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5.1 Exercises and Design Problems

1. [M, SPICE, 3.3.2] The layout of a static CMOS inverter is given in Figure 5.1. (A =0.125
pm).
a. Determine the sizes of the NMOS and PMOS transistors.
b. Plot the VTC (using HSPICE) and derive its parameters (Vou, Vor, Vi Vi and V).

c. Is the VTC affected when the output of the gates is connected to the inputs of 4 similar
gates?.

Vpp=25V.

PMOS

Figure 5.1 CMOS inverter layout.

d. Resize the 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 equal to the inverter gain at V,,. The intersection
of this line with the V,; and the Vy, lines defines Vy; and V.

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

b. Section 5.3.2 of the text uses this piecewise linear approximation to derive simplified
expressions for NMj, 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 Vj,?

¢. 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, s, = 1/(Alp).
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Va  Figure52 A different approach to derive

Vo Vi NV > Vy and Viy.

[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 V,,, and V,; calculate V;;; and V;.

¢. Find NM; and NMj, and plot the VTC using HSPICE.

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

+2.35V

Figure 5.3 Resistive-load inverter

e. Use HSPICE to sketch the VTCs for R; = 37k, 75k, and 150k on a single graph.

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

g- Do high or low impedance loads seem to produce more ideal inverter characteristics?

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

a. Calculate f,, 1, and .

b. Are the rising and falling delays equal? Why or why not?

¢. Compute the static and dynamic power dissipation assuming the gate is clocked as fast as
possible.

The next figure shows two implementations of MOS inverters. The first inverter uses only
NMOS transistors.
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a. Calculate Vg, Vo, Vi for each case.

Vpp=2.5V Vpp=2.5V
M, W/L=0.375/0.25 M, W/L=0.75/0.25
Vour
Vour Vv

Viv — M; W/L=0.75/0.25 M, W/L=0.375/0.25

l Figure 5.4 Inverter Implementations l

b. Use HSPICE to obtain the two VTCs. 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
um, and the source/drain extensions are 5 for the PMOS; for the NMOS the source/drain
contact regions are SAXSA.

¢. Find Vi, Vi, NM; and NMj, for each inverter and comment on the results. How can you
increase the noise margins and reduce the undefined region?

d. Comment on the differences in the VTCs, 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 has a 0V to 2.5V swing.

VDD= 2-5V

Vpp= 2.5V
M3 DD

M2
our

IN—{[ M1

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

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

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

d. Assuming y=0, derive an expression for the switching threshold (V) of the inverter.
Recall that the switching threshold is the point where Vjy= Vo Assume that the device

sizes for 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), >> (W/L),
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ii) (W/L), >> (W/L),
Consider the circuit in Figure 5.5. Device M1 is a standard 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 a regular NMOS. Assume that
the input IN has a OV to 2.5V swing.

VDD= 25V

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

our

IN —| M1 (4pum/1pm)
Figure 5.5 A depletion load NMOS inverter

a. Device M2 has its gate terminal connected to its source terminal. If V; = OV, what is the
output voltage? In steady state, what is the mode of operation of device M2 for this input?

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

¢ Assuming Prgy_o= 0.3, what is the static power dissipation of this circuit?

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

5.6.

a. Determine the 2,/ of this circuit, assuming an ideal step from 0 to 2.5V at the input node.

b. Assume that a resistor Rg of 5 kQ is used to discharge the capacitance to ground. Deter-
mine £,

¢. Determine how much energy is taken from the supply during the charging of the capacitor.
How much of this is dissipated in M1. How much is dissipated in the pull-down resistance
during discharge? How does this change when Ry 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 =25V

— Figure 5.6 Circuit diagram with annotated W/L ratios

The circuit in Figure 5.7 is known as the source follower configuration. It achieves a DC 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|94=0.6V, V=043V, k,’=1154A/V? and A=0.
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d.

Vpp=2.5V Vpp=2.5V

Vi —I M1 1um/0.25um

VO

Vbias= 0.55V ‘

(a) ®)

Figure 5.7 NMOS source follower configuration

. Suppose we want the nominal level shift between V; and V,, to be 0.6V in the circuit in

Figure 5.7 (a). Neglecting the backgate effect, calculate the width of M2 to provide this
level shift (Hint: first relate V;to V, in terms of I).

