient Skew | Jitter

Table 0.1 Sources os Skew and Jitter

b. Consider aGated Clock implementation where the clock to variouslogical modules can be
individually turned off as shown in Figure 0.3. (i.e., Enable,,..., Enabley can take on dif-

o]
Clock Enable;
Driver )
¥ >
_DOW Enable, o Enable—l
o
Clk
Enable, —I

. Fine-grain Clock Gating ‘

Gating Approach A

Figure 0.3 Jitter in clock gating

Gated
Clock

VDD

Erebiey m:

Clk

o— Gated
P Clock

Enabl e—l

Gating Approach B

ferent values on a cycle by cycle basis). Which approach (A or B) resultsin lower jitter at
the output of the input clock driver? (hint: consider gate capacitance) Explain.

3. Figure 0.4 shows alatch based pipeline with two combinational logic units.

| a b c
—»D Q D Q—»
t )

CLK CLK

Figure 0.4 Latch Based Pipeline

d

DQ

e
o

?

CLK
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Recall that the timing diagram of a combinational logic block and alatch can be drawn
as follows, where the shaded region represents that the datais not ready yet.

IN |‘i|'OUT IN lll(j T

CLK

N X N X e

o out A

Figure 0.5 Timing diagrams of combinational logic and latch
Assume that the contamination delay t_, of the combinational logic block is zero, and the t
of the latch is zero too.

a. Assume the following timing for theinput |. Draw the timing diagram for the signals a, b,
¢, d and e. Include the clock in your drawing.

clk-q

CLK

A

»
»

T=100ns

Figure 0.6 Input timing

b. State the deadline for the computation of the signal b and d, i.e. when is the latest time
they can be computed, relative to the clock edges. In your diagram for (a), label with a“<
>" the “dlack time” that the signals b and d are ready before the latest time they must be
ready.

¢. Hence deduce how much the clock period can be reduced for this shortened pipeline.
Draw the modified timing diagram for the signals a, b, ¢, d, and e. Include the clock in
your drawing.

4. Consider the circuit shown in Figure 0.7.

Figure 0.7 Sequential Circuit

a. Use SPICE to measure t,,, and t,;,. Use a minimum-size NAND gate and inverter.
Assume no skew and a zero rise/fall time. For the registers, use the following:

¢ A TSPC Register.
+ A C?MOS Register.

b. Introduce clock skew, both positive and negative. How much skew can the circuit tolerate
and still function correctly?

c. Introduce finite rise and fall time to the clocks. Show what can occur and describe why.
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5. Consider the following latch based pipeline circuit shown in Figure 0.8.
Assume that the input, IN, isvalid (i.e., set up) 2ns before the falling edge of CLK and
is held till the falling edge of CLK (there is no guarantee on the value of IN at other times).
Determine the maximum positive and negative skew on CLK’ for correct functionality.

Combinational Logic
Propagation Delay: 7ns
Contamination Delay: 1ns

Inpt —p|D Q D QF— output

Latch Parameters:
tp.g = Ins(D to Q delay)

tholdlzo
tg,=1ns
Wire Delay Tk S”

T=20ns

CLK

t,q,=2ns

insu

A

>

CLK 1

L S 6 S G G § 0 6 G G|

Figure 0.8 Latch based pipeline

6. Forthe L1-L2 latch based system from Figure 0.9, with two overlapping clocks derive all the
necessary constraints for proper operation of the logic. The latches have setup times Tg,; and
Tau2: data-to-output delays Ty, o, and Ty, ,, clock-to-output delays T, o, and Tey, o, and hold
times Ty, and T,,,, respectively. Relevant clock parameters are also illustrated in Figure 0.9.
The constraints should relate the logic delays, clock period, overlap time Ty, pulse widths
PW1 and PW2 to |latch parameters and skews.

