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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.
Solution
The sizes are w,=1.0um, |,=0.25um, Ww,=0.5um, and Ip=0.25 pm.
b. Plot the VTC (using HSPICE) and derive its parameters (V. Voo, Vi, Vi, and V).

Solution

Theinverter VTC is shown below. For a static CMOS inverter with a supply voltage of
2.5V, Vg, =25V and V, =0 V. In order to calculate V ,, , note from the VTC that the value is
between 0.8 V and 0.9 V. Therefore, the NMOS is saturated and the PMOS is velocity satu-
rated. Let V,,=V, =V, ad set the currents equal to obtain the following equation:

(kqf 2)(VGS'VTN)2(1+}\VDs):kaDSAT[(VGS'VTP)'(VDSAT/ 2)1(1+AVpg)
Substitute the appropriate values and solve numerically to find V ,=0.883 V.

Use the VTC data to solve for V, and V,; numerically. The result is that V,,=0.97 V and
V, .=0.56 V.
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c. Isthe VTC affected when the output of the gates is connected to the inputs of 4 similar
gates?
Solution
No. CMOS gates are a purely capacitive load so the DC circuit characteristics are not
affected.
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Vpp =25 V.

10— W

NMOS

PMOS

Metall ||

Metal1

Figure5.1 CMOSinverter 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?

Solution

Changing the NMOS sizing to w,=2.0um moves the switching threshold to 0.75 V.

Thisincreases N,y and decreases Ny, .

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 V,,; and the V_lines definesV,,; 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, = [Vy| to determine the value
of r that results in equal noise margins? Give a qualitative explanation.

Solution

The TSMC 0.25um models were used for simulation and the threshold voltages of

NMOS and PMOS devices are nearly equal in this process. A value near r=1 should result in
equal noise margins, since the transistors will be closely matched. HSPICE showed that the
resulting noise margins for this sizing were Ny;,4,=0.97 V and Ny, =1.1 V. The mismatch is
due to the fact that the PMOS threshold voltage is actualy dightly lower, so the PMOS is
stronger and the upper noise margin is reduced. The actual value that results in equal noise
marginsisr=0.83.

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,, ?

Solution
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Using the equations for finding the region of operation, it can be shown that the PMOS
and NMOS are both velocity saturated only while the switching threshold is between 1.06 V
and 1.10 V. Since this range may be considered inclusive, we can assume that both devices are
velocity saturated and set the currents equal with V \=V 1=V, to find k/k, . The result is
that k/k, must be between 0.34 and 0.41. This result can be checked by sizing the devices
accordingly and testing the resulting V, in HSPICE. The result gives a range of 1.04 V to
1.09 V. This makes sense, because the NMOS must be much stronger than the PMOS to
achieve aswitching threshold near 1 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 = U(Alp).

Vout

A

Von .
VM
v »Vi" Figure5.2 A different approach to derive
ot Vi vVlH ViLand V.
Solution:

When V,, isdightly larger than 1.1 V, the NMOS is velocity saturated and the PMOS
is saturated. When V. is dightly smaller than 1.06 V, the PMOS is velocity saturated and the
NMOS is saturated. Section 5.3.2 of the text shows this derivation for the case when both
devices are velocity saturated. These derivations can be completed by substituting the correct
current equations and using the same method. The results are as follows:

For the case when the NMOS is saturated and the PMOS is velocity saturated:

dVOut _ kn(vin_vtn)(l+)\nvout) + ka

AT VDSATP)

2
2 Vin=Vin) +kaDSATP)‘p(Vin_VDD_th_ 2

p(1+A(V,

DSAT out~Vop)

Dropping the second order terms in the numerator, substituting V,, for V;,, and simplifying
the denominator leads to the following expression for the gain:

dv Kk (V

out _ n m_th)+kaDSATP

dv,, = |D(vm)()\n—)\p)

For the case when the NMOS is velocity saturated and the PMOS is saturated:

dVout _ _anDSATN(1+)‘nVout)+kp(vin_VDD_th)(l+)‘p(vout_VDD))
dv, V k_A
in DSAT p"p 2
anDSATN)‘n(Vin_th_ 2 N) +*=5 Vin=Vpp~Vip)
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Again, dropping the second order terms in the numerator, substituting V ,, for V,,, and simpli-
fying the denominator leads to the following expression for the gain:
Nout _ *aVDsaTn

av;, (VA=A

K (Vi =Vop —Vip)