. Now assume that an ideal current source replaces M2 (Figure 5.7 (b)). The NMOS transis-

tor M1 experiences a shift in V; due to the backgate effect. Find Vr as a function of V,, for
V, ranging from 0 to 2.5V with 0.5V intervals. Plot Vy vs. V,

Plot V, vs. V; as V, varies from 0 to 2.5V with 0.5 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 V (with body effect) = 2.5V, find V,(ideal) and thus determine the maximum error
introduced by the body effect.

For this problem assume:
Vpp = 2.5V, Wp/L = 1.25/0.25, Wy/L = 0.375/0.25, L=L,;=0.25um , Ci=Cip.
gater b’ = 1ISPAIVE, k= 30UAIVE, Vg = | Vi | = 0.4V, L= 0V, y=0.4,2/04=0.6V, and ¢,

=58A. Use the HSPICE model parameters for parasitic capacitance given below (i.e. Cggp, C

j>

C;w)» and assume that Vgz=0V for all problems except part (e).

SLI >< S NMos

>
3

Figure for problem 5.10b



Lokalt
Rectangle


186

11.

THE CMOS INVERTER  Chapter 5

Vpp=2.5V

L =Lp=Ly=025um

Vi

CL = Cinv-gm
(W)W, = 1.25/0.375)

Figure 5.8 CMOS inverter with capacitive

### Parasitic Capacitance Parameters (F/m)##

NMOS: CGDO=3.11x10"'%, CGS0=3.11x10"°, CJ=2.02x10°3, CISW=2.75x10""

PMOS: CGDO=2.68x10"1%, CGS0=2.68x10"'°, CJ=1.93x103, CJSW=2.23x10"1°

a. What is the V,,, for this inverter?

b. What is the effective load capacitance C gof this inverter? (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
pm, and the source/drain extensions are 5A for the PMOS; for the NMOS the source/drain
contact regions are SAX5A.

¢. Calculate fpy;, fpy assuming the result of (b) is ‘Cpy = 6.5F. (Assume an ideal step
input, i.e. t,,=t=0. Do this part by computing the average current used to charge/dis-
charge Cp4)

d. Find (Wl/Wn) such that tPHL = tPLH'

e. Suppose we increase the width of the transistors to reduce the #py;, ¢p - Do We get a pro-
portional decrease in the delay times? Justify your answer.

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

Using Hspice answer the following questions.

a. Simulate the circuit in Problem 10 and measure ¢, and the average power for input V,,:
pulse(0 Vpp 5n 0.1n 0.1n 9n 20n), as Vpp, varies from 1V - 2.5V with a 0.25V interval. [z,
= (tpyL, + tpryy) / 2]. Using this data, plot ‘zp vs. Vpp', and ‘Power vs. Vpy'.

Specify AS, AD, PS, PD in your spice deck, and manually add C; = 6.5fF. Set Vg5 =0V
for this problem.

b. For Vdd equal to 2.5V determine the maximum fan-out of identical inverters this gate can
drive before its delay becomes larger than 2 ns.

¢. Simulate the same circuit for a set of ‘pulse’ inputs with rise and fall times of ;, 5, fan
=1ns, 2ns, 5ns, 10ns, 20ns. For each input, measure (1) the rise and fall times z,,, ,;, and
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tou_a Of the inverter output, (2) the total energy lost E,,, and (3) the energy lost due to
short circuit current E,,,,.
Using this data, prepare a plot of (1) oy rise*ou_sa)/2 VS- tin_risefarrr 2) Epoat VS-
tin_riseatt> B Eshors VS- tin_rise fatt 804 () Egiord E 1011 V8- tin_rise all.
d. Provide simple explanations for:
(i) Why the slope for (1) is less than 1?
(ii) Why E,,,,, increases with #;, ., ran?
(iii) Why E, increases with #;, ;. can?
Consider the low swing driver of Figure 5.9:
Vpp=25V
DD (Vf/): 1:5 gnum

3pum
| L)y 025um

Vin Viout
2.5V
— C,=100fF
wl L <

Figure 5.9 Low Swing Driver

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 a 0V to 2.5V
transition at the input. Assume that the rise and fall times at the input are 0. Repeat the
analysis for a 2.5V to OV transition at the input.

c. Compute t,;y (i.e. the time to transition from Vo to (Vou + Vor)/2). Assume the input
rise time to be 0. Vy is the output voltage with the input at OV and Vo is the output volt-
age with the input at 2.5V.