LT
> <
€ PWLp ! Ty

P S Bt N

Latch Latch e T
Tskﬁ" «—p
- PW2 D 5 —
(pZ 1 _: ] 1
» i >
ski2 skr2

Figure 0.9 Timing constraints

7. For the self-timed circuit shown in Figure 0.10, make the following assumptions. The propa
gation through the NAND gate can be 5 nsec, 10 nsec, or 20 nsec with equal probability. The
logic in the succeeding stages is such that the second stage is always ready for data from the
first.

a. Calculate the average propagation delay with t,;= 6 nsec.
b. Calculate the average propagation delay with t, =12 nsec.
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10.

c. If the handshaking circuitry is replaced by asynchronous clock, what isthe smallest possi-
ble clock frequency?

Req
HS HS
Sart ¢ Done Ack \
5 [2mnpuT -
B % | Locic
—Pb §’ NAND § Figure 0.10  Self-timed circuit.

Lisaand Marcus Allen have a luxurious symphony hall date. After pulling out of their drive-
way, they pull up to afour-way stop sign. They pulled up to the sign at the same time as a car
on the cross-street. The other car, being on the right, had the right-of-way and proceeded first.
On the way they also have to stop at traffic signals. There is so much traffic on the freeway,
the metering lights are on. Metering lights regulate the flow of merging traffic by alowing
only one lane of traffic to proceed at atime. With al the traffic, they arrive late for the sym-
phony and miss the beginning. The usher does not allow them to enter until after the first
movement.

On this trip, Lisa and Marcus proceeded through both synchronizers and arbiters. Please
list al and explain your answer.
Design asdf-timed FIFO. It should be six stages deep and have atwo phase handshakin with
the outside world. The black-box view of the FIFO is givenin Figure 0.11.

|n—> _> Out

Req —— ——p Req .
Ack — l—— Ack Figure 0.11 Overall

structure of FIFO.

System Design issues in self-timed logic
One of the benefits of using self-timed logic is that it delivers average-case of perfor-
mance rather than the worst-case performance that must be assumed when designing synchro-
nous circuits. In some applications where the average and worst cases differ significantly you
can have significant improvementsin terms of performance. Here we consider the case of rip-
ple carry addition. In a synchronous design the ripple carry adder is assumed to have aworst
case performance which means a carry-propagation chain of length N for an N-bit adder.
However, as we will prove during the course of this problem the average length of the carry-
propagation chain assuming uniformly distributed input valuesisin fact O(log N)!
a. Given that p, (v) = Pr(carry-chain of an n-bit addition is = v bits), what is the probability
that the carry chain is of length k for an n-bit addition?
b. Given your answer to part (a), what is the average length of the carry chain (i.e., a,)? Sim-
plify your answer as much as possible.
Now p,(v) can be decomposed into two mutually-exclusive events, A and B. Where A
represents that a carry chain of length = v occurs in the first n-1 bits, and B represents that a
carry chain of length v ends on the nth bit.

c. Derive an expression for Pr(A).
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d. Derive an expression for Pr(B). (HINT: a carry bit i is propagated only if & # b;, and a
carry chain beginsonly if a = b, = 1).

e. Combine your results from (c) and (d) to derive an expression for p,(V) - p,.1(V) and then
bound this result from above to yield an expression in terms of only the length of the carry
chain (i.e, v).

f. Using what you’ ve shown thus far, derive an upper bound for the expression:
n

z (Pi(V) =pi_1(V))
i=v
Use this result, coupled with the fact that p,(v) is a probability (i.e., it's bounded from

above by 1), to determine a two-part upper bound for p,(v).

g. (The magic step!) Bound n by aclever choice of k such that 2 < n < 2€*1 and exploit the
fact that log, X is concave down on (0, ©9) to ultimately derive that a, < log, n, which con-
cludes your proof!

h. Theoretically speaking, how much faster would a self-timed 64-bit ripple carry adder be
than its synchronous counterpart? (You may assume that the overhead costs of using self-
timed logic are negligible).