)

p

[M, SPICE, 3.3.2] Figure 5.3 shows an NMOS inverter with aresistive load.
a. Qualitatively discuss why this circuit behaves as an inverter.
Solution

For Vy <V1, M1isin cutoff regime, thus 1=0 and V,=2.5V. For V| >V, M1is con-
ducting and V,,=2.5V - (I*R). Thisin turn givesalow V, and the input signal is inverted.
b. Find Vg, and V, calculate V,,; and V.
Solution

Assuming negligable leskage, when V, <V, transistor M1 is off and V,=2.5V. For
V,,=2.5V, assume M1 is in the linear region, and because Vg is negligable in the linear
region, channel-length modulation can be ignored. For the linear region, V in=V ps=Vou=V oL
=46.25m. Checking the assumption: V5=2.07V, Vpg,=0.63V, and Vs=46.25m, thus, M1
was correctly assumed to be in the linear region.

To find V), set the resistor current equal to the NMOS current, with an input and out
put voltage of V.

25-V,,
75Kk

— 2
=k, 2'43) (1+0.06V,,)

Thus, V), = 0.79V.

TofindV,_ andV, theslopeof theVTC, at V,, isderived and the line is extrapol ated
out to Vo and Vo, respectively. Ignoring the effects of channel length modulation, the slope
isgiven by the following:

dv, = RkW
av,, 2L

(2V;,—0.86)

Plugging V), =0.79V, into the slope equation above, gives a dope of 9.32. Extrapolat-
ing the line back to Vg gives V, =0.607V and the extrapolation of the line to V, gives
V,,=0.87V.
¢. Find NM_ and NM,, and plot the VTC using HSPICE.

Solution
NM, =V, =0.607V and NM,, = 2.5V - V,,, = 1.63V
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* problem 3 for solutions
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d. Compute the average power dissipation for: (i) Vi,= 0V and (ii) V;,= 2.5V

+25V

R =75kQ

out

M1 WL=15/05

— Figure5.3 Resistive-load inverter

Solution
(i) Vi,=0 means M1 is cutoff, therefore, |,5p=0 and consequently P,,5,=0
(i) Vi=2.5V, V=V =46.25mV,

AV _ 25-46.25m
lvop = E = T = 32.7uA

P=Vpp*lypp=2.5V*32.7mA=81.75mW
e. Use HSPICE to sketch the VTCsfor R_ = 37k, 75k, and 150k on asingle graph.
Solution
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* problem 5.3e
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f. Comment on the relationship between the critical VTC voltages (i.e., Vo, Vo Vil Vin)
and the load resistance, R, .

Solution

As R, increases, the VTC curve becomes more ideal for the following reasons: Vg
decreases, NM, increases, V,, decreases, and NM,, increases. However, these come as
tradeoffs because, as R, increases, V, decreases, which is less ideal, and Vo, remains
unchanged.
g. Do high or low impedance |oads seem to produce more idea inverter characteristics?
Solution

As the impedance load increases, there is a tradeoff, the inverter VTC becomes more
ideal with a higher gain and thus better noise margins. However, the VTC curve is shifted in
favor of M1 and the threshold voltage is lowered as the VTC moves to the left.
[E, None, 3.3.3] For the inverter of Figure 5.3 and an output load of 3 pF:
a. Cdculate typ, toy, and t,.
Solution
to n=0.69R_C_ = 155 nsec.

For t,.: First calculate R, for Vo, at 2.5V and 1.25V. At V;=2.5V, | py=0.439mA giving
Ron= 5695Q and when V;=1.25V, | p,s,=0.41m giving R,,= 3049W.

Thus, the average resistance between V,,=2.5Vand V,,=1.25V is R
toL1=0.69R 5 eraqeC1 =9.05N8€C.

to=av{ty p ton } =82.0nsec
b. Aretherising and falling delays equal? Why or why not?
Solution

ton >> toy because R =75kQ is much larger than the effective linearized on-resis-
tance of M1.

=4.372kQ.

average
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¢. Compute the static and dynamic power dissi pation assuming the gate is clocked asfast as
possible.
Solution
Static Power:
Vin=VoL gives V=V oy=2.5V, thus |5 p=0A s0 P,,5p,=0W.
Vn=Von 0ives V=V =46.3mV, which isin the linear region.