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

Consider the following low swing driver consisting of NMOS devices M1 and M2. Assume

an NWELL implementation. Assume that the inputs IN and IN have a 0V to 2.5V swing and

that Vg = 0V when Vi = 2.5V and vice-versa. Also assume that there is no skew between IN
and IN (i.e., the inverter delay to derive IN from IN is zero).

Viow= 0.5V

C,=1pF

Figure 5.10 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 0V 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—
V

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

//

14. The inverter below operates with Vp,=0.4V and is composed of [Vi| = 0.5V devices. The
devices have identical I, and n.

a. Calculate the switching threshold (V) of this inverter.
b. Calculate V; and Vi of the inverter.

Vpp=04v  h=LS
;\_Pz ~0.|
A, 0.06
Vi Vour

Figure 5.11 Inverter in Weak Inversion Regime

15. Sizing a chain of inverters.

a. In order to drive a large 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

The relation between the internal output capacitance and the input
capacitance of an inverter is assumed to be y=1.



Lokalt
Text Box
The relation between the internal output capacitance and the input capacitance of an inverter is assumed to be γ=1.
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that the input capacitance of a gate is proportional to its size. Determine the sizing of the
two additional buffer stages that will minimize the propagation delay.

‘1’ is the minimum size inverter.

out

Cp=20pF
e \ / =
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?

¢. 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?

16. [M, None, 3.3.5] Consider scaling a CMOS technology by S > 1. In order to maintain compat-
ibility with existing system components, you decide to use constant voltage scaling.

a. In traditional constant voltage scaling, transistor widths scale inversely with S, We<1/S.
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 scale 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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(5.4)
For the inverter of figure 5.3 and an output load of 3 pF:

a) Calculate t,,, t,,,and t,.

t,n IS €quivalent to charging the output capacitance through a resistance.

tyn = 0,69R C, = 0,69-75-10°-3-107"% = 155.25ns

Ron(Vdd) + Ron(Vddlz)

tyn = 0.69R,,,C_ , Where R, =

avg 2
Vds > Vgs_VT
v _ v
R, (Vdd) = —d¢— =/ Va>Vg=Vr [ - dd
1a(Vaq) 25>2.5-V; Vol
OKI! SAT! k(\LIY){(Vgs_VT)Vmin_ 2 }(1+7‘Vds)
:/Vmin =min{(Vgs - V)i VysiVasa =/ = 2.5 > = 34730
=min{2.01;2.5/1.26}=1.26 V 115 10°(32) [(2.5-0.43)1.26-1—-'36 }(1 +0.06-2.5)

Ry (Vdd/2) = —Ld02_ [ Vipin=min{ (Vgs =V):VasiVasar = [ -
l4(Vdd/2) =min{2.07; 1.25; 1.26}=1.25 \/

= 1.25 - 18660

2
115. 10‘6((1);3 [(2.5-0.43) : 1.25-%}(1 +0.06 - 1.25)

_ 3473+ 1866

Ravg +188 = 26700
=ty = 069 [ HEZ280] 3,107 = 553 ns
g+t
o ot o _ 155254553 _ oo

P 2 2

b) Are the rising and falling delays equal? Why or why not?