Figure 0.12 shows a simple synchronizer. Assume that the asynchronous input switches at a

rate of approximately 10 MHz and that t, = 2 nsec, f,= 50 MHz, V|, -V, =0.5 V, and Vpp =

25V.

a. If dl NMOS devices are minimum-size, find (W/L)p required to achieve V,g= 1.25 V.
Verify with SPICE.

b. Use SPICE to find 1 for the resulting circuit.

c. What waiting time T isrequired to achieve aMTF of 10 years?

d. Isit possible to achieve an MTF of 1000 years (where T > Ty)? If so, how?

V,

out

30fF
L

} _—|—_30fF Figure 0.12 Simple synchronizer

Q e
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12. Explain how the phase-frequency comparator shown in Figure 0.13 works.

D' =y
B

=
=

[

P

Do—m

v—rD

13. The heart of any static latch is the cross-coupled structure shown in Figure 0.14 (part a).

a. Assuming identical inverters with Wp/Wn =kn'/kp’, what is the metastable point of this
circuit? Give an expression for the time trajectory of V, assuming asmall initial VdO cen-
tered around the metastabl e point of the circuit, Vy,.

o

Figure 0.13 Phase-frequency comparator

6—0 — Q B A
a) Latch !
Q Q

Metastability b) Metastability Detector
Detector ~ [ M

~A D

Latch c) Synchronizer

M (D _| |_ M [D

Figure 0.14 Simple synchronizer

b. The circuit in part b has been proposed to detect metastability. How does it work? How
would you generate asignal M that is high when the latch is metastable?
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¢. Consider thecircuit of part c. This circuit was designed in an attempt to defeat metastabil-
ity in asynchronizer. Explain how the circuit works? What is the function of the delay ele-
ment?
14. An adjustable duty-cycle clock generator is shown in Figure 0.15. Assume the delay through
the delay element matches the delay of the multiplexer.
a. Describe the operation of this circuit
b. What isthe range of duty-cyclesthat can be achieved with this circuit.

c. Using an inverter and an additional multiplexer, show how to make this circuit cover the
full range of duty cycles.

| |
AN

Multiplexer

|De|ay |

Figure 0.15 Clock duty-cycle
CLOCK generator.

15. The circuit style shown in Figure 0.17.a has been proposed by Acosta et. a. as a new self-
timed logic style. This structure is known as a Switched Output Differential Structure?.

a. Describe the operation of the SODS gate in terms of its behavior during the pre-charge
phase, and how avalid completion signal can be generated from its outputs.

b. What are the advantages of using this logic style in comparison to the DCVSL logic style
given in the notes?

¢. What are the disadvantages of using this style in comparison to DCVSL?

d. Figure 0.16.b shows a 2-input AND gate implemented using a SODS style. Simulate the
given circuit using Hspice. Do you notice any problems? Explain the cause of any prob-
lems that you may observe and propose a fix. Re-simulate your corrected circuit and ver-
ify that you have in fact fixed the problem(s).

L AJ. Acosta, M. Valencia, M.J. Bellido, JL. Huertas, “SODS: A New CMOS Differential-type
Structure,” |EEE Journal of Solid Sate Circuits, vol. 30, no. 7, July 1995, pp. 835-838
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oo
g

out

inputs j PDN PDN

Figure 0.17 a - SODS Logic Style Figure 0.16 b - 2-input And Gate in SODS Style

16. Voltage Control Ring Oscillator.
In this problem, we will explore a voltage controlled-oscillator that is based upon John
G Maneatis paper in Nov. 1996, entitled “Low Jitter Process-Independent DLL and PLL
Based on Self-Biased Techniques,” appeared in the Journal of Solid-State Circuits. We will
focus on acritical component of the PLL design: the voltage-controlled ring oscillator. Figure
0.17 shows the block diagram of a voltage controlled ring oscillator:

Bi —p-Vctlp
Vel —p{ B Vetlp
Generator »vctin |
e e
| | | |
Vin+N Vout-
ddlay delay delay delay
vin-brvout+ 17 =g =g |
[ I I I
- — — 4+ — — + — — 4
Vctln

Figure 0.17 Voltage Controlled Ring Oscillator

The control voltage, Vctl, is sent to a bias generator that generates two voltages used to
properly bias each delay cell equally, so that equal delay (assuming no process variations)
appear across each delay cell. The delay cells are simple, “low-gain” fully differential input
and output operational amplifiers that are connected in such away that oscillations will occur
at any one of the outputs with a frequency of 1/(4*delay). Each delay is modeled as an RC
time constant; C comes from parasitic capacitances at the output nodes of the delay element,
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and R comes from the variable resistor that is the load for the delay cell. Below is a circuit
schematic of atypical delay cell.