Calculating the current through M1 gives |,,5p=32.8mA --> P,,pp=82mW

Dynamic Power:
den=C,_AV*Vdd*fmax=3pF* (2.5V-46.3mV)*2.5V*12.2MHz=0.225mW.
5. The next figure shows two implementations of MOS inverters. The first inverter uses only
NMOS transistors.
a Cadculate Vg, Vg, V), for each case.

Vpp = 2.5V Vpp =25V

M, W/L=0.375/0.25 —0
W/L=0/75/9.25

VOUT VIN —N

M; W/L=0.75/0.25

WI/L=0.375/0.25

Figure5.4 Inverter Implementations

Solution
Circuit A.
Von: We caculate V oy, when M1 is off. The threshold for M2 is:

29| = 06V

VT = VoY= 20F + Ve - [|206) » Vg = VouT

and M2will bg off when: Ves~Vr = Vop~VouT~Vt
Substitute V1 in the last equation and solve for V g 1.

Vb —VouT—Vr = 25-Vo 1= (043+04 I 06+ Vg -08)) = 0

We get Vo=V o =1.765V

=0,

Voo : Tocalculate Vg, , we set V=V p=2.5V.
We expect Vr to be low, so we can make the assumption that M2 will be velocity
saturated and M1 will bein the linear region.
VZDSAT

W,
. o 2 _DoAl
For M2: Ipo = knD—LZ E{(VGS—VT) Vpsat— HL1+AVpg and
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for M1: | —k‘DVil (v V) OV VZLS
*'D1 7 "n ) GS™ 10’ 'DS™ 2

Setting 1y, = 1, , We get an equation and we solve for V o .
We get: V1=V =0.263V, so our assumption holds.

V: To calculate Vy, we set V=V =V our-
Assuming that both transistors are velocity saturated, then we have the next pair of
equations:

V2

w
DSAT
T} qL+AV,,)

o 1
Ip1 = kan E[(VM_VTO) Vpsat~

ek2dy vy Vo) OV Vé—SAT[(uA(v V)
p2 = KnB-HVpp =V =V Mpgat——> b~ YMm

NN

Setting lpq = Ip, , weget for Vy, = 1.269V

Circuit B.

When V=0V, the NMOS transistor is off and the PMOS transistor in on and pulls
Vaut Up t0 Vp, S0 Vo, =2.5. Similarly, when V=2.5V, the PMOS transistor is off and the
NMOS transistor pullsV o1 &l the way down to ground, so Vo, =0V.

To calculate Vy, we set V=V |\ =V oy

We assume that both transistors are velocity saturated. We get the following pair of
equations.

2

w Vi
=k -4 _DSATp
Ipg = kaq E[(VM—VDD—VTOP) VpsaTp~ 3 } L+ ApViy)

2

W v
_ 3 DSATn
Ip3 = Ky D'—s E[(VM_VTOn) MpsaTn™ ™ 3 } HL+A.Vy)

Setting 155 +1, = 0, we get for Vy, = 1.095V.
So the assumption that both transistors were velocity saturated holds.

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
pum, and the source/drain extensions are 5\ for the PMOS; for the NMOS the source/drain
contact regions are SAX5A.

Solution
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Thetwo VTCs are shown below.

Depletion Load Inverter CMOS Inverter

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

Solution

Circuit A

VL = 0503V => V1 = 1.65V, V,,; = 1.35V => V1, = 0.588V

NMy, = Voy - Voure = 1.765 - 1.65 = 0.115V, NM| = Vgyp1 - Vo, = 0.588- 0.23 = 0.358V

Circuit B

V) =0.861V => Vg, =2.33V, V= 1.22V =>V y 7, = 0.219V

NMy, = Voy - Voure = 25V - 1.22V = 1.28V, NM, = V1, - Vo, = 0.861V- 0V = 0.861V

We can increase the noise margins by moving V), closer to the middie of the output
voltage swing.
d. Comment on the differencesin the V TCs, robustness and regeneration of each inverter.
Solution

Itisclear from thetwo VTCs, that the CMOS inverter is more robust, since the low and
high noise margins are higher than the first inverter. Also the regeneration in the second
inverter is greater since it provides rail to rail output and the gain of the inverter is much
greater.