No, they are different. ¢, »t,,, since R_ = 75k is much larger than the effective on-resistance
of transistor M1.
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Lokalt
Text Box
Comment: The maximal data input rate (frequency) of this gate can in reality not be 1/tp, since the charging takes much longer time compared with the discharging. (The output will only reach about 0.8 V (2.5 V power supply) in this case).
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An VMOS transicbor 18 wsed & c\f\a\rsg e \arae
C«?«Ci(:or,a..s shovan. v p'\'b“"‘ C.e 3

@) Determine khe tpu of dhis clract, assuming
on 1dea s'('ep Lromn O to .SV at the 3nPu\“r node

3;(: To determine Yhe prop -..Jq"r?on Vad=2.8Y
&'d‘\ awn averaqe Current Via —{[_t0 (10/')
) was o be calculated between e f——Vout
{ stark of the transiRon and +he e—
aidpoint of Hhe FransiNon (6o7. of —IC"‘S'F
1h %M‘ V‘«\u\{), ]
trans\Non : Vout s Vor = OVj HL s
Q«-o}

{ At the stack ol Fhe

cokurated , long channd device is NOT veleady adurated
\

Theets 5 () (Voo V) ™ 1507 (57

To And the vo\tegqe Sw‘u\J) Vo magd e calemtated

W' ny e body ellect- _
(ch *'2¢p\‘ - \“Mg ‘) =0

)-(2-5 ~o.u8)F LHGHwmA

Vss—\’v :0 = hin-Vou Vi, Y
9. S -\on-0.43-04 ( Voo~ @) -0
Seling, or 3"49\'\\‘6&( colulon, aives oy * |.765 V
¢ The midpoink is Hhes: \“_*'.E\L"l- . \.__3_'%_'_5;0 v 0.88V
and Yhe Yruesha\d Vo ltzge at the M:A?d'm\: is
( \Ir(Vou*.'O.W“) » Uyot Y (&u‘h* \'lbd‘ - W \ >
O-‘\S*OH(W-W) . 0.607V )
T (Vontr0.22Y) » ke k‘ﬁ-jx\)m-\zfﬁ u%:@_‘(%ﬂ (zs-o.?z-o.coa)z
< 0.6amA |
J end \lou&nO.?‘Z.\'

T~\t average currcv\ﬁ between Vout = O

vs LULQ+ 059 A \SL‘}MA
5. mA=l



Continued
t, - ¢ oV s.107".0.8¢%
Tevy  \.S2F-107°

b) ASSMM( Wt a resishor Qs oQ Skl is usead to d\‘Sé"N’aL
-\'\\t Ca?«dl"\hc( ‘o 0“’"‘""\' Dd—crm}.\t Efm.
Lone = 0.6 - Ry Gor OG- 10”66 = 17.25ns
<) Delermine haw wmuda energy Vg baken Lrom  Fhe WV P\’\‘(
Auf;uﬁ the c\r\afa‘w\j o) She CaPa.ci’mv. How wadn ol
{ is iy A:;siPeA-gA in AT How wawch 1S dt\ss}f\;’«g
‘n Hhe Pud(-o(ow.«\ res! shance Aurll\.s ollsc&\afaeq. How
does this dranqe whew Rs s reduced to Al

. .7 &% - ?8(} C

5 Quag~CooN s ST N
Ce []
D EU&&; SLVOD (.t\ \,°° 'dh = vooos C‘_J%%E .Ak, L‘-'Vﬁa‘ S é\j°“£ LY CV\JOOVOC"
(-} [}

o

- L.€8ns

. (- Noo Noew = So\o'ﬂ'. ‘L.S'\.’:)CS% 9-293

o
AEL s S L\Jogkd\'owhé‘ts

-]

%N
A6t (1L2es) |
( E"—"’—E:—— . 2.9p3
= S oﬁsS‘P \ed N Ane yesigrec ma“éts o0 ks size
] OV
s bed \n Fronsisrer M

‘* s aBes 1420 Aistion
a 4
A\ The PUHOS Hransister s re.e\au.A by & pPHOS device,

~ \ &'(
siped SO Hok ke T3 3™
or—is‘.mk\ UMOS . b the YLSu.\H»\:) s*rwc‘mrc he @as"trﬂ.‘
Esp\‘\‘..‘ wV\\( or u)"h( 'k

The PHOS will Nave ns
shracture '\ ve Qster
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