Chapter 16
Digital Circuits

16.1 Three streams of digital data are shown below. Plot Y versus time
for the logic function Y = (A+B) + C.
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16.2 Repeat Prob. 16.1 for Y =A % (B + ().

16.3 Determine the logic function performed by the following circuit:

E B R
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16.9

16.10

A logic inverter has propagation delays of tpy = 20 ns and tpLH =
30 ns.” One particular logic path involves a series connection

through six such gates. What is the overall propagation delay
between the input and the output?

A logic gate draws 5 mA from a 5-V supply when vguT is low and 2 mA
when vour is high. Find the average static power dissipation in the

gate for a 50% duty cycle.
Repeat Prob. 16.6 for a 25% high duty cycle.

A logic gate has propagation delay times tPHL = 20 ns and tpLH =
10 ns. As specified in Prob. 16.6, the gate draws 5 mA from a 5-V
supply when vgyr is low and 2 mA when vgyr is high. Its output
logic levels are V(1) = 4.8 V and V(0) = 0.2 V. Estimate the value
of the delay power product for a 50% duty cycle if the gate drives a
10 pF load capacitance and is switched at a 1 MHz rate.

Consider the logic gate specified in Prob. 16.8. Estimate the value
of the delay power product for a 30% high duty cycle if the gate

drives a 10 pF load capacitance and is switched at a 5 MHz rate.

A digital MOSFET circuit is shown below. To what logic family does
this gate belong? Determine the logical function performed by the

circuit.
e

VbD

oY

67




16.11 A digital MOSFET circuit is shown below. To what logic family does

this gate belong? Determine the logical function performed by the
circuit.
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16.12 Three MOSFET inverters are shown below. Which inverter has the

16.13
16.14
) 16.15

lowest value of Vgu?
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Consider the three inverters shown above. Which one requires the
least amount of time to change from Vg to Vgy when a HI-LO step
function is applied to vIN?

The inverters in a particular set of NMOS gates have a relative K-
ratio KR of six. If the smallest device dimension is 1 um, specify
the W and L values of the driving device and pullup load of a single
inverter. :

For the NMOS logic family described in Prob. 16.14, estimate the
surface area occupied by a single-input inverter.

68




16.16

16.17

16.18

16.19

16.20

For the NMOS logic family described in Prob. 16.14, estimate the
surface area occupied by a two-input NOR gate.

In the NMOS enhancement-mode inverter shown below, Ky = 8Kp. For
both devices, Vip = 1 V. When viN = 0, vgyr becomes Vpp - VyR.
Find the value of viy that will cause vgyT to equal Vpp - 2VIR, i.e.
a voltage drop of Vyg below Vgy = VyR.

[* Vpp =5V
Qo
-
—O0 VOUT
VIN | Q&1 Ky = 8K
VIR=1V

Consider the enhancement-mode NMOS inverter of Prob. 16.17. Find
the value of viyN such that vgur = VIN, i.e., the midpoint of the
inverter transfer characteristic.

Consider the enhancement-mode NMOS inverter of Prob. 16.17. Find
the value of vy such that vgyr = 1.05VR. What condition is
associated with this operating point?

The NMOS inverter circuit shown below forms one gate in a multi-gate
logic circuit. For both devices, VIp = 2 V; The W/L ratios are such
that K; = 4Ky. In what region will Qu operate? What is the value
of vgyr when viyN is low? When vy is high?

VDD =10V
VGZ =15V 1
Qo
-
VS§21+—0° VOUT
VIN o—(| Q1

69




16.21 Consider the MOSFET circuit shown below. To what logic family does
this gate belong? What logic function is implemented?
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16.22 Consider the BJT circuit shown below. To what logic family does
this gate belong? What logic function is implemented?
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Y 16.23

16.24

16.25

A sample-and-hold circuit draws 1 JA from its holding capacitor
while in "hold" mode. The circuit is used in an A/D system that
samples data every 5 ms. How large must the holding capacitor be if
the S/H output is to droop no more that 1 mV while in the hold mode?

A sample-and-hold circuit has a holding capacitor of 0.5 uF, from
which it draws 250 nA while in the "hold" mode. Find the maximum
permissible time interval between sample operations if the output is
to droop by no more than 0.5 mV during "hold".