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

Vpp= 2.5V

Vo= 2.5V
M3 P

M2
ouT

|N—| M1
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a. Set up the equation(s) to compute the voltage on node x. Assume y=0.5.
Solution
The voltage on node x is set to one threshold value V below V5. So:

Vyx =Vpp—Vr
Vy = Vpp = [ Voo + V(e + |[-206] — /|-20))]
Vy = 25-[0.43+0.5(,/Vy + 0.6 — ,/0.6)]

Vy = 2.07+0.39-05,/V, + 0.6
Vy = 2.46-05,/Vy + 0.6

which gives V4=1.7014V.
b. What are the modes of operation of device M2? Assume y=0.
Solution

Vx =Vpp =V
Vps2 = Vpp —Vour

Ves2 =V = Vop = Vi —Vour =V = Vpp = Vour—2Vy

This meansthat Vg, > Vg — Vi, SO M2 is either saturated (or vel. saturated) or cut off.
¢. What isthe value on the output node OUT for the case when IN =0V ?Assume y=0.
Solution

When IN=0 then M1 is off and OUT will charge up to:

Vout(max) = VX _VT
Vout(max) = Voo —Vr—Vr

Vout(max) = Yoo —2Vr

d. 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),

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

Assuming that both devises are velocity saturated we can equate the currents when
Vin= Vout=Vu. This gives
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. Vosar . Vpsat

kn(\%ljl(vea—VT— 2 ):kn(\fvjz(vesz_VT_ 2 )
Vpsat Vbsar
) (550 - (39 (v, v 20

(W/L),
(W/L),

Solving for V,, and substituting r = we get:

VDSAT VDSAT
(VM—VT—T) =r(VDD—2VT—VM— > )

v v
r(vDD —2V;— DZSAT) +Vy+ DTSAT

1+r

Vy =

To find the limits for V\, we check the two cases:
i) When (W/L), >> (WIL),, V\y =V + Vpgar/2 = 0.43 + 0.63/2 = 0.745
ii) When (W/L), >> (W/L)y, Vy = Vpp - 2V - Vpear/2 = 1.325

For both cases the assumptions for M1 and M2 are valid.

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 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, = OV, what is the
output voltage? In steady state, what isthe mode of operation of device M2 for thisinput?

Solution

When V, =0V then M1isoff. M2 ison since V 3s=0 > V,,,. Since thereis no current
through M2, the drain to source voltage of M2 is O (linear mode). This means that

Vour=2.5V.

b. Compute the output voltage for V| = 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?

Solution

We assume that M1 isin the linear mode and M2 is vel ocity saturated. This means:
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2 2

v v
kn1|:(2-5—0.4)V0ut—%Ut:| = k”2|:(0_(_0‘4))VDsat_ Dzsat:|

Since V,, is small we can neglect the V2,,,/2 term and the previous equation becomes

K
= “02005898 | hich gives v

012mv
out Tk, 21

V out
So our assumptions are valid.

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

There is static power dissipation when both transistors are on. This happens when
Vn=1. Then the static power dissipation is given by:

Pstatic = Pin=1Voolp

PStatic = (1 - 03)25[1153A2(04 D.63— 0631)]
ve ol 2

Peatic = 21.55UW

[M, None, 3.3.3] An NMOS transistor is used to charge a large capacitor, as shown in Figure
5.6.
a. Determinethe t ,, of this circuit, assuming an ideal step from 0 to 2.5V at the input node.
Solutions

To determine the rise time, an average current has to be ca culated between the start of
the transistion with V4=0V and midpoint of the transition.

At the start of the transistion: V5=V o, =0V, M1 is velocity saturated and | g =1.46mA.
To find the votlage swing, V o, must be calculated using the body effect:

Vs = 25V =Vou = Vi, +Y(,/|0.6 + Vg, | - /0.6)

Von=1.76V. The midpoint is thus,

and the threshold voltage at the midpoint is: V(V ,=0.88V)=0.607V.

Using this threshold voltage, V =1.013V, Vs=1.62V, and Vpg,=0.63V, thus, the
transistor M1 isstill velocity saturated, giving 15g;=49.17mA.

Finding the average current between V= 0V and V= 0.88V giVes: |, ere=0.756mMA.

_ CAV _ 5pF x0.88V _
b= = To7sema . >82nse

average

b. Assume that aresistor Rg of 5 kQ is used to discharge the capacitance to ground. Deter-
mine tyy .
Solution
t,4=0.69* R, C, =0.69*5kQ[5 pF=17.25ns
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|
I
Q)
1
(6]
el
3

e Figure 5.6 Circuit diagram with annotated W/L ratios

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 Rgis reduced to 1 kQ.