Figure 0.18 One delay Cell
As mentioned before, the value of R is set by a variable resistor. How can one make a

variable resistor? The object in the delay cell that is surrounded by a dotted line is called a
“symmetric load,” and provides the answer to a voltage-controlled variable resistor. R should
be linear so that the differential structure cancels power supply noise. We will begin our anal-
ysis with the symmetric load.

a.

In Hspice, input the circuit below and plot Vres on the X axisand Ireson the Y axis, for
the following values of Vctlp: 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0 volts, by varying
Vtest from Vctlp to Vdd, al on the same graph. For each curve, plot Vres from 0 volts to
Vdd-Vctlp. When specifying the Hspice file, be sure to estimate area and perimeter of
drains/sources.

+

V&S o2 | 2412

b—VctIp
l Ires

Viest

Figure 0.19 :Symmetric Load Test Circuit
After you have plotted the data and printed it out, use astraight edge to connect the end

pointsfor each curve. What do you notice about intersection points between the line you drew
over each curve, and the curves themselves? Describe any symmetries you see.

b.

For each Vctlp curve that you obtained in @), extract the points of symmetries (Vres, Ires),
and find the dlope of the line around these points of symmetry. These are the effective
resistances of the resistors. Also, for each Vctl curve, state the maximum amplitude the
output swing can be, without running into asymmetries. Put all of this datain an worksheset
format.

Using the estimations you made for area and perimeter of drain ad source that you put in
your Hspice file, calculate the effective capacitance. (Just multiply area and perimeter by
CJ and CJSW from the spice deck). Since we are placing these delay elements in a cas-
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caded fashion, remember to INCLUDE THE GATE CAPACITANCE of the following
stage. Each delay element is identical to one another. Now, calculate the delay in each
cell, according to each setting of Vctlp that you found in @): delay=0.69* R*C. Then, write
a general equation, in terms of R and C, for the frequency value that will appear at each
delay output. Why isit necessary to cross the feedback lines for the ring oscillator in the
first figure? Finally, draw a timing/transient analysis of each output node of the delay
lines. How many phases of the base frequency are there?

d. Now, wewill look at the bias generator. The circuit for the bias generator is as follows:

Vetl—pp

>

Figure 0.20 :Bias Generator

Implement this circuit in Hspice, and use the ideal voltage controlled voltage source
for your amplifier. Use avalue of 20 for A. Thiscircuit automatically setsthe Vctln and Vctlp
voltages to the buffer delays to set the DC operating points of the delay cells such that the
symmetric load is swinging reflected around its point of symmetry for a given Vctl voltage.
Also, it isimportant to note that Vctl is the same as Vctlp. It must go through this business to
obtain Vctln (which sets the bias current to the correct value, which sets the DC operating
point of the buffer). Do atransient run in Hspice to verify that Vctlp is indeed very close to
Vctl over arange of inputsfor Vctl. Show a Spice transient simulation that goes for 1uS, and
switches Vctl in a pwl waveform across a range of inputs between 0.5V and 2.0V. For extra
points, explain how this circuit works.

e. Now, hook up the bias generator you just built with 4 delay cells, as shown in the first fig-
ure. For each control voltageVctlp from part c), verify your hand calculations with spice
simulations. Show a spreadsheet of obtained frequencies vs. hand-cal culation predictions,
and in a separate column, calculate % error. Give a brief analysis of what you see. Print
out all of the phases (4) of the clock, for aVctl value of your choice.
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Chapter 11
PROBLEMS

[E, None, 11.6] For this problem you are given acell library consisting of full adders and two-

input Boolean logic gates (i.e. AND, OR, INVERT, etc.).

a. Design an N-hit two's complement subtracter using a minimal number of Boolean logic
gates. The result of this process should be a diagram in the spirit of Figure 11.5 . Specify
the value of any required additional signals (e.g., C,,,).

b. Expressthe delay of your design asafunction of N, tey. ty,m, and the Boolean gate delays
(tand' tor! tinvv etc.).