The acquisition time T, of a sample-and-hold circuit (the time re-
quired to charge its holding capacitor) is to be no more than 10 lis.
The sampled input will have a maximum magnitude of 10 V, but could
be positive or negative. The S/H circuit operates from bipolar
power supplies and supplies a constant capacitor charging current.
If the holding capacitor is set to 0.005 BF, how much charging
current must the S/H circuit be capable of providing?
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Performing such an iterative
calculation yields the value Vco/VEE
= =-1.97 ¢ -2. One possibility might
be Vcc =16 V, Vgg = -8 V.

With the values of V¢ and Vgg
chosen so as to yield a 40%60% duty
cycle, we next must choose Ry and Cyx
so as to make the total period 1 ms.
From Eqn. (15.12):

Vee - VEE/2
Vee/2

Substituting Voo/VEE @ -2 results in
RxCx In [2 - (-2)~1] = 0.4 ms

t; = RxCx In 0.4 ms

or
0.4 ms
RxCx = = 0.437 ms = 0.44 ms
In 2.5
The values Cx = 0.022 uF; Ry = 20 ki,
for example, will do the job.

can be expressed as
Y=Ax% (B+C) = AxB + A«C.

AxC=1 AxB=1
i —
- A=0 —
{ ! —
0 1 2 3 4
t (ms)

16.3 | The output of gate 1 is X= BxC

The output of gate 2 is

o

Y=A+ X= K-* ; = K.* #C = A * BxC

16.4 | The output of gate 1: Q= AxBxC

Chapter 16

16.1 | The output will be high when C

is high or when the product A+B is
high (both A and B high). Here is a
plot of Y = (A«B) + C:

The output of gate 2: P =F + G
The output of gate 3:

R = Q*ExP = A«BxC « E * (F + Q)
The output of gate 4:
Y=W+R+X=

W+ [(AxBxC)x E «(F + Q)] + X

W+ (A+B+CsExFeC] +X

16.5 | Assume that an inversion func-

C=1 AxB=1 (=1
3 P y
| { { I
I i | |
0 1 2 3 4
t (ms)

16.2 | The output will be high when A

is high and either B or C is high. A
plot of the output versus time is

shown below. Note that the output
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tion is involved at each gate. For
such a system, a low-to-high transi-
tion in one gate will always be
accompanied by a high-to-low transi-
tion in another gate. For six gates,
the total delay becomes 3tpH_ + 3tpLH
= 3(20 ns + 30 ns) = 150 ns. Note
that this value is equal to six times
the average (tpyL + tpLH)/2 = 25 ns.




16.6 | For a 50% duty cycle, the time

average static power dissipation will
equal the algebraic average of the
power drawn by the gate in the high
and low states:

(5 V) (5mA + 2mA)

2

= 17.5 mW

Pstat> =

16.7 | For an asymmetric duty cycle,

the high and low power values must be
appropriately weighted when computing
the time-average static power:

current when current when
voguT low

vguT high ~——1

Pstat> = [(0.25) (2mA) + (0.75) (5mA)]
x (6V) =21.25 mW

16.8 |First compute the energy stored

in the load capacitance for high and
for low output conditions. Knowledge
of these quantities is necessary for
an estimate of the time average
dynamic power dissipation <den>-
With the output high:
_ V()2 = (10 pF) (4.8 V)2
T2 2
~ 115.2 pJ. With the output low:
_ CV(0)2 = (10 pF) (0.2 V)2
2 2

When the load capacitance is charged
from V(0) to V(1), an amount of
energy equal to EH - E_ must be
provided by the power supply. This
energy increment is stored in the
load capacitance. As discussed in
the text, the supply must also

0.2 pJ
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provide an additional amount of
energy equal to Ej - E[ for dissipa-
tion in the components of the gate
during the charging process.

When C_ is discharged from V(1) to
V(0), the energy stored during charg-
ing will be lost (dissipated in the
gate or other load components). The
energy quantity Ey - E_ must be re-
plenished the next time the capacitor
is charged, requiring that an equal
amount again be dissipated in the
gate. Thus each complete cycle of
capacitor charge and discharge re-
quires that 2(Ey - E ) = 2(115.2 pJ -
0.2 pJ) = 230 pJ be provided by the
power supply.