Solution

AQypp=C, AV=5pF*1.76V=8.8pC
AEyp5p=0Qypp* V 44=8-8pC*2.5V=22pC
Half the energy is dissipated in the transistor M1, while the other half is dissipated in

the restistor R.. The energy dissipated isindependent of R..

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.

Solution

If aPMOS device replaces the NM OS device, body effect will not exist and the PMOS
device will be faster.
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,’=115pA/V2 and A=0.

Vpp =25V Vpp = 25V

M1 1um/0.25um Vi —| El 1um/0.25um

(@ (b)

Figure 5.7 NMOS source follower configuration
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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 | ).

Solution

The level shift of 0.6V tells us that V 55,=0.6V S0 V;=0.17V. This means that M1
must be in the saturation region (not velocity saturated). Thus,

2 —
>— WVgs—Vy) :|D,and|D-6.647pA.

For M2, V4=0.12, so M2 is aso in the saturation region (not velocity saturated).

Using the same equation as above and solving for W/L givesW/L = 8.

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

Solution

The threshold voltage equation provides the relation that we need:

VT = VT0+y[( /‘2(4)':‘ +VSB— IZ@F‘) = VT0+yE( /‘Z@F‘ +VO— Z@F‘) .

See the graph at the end of this problem.

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?

Solution

To plot V, versus V;, we need to relate V, to V; We can do this by solving the current
equation (M 1 should remain in the same region to first order because V & will remain roughly

constant to maintain the correct drain current) for V;:

Vi = VO+VT+

d. At V (with body effect) = 2.5V, find V,(ideal) and thus determine the maximum error
introduced by the body effect.
Solution
The maximum error occurs at the highest Vg. At Vo = 2.5, the error is 3.4944-
3.1=0.3944 V.
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Backgate Effect: , versus V,

10.

05 1 15 2
AV

Figure for part (b)

For this problem assume:

195

Backgate Effect: V. versus

<= No backgate effect
-6 Backgate effect

05

2
V)

Figure for part (c)

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' = -30AIV?, 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.
Cjsw): and assume that V=0V for al problems except part (€).

L =Lp=Ly=0.25um

VIN

Vpp = 25V

| Vour ’ > O

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

A\

Figure 5.8 CMOS inverter with capacitive

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

a. What isthe V, for thisinverter?

Solution
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Assume that Vm is around midrail (1.25V). That means that the NMOS is vel ocity sat-
urated and the PMOS is saturated. To find Vm, we set the sum of the currents at Vout equa to
0 using the correct equation for each device:

vV
DSATH
2

2 _
Ky Vpsatn E(VM “V1n 5 HVy =Vpp=Vqp) =0

Plug in numbers:

p

1725 [0.6 (V) — 0.4 —0.315) + (150) (D5 (V) — 2.5~ (~0.4))% = 0

1035V, ~74- (—75 E(VMZ —42v), + 4.41)) =0.
Solving this quadratic gives V), = 1.245V.

b. 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.

Solution

The calculation of the lumped load capacitance follows the format presented in the lec-
ture notes. The only difference isthe dimensions of the devices.

Ciett = CL + Cparasitic = Cgz + Cga + Cap1 + Cao + Cyan + Coar-

Cqs = (Capon + Cason)Wh + Co WL = 2(3.11e-10)(0.375e-6) + 6e-15(0.375)(0.25) = 0.796fF

Cga = (Copop + Casop)Wp + CoW, L = 2(2.68e-10)(1.25e-6) + 6e-15(1.25)(0.25) = 2.545(F

Cab1 = Keqn{ADR)Cj + Kegsun(PDr)Cjsy- Need to do this calculation for both transitions and

average the results. The K, values are already calculated in the text.

AD,=AS,=1.25um*0.625um=0.78125um’ and

AD,=AS,=0.125*0.375+0.625%=0.4375um?.

PD,=PS,=2*0.625um+1.25um=2.5um and

PD,=PS,=5*0.125um* 3+(2+1+1)* 0.125um=2.375um.

(0.57*0.4375* 2 + 0.61* 2.375* 0.28) = 0.904fF for HL transition

(0.79*0.4375* 2 + 0.81*2.375*0.28) = 1.23fF for LH. Average Cy,,=1.067fF.

Cabz = Keqp(ADp)C; + Kegoup(PPp)Cisye

(0.79%0.78125* 1.9 + 0.86* 2.5*0.22) = 1.65fF for HL transition

(0.59*0.78125*1.9 + 0.7*2.5*0.22) = 1.26fF for LH. Average C,,=1.455fF.