[M, None, 11.6] A magnitude comparator for unsigned numbers can be constructed using full

adders and Boolean logic gates as building blocks. For this problem you are given a cell

library consisting of full adders and arbitrary fan-in logic gates (i.e., AND, OR, INVERTER,
etc.).

a. Design an N-bit magnitude comparator with outputs A3 B and A = B using a minimal
number of Boolean logic gates. The result of this process should be a diagram in the spirit
of Figure 11.5. Specify the value of any required control signals (e.g., C,,).

b. Express the delay of your design in computing the two outputs as a function of N, t.,,
tyum @nd the Boolean gate delays (t,ng tor s tiny €EC.).3.

[E, None, 11.6] Show how the arithmetic module in Figure 0.1 can be used as a comparator.

Derive an expression for its propagation delay as afunction of the number of hits.

ry?

a a b b

i

i
- |
(]

!
SIS

‘rco c.H¢c: c,H¢<, csHcs e b
¢ {d, d,|d, d,[{d, d;lld, d,_
T T T T

ay b, a; by a, b, a;bg Figure 0.1 Arithmetic module.

[E, None, 11.6] The circuit of Figure 11.2 implements a 1-bit datapath function in dynamic
(precharge/evaluate) logic.

a. Write down the Boolean expressions for outputs F and G. On which clock phases are out-
puts F and Gvalid?

b. Towhat datapath function could this unit be most directly applied (e.g., addition, subtrac-
tion, comparison, shifting)?
[M, None, 11.3] Consider the dynamic logic circuit of Figure 0.2 .

a. What is the purpose of transistor M,? I's there another way to achieve the same effect, but
with reducing capacitive loading on the clock F ?

4§9—
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e z
B
I, —
! Cin —4
_ G
F——] F
F Figure 0.2 Datapath module bit-slice.

b. How can the evaluation phase of F be sped up by rearranging transistors? No transistors
should be added, deleted, or resized.

¢. Cantheevauation of G be sped up in the same manner? Why or why not?

6. [M, SPICE, 11.3] The adder circuit of Figure 0.3 makes extensive use of the transmission
gate XOR. Vpp =25V,

a. Explain how this gate operates. Derive the logic expression for the various circuit nodes.
Why is this agood adder circuit?

b. Derive afirst-order approximation of the capacitance on the C,-node in equivalent gate-
capacitances. Assume that gate and diffusion capacitances are approximately identical.
Compare your result with the circuit of Figure 11-6 .

c. Assume that all transistors with the exception of those on the carry path are minimum-
size. Use 4/0.25 NMOS and 8/0.25 PMOS devices on the carry-path. Using SPICE simu-
lation, derive a value for al important delays (input-to-carry, carry-to-carry, carry-to-

sum).
Voo B Voo Voo
e
= P
SHCRE T T
—l——_‘r_— - Jm
= Ci
5 —
Signal setup P
VD_D L C,
P
P
AE
c S j;ci
T, 5 4
P —_—
Sum generation Carry generation

Figure 0.3 Quasi-clocked adder circuit.
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7.

[M, None, 11.3] The dynamic implementation of the 4-bit carry-lookahead circuitry from Fig.

11-21 can significantly reduce the required transistor count.

a. Design adomino-logic implementation of Eq. 11.17 . Compare the transistor counts of the
two implementations.

b. What is the worst-case propagation delay path through this new circuit?

c. Are there any charge-sharing problems associated with your design? If so, modify your
design to alleviate these effects.

[C, None, 11.3] Figure 0.4 shows a popular adder structure called the conditional-sum adder.