At a 1 MHz rate, the gate is
switched through a complete low-to-
high-to-low cycle on the order of
once every 1 pus, hence the time-
average dynamic power {Pgyn > becomes

2(Eq - B) 230 pJ
T - 1 us
Next compute the time-average static
power dissipation (Pgyay>. For a 50%
duty cycle, the time-average static
power {Pgiat> is
5 V(5 mA + 2 mA)
2

as shown in Prob 16.6. The total
time-average dissipated power thus
becomes <Py> = <Pgiat> + <den> =
17.5 mW + 0.23 mW = 17.7 mW. Note
that <(Pgat> constitutes the major
source of energy loss in the gate.

Finally, compute the delay-power
product of the gate. For the average
time delay

tpHL * YPLH 20 ns + 10 ns

= 0.23 mW

= 17.5 mW,

t

D 2 2
= 15 ns, the delay-power product be-
comes tp<Pg> = (15 nS)(17.7 mW)
> 266 pJ.




16.9 | For the 10 pF load of Prob.

16.8, the changes in duty cycle and
cycling time do not change Ey or E .
Hence the energy lost during each
charge-discharge cycle is again
2(Ey - E) = 2(115.2 pJ - 0.2 pJ) =
230 pJ. At a 5 MHz rate, the cycle
time becomes 0.2 us, so that Pdyn> =
2(Ey - E) 230 pJ
T T 0.2 lis

For a 30% high duty cycle, the
time-average static power becomes
Pstat> = [(0.3)(2 mA) + (0.7) (5 mA)]

x (5V) =20.5mW
The total time-average dissipated
power thus becomes <(Pg> = (Pgtatd +
Pdyn> = 20.5 mW + 1.15 mW = 21.7 mW.
Note that <(Pgyat> still constitutes
the major source of energy loss in
the gate, even though <den> is five
times larger at the faster switching
rate. The value of tp remains the
same for this problem, so that the

delay-power product becomes
tp<Pg> = (15 nS) (21.7mW) = 325 pJ.

=1.15 mW

16.11 | This circuit is a multi-input

NMOS logic gate (enhancement-mode in-
put devices; depletion-mode pullup
load). The lower-left collection of
devices will force Y low for A high
and B or C high. Similarly, the
lower-right collection of devices
will force Y low for D high and E or
F high. These branches are connected
in parallel (OR function), hence the
output becomes

Y=A«(B + C) + Dx(E + F)

16.12 | Inverter #1 has the lowest

Voy. For inverter #1, vguT = Vpp -
VTR when viN is low (Q; in cutoff).
For the other two inverters, vgur is
equal to Vpp when vy is low.

16.13 | The transition time of vguT

16.10 | This circuit is a multi-input

NMOS logic gate (enhancement-mode in-
put devices; depletion-mode pullup
load). The left-hand leg will force
Y low when both A and B are high.

The middle leg will force Y low when
both C and D are high. The right-
hand leg will force Y low when E is

high. The three legs are connected
in parallel (OR function), hence the
output becomes

Y =A«B + CxD + E
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will be determined by the net load
capacitance C_ and by the current
available to charge it. The former
consists of the Cgg of any gates
driven by vgyr plus any internal
capacitance components contributed by
the gate’s own MOSFETs. For equal
load capacitances, inverter #2 will
have the shortest transition time,
since it will provide the largest
overal | charging current.
Specifically, when vgyr begins %o
increase, the current through Qo will
remain constant for most of the
transition, leading to the largest
dvgut/dt = ip/CL. In the other
inverters, the current available to
charge C_ is determined by the
voltage across the pullup load (i.e.,
Qgm or Rp). The charging current
will thus decrease as vgyT increases.




P

16.14

the pullup load Qp. The problem
specifies that KR = K1/Kp = 6. The K
parameter for a MOSFET is proportion-

al to W/L, hence this constraint
becomes
Ki W Lo
KR=-——--——————=
Ko L3 W

Note that all the other factors
contained in K; and Ko cancel out of
this equation. If the smallest
device dimension is 1 um, the above
condition on KR can be satisfied by
the values
W1 = 6 um

L1 = Lo =Wp =1 pm

Another alternative might be

Wy =Lp=1622.5 pum

Call the driven device Q and

The total inverter area becomes

Wily + Wolo = 2]6 um? = 4.9 pm2
Note that the second solution results
in a smaller overall surface area.