Cyar = 2CeponW,, = 2*3.11e-10%0.375e-6 = 0.233fF.

Cyiz = 2CapopW,, = 2+ 2.68e-10* 1.25¢-6 = 0.67fF.

C, = sum = 6.767fF. Note - since the problem states that x4=0, it is ok if you neglected the |ast

two parasitic capacitances. We intended for them to be included, though.

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

Solution

We can estimate the propagation delay using the approximation At = AQ/1, where AQ
= C_«Vpp ad | isthe average current used to charge/discharge C, . During the high-to-low
transition C, « is discharged through the NMOS transistor so | = I 4. During the low-to-high
transition C, ¢ is charged through the PMOS transistor so | = 1 5,¢p IN SUmmary:
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V [,
DD —~Leff
t O0—————, where
delay ZDavg
V, V
, oo } _'bp
| B lds(vo_O)HdS(VO_ 2 ) | _ lds(vo_VDD)Hds(Vo_ 2 )
avgN ~ 2 "lavgP ~ 2

Table 1 shows corresponding values for | gy, age tpn, @00 tpy - NOTE- This solution

Vo (V) | Operation Mode | I4s(MA) | l,4(MA) | Prop Delay (ps)
0 PMOSvel sat. 0.300
for tp 0.285 285
125 PMOS vel sat 0.270
25 NMOS vel sat. 0.209
for tpyL 0.202 40.0
125 NMOS vel sat 0.195

Table 1: Average currents and propagation delays for Problem 4(c).

included channel length modulation, but it isok if your solution did not (see problem assump-
tions).
d. Find (Wy/W,) such that tp = tp .
Solution

Oneway to do thisisto solve the current average equations for W /W, after setting the
propagation delays equal to one another. A much easier method is to sweep the widths in
HSPICE. The HSPICE sim shows that W /W, =2.6 gives equal rise and fall times.
e. Suppose we increase the width of the transistors to reduce the tpy , tp - DO We get apro-

portional decrease in the delay times? Justify your answer.

Solution

The propagation delays DO NOT decrease in proportion to the widths because of self-
loading effects. As the device sizeincreases, its parasitic capacitancesincrease as well. In this
problem, increasing device size increases both average current and C .

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

Vip = Vipo = -0.4V.

Vi, = OAWE(W_W) = 0.596 V.

Using the equation for part @) and plugging in the new value of V,, gives: V, = 1.35V
Theincreased V g, will increase the depletion region and lower the junction capacitance, |ow-
ering C .

11. 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. [ty
= (tpy +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.



198

THE CMOSINVERTER Chapter 5

Solution

Deay vs VDD (part &) Power vs VDD (part a)

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.

Solution

The maximum number of identical inverters that this gate can drive before the propa
gation delay exceeds 2nsis 115 inverters.

c. Simulate the same circuit for a set of ‘pulse’ inputs with rise and fall times of t;, s a
=1ns, 2ns, 5ns, 10ns, 20ns. For each input, measure (1) the rise and fall timest,,; ;s and
tout 11 OF the inverter output, (2) the total energy lost E,qy, and (3) the energy lost due to
short circuit current Eg, .

Using this data, prepare a plot of (1) (toy rise*tout fa)/2 VS: tin risefaits (2) Egtal VS

tin_risefaits (3) Esnort VS- tin risefanl @ (4) Egnort/Ertar VS- tin_risefa.
Solution
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(trise+tfall)/2 vs trfin Etotal vs trfin
5 2
4

- 15
< ~
N3 3

3 g 1
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0 5 10 15 20 0 5 10 15 20
trfin (ns) trfin (ns)
Eshort vs trfin Eshort/Etotal vs trfin
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~ ©
2 g
= |

51 208
c o
g &
u d

0.5 0.7

0 0.6

0 5 10 15 20 0 5 10 15 20
trfin (ns) trfin (ns)

d. Provide simple explanations for:

(i) Why thedopefor (1) islessthan 1?

(ii) Why Eg, increases with ti, ice tan?

(iii) Why Eqy increases with t, it ?
Solution N

i) The dopeislessthan 1 because of the regenerative property of theinverter. The high
gain around the switching point causes the output to change faster than the inputs.

ii) The amount of time for which both devices are on simultaneously increases.

iii) Total energy increases because the short circuit energy begins to dominate, and the
short circuit increases as the rise/fall time increases.
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12. Consider the low swing driver of Figure 5.9:
5um

| (%l}pz o.zngpm
Vin | ¢ Vout
j\/—L _q ] I C_=100fF
ov
g

Figure 5.9 Low Swing Driver

O

5

v

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

The range will be from 0.4 V to 2.07 V, since the PMOS is a weak pull down device
and the NMOS s aweak pull up device.