Figure 0.4.a shows a four-hit instance of the adder, while 0.4.b gives the schematics of the

basic adder cell. Notice that only pass-transistors are used in this implementation.

a. Derive Boolean descriptions for the four outputs of the one-bit conditional adder cell.

b. Based on the results of describe how the schematic of 0.4.aresultsin an addition.

c. Derive an expression for the propagation delay of the adder as a function of the number of
bits N. You may assume that a switch has a constant resistance R, when active and that
each switchisidentical in size.

Bs  Asg B, A B A Bo Ao
| | | | | | | |
Conditional Conditional Conditional Conditional
Cell Cell Cell Cell
clcost s clco st s clco st s clco st s

1l ]

Eﬁ?

COUI

£n

TN
—a

o

{

S, Sy So

s

(7]
w

(a) Four-bit conditional-sum adder

A A A
A L
B B B B
E "/I: T T
A A
0 1 0 = 1
B S B 1S C 2 c
A e A
A A A
A A A
T
B B x

F:b_) Conditional adder cell
igure 0.4 Conditional-sum adder.

[M, None, 11.3] Consider replacing all of the NMOS evaluate transistors in a dynamic
Manchester carry chain with a single common pull-down as shown in Fgure 0.5.a. Assume
that each NMOS transistor has (WIL), = 0.5/0.25 and each PMOS has (W/L), = 0.75/0.25.
Further assume that parasitic capacitances can be modeled by a 10 fF capacitor on each of the

4§9—
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internal nodes: A, B, C, D, E, and F. Assume all transistors can be modeled as linear resistors
with an on-resistance, R, =5 kW.

a.

b.

C.

Does this variation perform the same function as the origina Manchester carry chain?
Explain why or why not.

Assuming that all inputs are allowed only a single zero-to-one transition during evalua-
tion, will this design involve charge-sharing difficulties? Justify your answer.

Complete the waveformsin Figure 0.5b for Py =P, = P,=P; =25V and G, =G, =G, =
G;=0V. Compute and indicate t,, valuesfor nodes A, E, and F. Compute and indicate

when the 90% precharge levels are obtained.
foa

|- ]
1 4 5 g t(nsec)
Cinl‘ 1
A f_
E f_
F f_
(a) Circuit schematic (b) Partial waveforms

Figure 0.5 Alternative dynamic Manchester carry-chain adder.

10.

11.

12.

[M, None, 11.3] Consider the two implementations of Manchester carry gates in Figure 11-8.

a
b.
C.

Compare the delay per segment of the two implementations
Compare the layout complexities of the two gates using stick diagrams.

In the precharged Manchester carry chain using the gate from b. find the probability that
the carry signal is propagated from the 15" to the 16" bit of a 32-hit adder, assuming ran-
dom inputs.

[C, None, 11.3] Consider the Radix-4 and Radix-2 Kogge-Stone adders from Figures 11-22
and 11-27 extended to 64-bits. All gates are implemented in domino and all gates in a stage
have the same size. The adders have an overall fanout (electrical effort) of 6.

a
b.

d.

Using logical effort, identify the critical path.

Size the gates for minimum delay (hint: don't forget to factor in branching). Which adder
isfaster?

Let's now consider sparse versions of each of the above trees. In atree with a sparseness of
2, only every other carry is computed and it is used to select 2 sums. Similarly, atree with
a sparseness of 4 computes every fourth carry - and that carry signal is used to select 4
sums. Repeat a. and b. for Radix-2 and Radix-4 trees with sparseness of 2 and 4 and com-
pare their speed. Which adder is fastest?

Compare the switching power of all adders analyzed in this problem.

[C, None, 11.3] In this problem we will analyze a carry-lookahead adder proposed by H. Ling
more than 20 years ago, but still among the fastest adders available. In a conventional adder,
in order to add two numbers

A=a, 2" +a, 22+ ... +3,2°
B=b, 2"+ b, 2" 2+ ... +b,2°

we first compute the local carry generate and propagate terms:

4§9—
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g = ab,
p=a+h

13.