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 transition at the input.

Solution

Fora0V to 2.5V transition on the input, the energy drawn from the power supply is:

EsuppLy = IiDDVDDdt = VpplQ = CVDD((VDD_th)_|th|)

The PMOS will be in cutoff and the energy dissipated in the NMOS will be:

EDISSI PATED ~ ESUPPLY_AECAP
Voo =Vin? ([ Val)?
EDISSI PATED — CVDD((VDD _th) - |th|) - C|:( 2 n) - (_ZP_) :|

Fora2.5V to 0V trangition on the input, the NMOS will be in cutoff and no energy will be
drawn from the power supply. The energy dissipated in the PMOS device will be equal to:

-t (40

2 2

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 V o, is the output volt-
age with theinput at 2.5V.

Solution

When theinput is high and the capacitor charges, the PMOS device isin cutoff and the

NMOS s velocity saturated for the duration of the charging. The total voltage rangeis 0.4 V

to 2.07 V, so the midpoint is 1.24 V. We can use the average current method to approximate

ton. For the velocity saturated NMOS:
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C V,
I= (Hn LOX\N)VDSATN(VGS_th_ DSZATN)(lJr)\VDS)

Solving for the current at V=0.4 V and V=1.24 V and averaging yields an average current of
404 uA. Then:

¢ = CAV _ (100fF)(1.24V-04V) _
PN g 404UA

208ps

d. Compute Vo, taking into account body effect. Assumey = 0.5V *2for both the NMOS and
the PMOS.
Solution
The PMOS will be deep in cutoff when V,, approaches V. Therefore, we consider
only the NMOS. We can express the equation for threshold voltage numericaly as follows:

Vi, = 043+ 0.5(,/(0.6 + 25—-V,,,) — +/0.6)

Thisis an equation in one variable, so it may be solved numericaly to find that V,=0.8
V.
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 a0V to 2.5V swing and
that V,,y = OV when Vg = 2.5V and vice-versa. Also assume that there is no skew between IN
and IN (i.e., theinverter delay to derive IN from IN is zero).

Vi ow= 05V

25um/0.25um

C =1pF

Figure5.10 Low Swing Driver

a. Towhat voltage is the bulk terminal of M2 connected?
Solution
Inan NWELL process, the bulk terminal of an NMOS must be connected to ground.

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.

Solution

Because the supply voltage is more than a threshold voltage lower than the gate drive
voltage, the output range will not be limited. Therefore the low value is 0 V and the high
valueis0.5V.

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.

Solution
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The lower NMOS will be off during the low to high transition and the upper NMOS
will be in the linear region throughout the transition from 0.0V to 0.25V. We will assume that
the body effect is negligible, since the maximum value of Vg is 0.25V. Use the average cur-
rent method to find t,,. Using the current equation for the linear region, the current when the
capacitor is at 0V, is 10.8mA. When the capacitor reaches 0.25V, the current is 4.58mA. Thre-
fore, the average current is 7.7mA.

_ CAV _ (1pF)(025V) _
n =TT 77ma o S2oPS

d. Assume that, instead of the 1pF load, the low swing driver drives a non-linear capecitor,
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.

A

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

/

Solution
The capacitor charges only from 0 V to 0.5V, so only the first segment of the graph
should be considered. The total energy drawn from the supply is:

E= VDDII(t)dt = Qiota VoD

The total charge required to charge the capacitor is:

05 05
Q= IC(V)dV = 1pFI(1+2V)dV = 0.75pC
0 0

Therefore, since the the E=QV, the total energy drawn from the supply is 0.375 pJ.

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.
Solution (o)

The subthreshold |-V relationisgivenby Iy = I e "(1+AVpg) , assuming
Vps > 50mV. To caculate the switching voltage, we need to find where V=V, occurs. So
equating the absolute values of the currents for the two transistors we get:

(Vgs—V)/

Vin/ (V5

Vpp—Vin)/(nV-
Iye )(1+)\nvom) - Io.e( o~ Vin)/ (Vg

)
(1 + )\p(VDD _Vout))
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Considering V;,=V,,; and doing some cancellations we get:
IN[(L+AnVin)/ (1 +Ap(Vin=Vpp))] = 1/((n V1) (Vpp = Vin—Vin)
after massaging the last equation we have:
Vpp/2=nVy/ 2 On[(1+A,Vi)/ (1+A,(Vpp = Vi) = Vi,

Iterating this expression with Vpp=0.4V, V=26mV, A;=0.06, }=0.1 and n=1.5 we get
V,;,=0.2V. So we have a switching threshold of V5/2=0.2V.
b. CaculateV, andV of theinverter.