14.

15.

16.

17.

then, with a ripple or a tree circuit we form the global carry-out terms resulting from the
recurrence relation:

G=g+pG.,
Finally, we form the sum of A and B using local expressions:
S=pAG_,;

In the conventional adder, theterms G, have, as described, a physical significance. However,
an arbitrary function could be propagated, as long as sum terms could be derived. Ling's
approach is to replace G, with:

H=G+G,

i.e. H; istrueif "something happens at bit i" - thereisacarry out or acarry in. H; is so-called

"Ling's pseudo-carry".

a. Show that:

Hi=g+t.H.,

wherep, =g + by (it was Ling’ sidea to change the notation).

b. Find aformulafor computing the sum out of the operands and Ling's pseudo-carry.

c. Unroll therecursionsfor G; and H; for i = 3. Y ou should get the expressions fpr G; and Hg
as afunction of the bits of input operands. Simplify the expressions as much as possible.

d. Implement the two functions using n-type dynamic gates. Draw the two gates and size the
transistors. Which one helps us build a faster adder? Explain your answer.

[M, None, 11.4] An array multiplier consists of rows of adders, each producing partial sums

that are subsequently fed to the next adder row. In this problem, we consider the effects of

pipelining such amultiplier by inserting registers between the adder rows.

a. Redraw Figure 11-31 by inserting word-level pipeline registers as required to achieve
maximal benefit to throughput for the 4x4 multiplier. Hint: you must use additional regis-
ters to keep the input bits synchronized to the appropriate partial sums.

b. Repeat for acarry-save, as opposed to ripple-carry, architecture.

c. For each of the two multiplier architectures, compare the critical path, throughput, and
latency of the pipelined and nonpipelined versions.

d. Which architecture is better suited to pipelining, and how does the choice of a vector-
merging adder affect this decision?

[M, None, 11.4] Estimate the delay of a 16x16 Wallace tree multiplier with the final adder

implemented using a Radix-4 tree. One FA has a delay of t,, aHA 2/3*t; and a CLA stage

Y&t

[E, None, 11.5] The layout of shiftersis dominated by the number of wires running through a

cell. For both the barrel shifter and the logarithmic shifter, estimate the width of a shifter cell

as afunction of the maximum shift-width M and the metal pitch p.

[E, None, 11.7] Consider the circuit from Figure 0.7 . Modules A and B have adelay of 10 ns

and 32 ns at 2.5V, and switch 15 pF and 56 pF respectively. The register has a delay of 2 ns

and switches 0.1 pF. Adding a pipeline register allows for reduction of the supply voltage
while maintaining throughput. How much power can be saved this way? Delay with respect

to Vpp can be approximated from Figure 11-57.

[E, None, 11.7] Repeat Problem 16, using parallelism instead of pipelining. Assume that a 2-

to-1 multiplexer has adelay of 4 nsat 2.5V and switches 0.3 pF. Try parallelism levels of 2

and by 4. Which oneis preferred?
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Figure 0.6 Pipelined datapath.

DESIGN PROBLEM

Using the 0.25 mm CMOS technology, design a static 32-bit adder, with the fol-
lowing constraints:

1. input capacitance on each bit islimited to not more than 50fF.

2. esch bit isloaded with 100fF.
Use a carry lookahead tree of your choice for implementation. The god is to
achieve the shortest propagation delay.

Determine the logic design of the adder and W and L of al transistors.
Initially size the design using the method of logical effort. Estimate the capaci-
tance of carry signal wires based on the floorplan. Verify and optimize the
design using SPICE. Compute also the energy consumed per transition. If you
have alayout editor available, perform the physical design, extract the real cir-
cuit parameters, and compare the simulated results with the ones obtained ear-
lier. For implementation use the 1441 .bit-dice pitch, that corresponds to 36
metal-1 tracks. Use metal 1 for cell-level power distrbution and intra-cell rout-
ing, metal-2 for short interconnect and metal-3 and metal-4 for long carries.
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