Vpp = 0.4V
o—

VOUT

Figure5.11 Inverter in Weak Inversion Regime

Solution

To calcul ate the noise margins we need to calculate the slope of the VTC at V=V /2.
Equating the currentswe get:

V../(nV. Vop—Vout)/ (NV-
Io'e 0 T)(:I-"'}\nvout) = Io'e( o Vou /(1 T)(:I-"')‘IJ(VDD_Vout))

and cancelling out |, and differentiating both sides with respect to V;,, we get:

0 , Vin/(nVq) 0 _(Vin=Vpp)/(nVq)
T LA Vo) = 55— (L (Vo= Vo)
n n
vV, /(nV. v, /(nVy) . OV,
R CE D MVAR VARG ) Wad T
oV,
_ (Vpp —Vin)/ (nVy) (Vpp —Vin)/ (nVy) avout
=-e (1+Ap(Vop = Vou))/NVr—€ )\pavl
n

manipulating this expression we get:

- oV,
(e(VDD Vln)/(nVT))\p + ev'”/(nVT))\n) out _
ov,,

V.

/(nV. Vop — Vi
T VAR VI VARt

)/ (nVq)
(1+ )\p(VDD _Vout))/nVT

plugging in V,=V,,=Vpp/2 we reach:
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_e(vDD/z)/(an) OVout _ (Vpp”/2)/(nVy)

Qo+ Mgy = @ (2+ (Ap + A)Vpp/2)/ (NV7)

Findly:

Vot = ~(2+ (A, + M) Vpp/2)/ (NV7)/ (A, + A,)
aVin Vin =Vout = V,,/2

Using the values Vpp=0.4V, V=26mV, A;=0.06, A=0.1and n=1.5we obtain:

—_ aVOUT —
9= 5y = 3256

This value is much more that we would expect from an MOS inverter (which has g~-30).
However we should keep in mind that in the subthreshold regime M OS devi ces behave essen-
tidly as bipolar devices and can yield such vaues of gain.

We know that V| =V y+(Vpp-Vw)/g and V=V -V /g from the text (eq 5.7). Using
these equations and the results that we got we have: V|, =0.1994V and V,,,=0.2006V.

Also NM=NM, =0.1994V

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
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
= \

/ ey

Added Buffer Stage

Figure 5.12 Buffer insertion for driving large loads.

Solution
Minimum delay occurs when the delay through each buffer is the same. This can be
achieved by sizing the buffer asf, f2, respectively
where f = N/F = 3/2000 = 12.6, 0 (y=0)
tp = th0(1+f/y) = 3[70ps{1 + 12.6) = 2.8ns
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?

Solution
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From the text, we know that the minimum delay occurs when f = e. Therefore,

N = [D(2X00) _ 76
In(f)

In(2000)
f=e 7 =296

tgeray = 7% 3.96 % 70ps = 1.9ns

c. Describe the advantages and disadvantages of the methods shown in (a) and (b).
Solution
Solution (b) isfaster but it consumes much more area than (a).
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?

Solution
The power consumption is determined as follows

21
P = CioVg T

3
P=CVazay = civﬁd%a(f:_;ll) = 136(3) pwatts
k=0

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. 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).

Solution |

We know that: P 0 CV2,f and f0 20 22L&
t. CVpp

P O I pga\0 k'%V(V—Vt)ZM (s)((vg\)’2

To keep power constant we need to scale WO 12 . which means redesigning gates with
W afactor of 1/ssmaller. s

b. How does delay scae under this new methodology?

Solution
o s B0

2
kM2 Wy s
L L 1/s
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sot, 01/5°.
¢. Assuming short-channel devices (i.e., velocity saturation), how would transistor widths
have to scale to maintain the constant power requirement?
Solution .
P D IsatVpd! VppWCoy(Vgs—VUmkl  W(s),so WD s
This means that no changes need to be made.

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. ty=5nsec(z 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 real circuit
parameters, and compare the smulated results with the ones obtained earlier.