16.16 | In an NMOS NOR gate, any one

L1 =Wy =1 pum
16.15{ For the answer given in Prob.
16.14, the area of the driving device
Q; is
Wily = 6 pm x 1 pm = 6 pm2

The area of the pullup load Qg is
Wolo = 1 pm x 1 pm = 1 um?

The total area becomes

Wily + Wolo = 6 um2 + 1 pm2 = 7 pm?
These calculations assume that the
gate surface represents the major
portion of area occupied by the
devices. The actual chip area would
be slightly larger since the drain,
source, and perimeter regions of each
device would require a small amount
of additional area.

For the second solution given,

Wil = 6 pm x 1 pm = {6 pm?
Wolo = 1 pm x {6 pm = 6 pm?
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input device can be used to force the
output low. Each parallel input must
thus have the W and L values required
for a single input inverter. A KR of
six can be realized with the device
dimensions found in Prob. 16.14. A
two-input NOR gate will thus have a
total area of
Wialia + Wiplip + Wolp =

6 um2 + 6 pm2 + 1 pm? = 13 pm?2
The alternative solution yields
Wialia + Wiplig + Wolp =

16 ym2 + {6 pm2 + {6 um2 = 7.3 pm2
The second solution clearly results
in a much smaller total gate area.

16.17 | The devices share the same

current, and Qo automatically oper-
ates in the constant-current region
(gate connected to drain). Assume Q3
to also operate in the constant-cur-
rent region and equate their current
expressions:

K1(ves1 - VTR)? = Ka(vgs2 - VTR)?
K1(vIN - VTR)? = K2(Vpp- vouT - VTR)?

For the condition

vouT = VDD - 2VTR,
the above equation becomes
K1(vIN - VTR)Z = KoVTR?

[

1.35 V

or

+ 1](1 V)

VIN

©
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Note that Q7 indeed operates in the
constant-current region for this vy:
vDs1 > vgs1 - VIR
VOUT > VIN - VTR
3V>138V-1V=0.3YV
where vgyr = Vpp - 2Vjp = 3 V.

16.18 | The current through both

devices must be the same. With gate
connected to drain, Qo automatically
operates in the constant-current
region. When vyt = vIN, Q1 will
also operate in the constant-current
region, e.g. the condition

vDS1 > v@s1 - VIR,
which implies the condition

VOUT > VIN - VTR,
will be met for vgyr = viN and VR
positive:

VIN > VIN - VIR-

Equating the expressions for drain
current with vgyr = vIN results in
K1(viN = VTR)2 = K2(VDp - VIN - VTR)?
Solving for vy yields

Ko 1/2
VIN = [RI](VDD - VIN - VIR) *+ VIR
or
_ Ko 1/2
VIN = [EI](VDD - VTR) + VIR

1+ (Ko/Ky)1/2
In this case, (Ko/K1)1/2 =178 =
0.35, so the above becomes
0.35 (5V-1V)+1V

1+ 0.35

=178 V

VIN =

Koy1/2

2
= [RI](VDD - 2.08VqR) + VIR

1
= J%(s V-205V)+1V=204V

The constant-current region condition
o vDS1 > vesi - VIR
" 1.05V > 2.04V-1V=1.04V
is just barely met for this value of
vouT- The computed operating point
represents the entry of Q3 into the
triode region.

16.20 | The gate of Qo is set to 15 V

16.19 | See solution to Prob. 16.18.

For vgutr = 1.05Vjp = 1.05 V, the
equation for vN becomes

Ko 1/2
VIN = [RI](VDD - vouT - VIR) *+ VIR
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and its drain to 10 V. Test for
constant-current region operation:
vDps2 > vgs2 - VIR ()

Vop - vs2 > Vg2 - vs2 - VIR ()

10V - vgyur>18V -vgur-2V (O

10V>13yv )

The test fails, hence Qo is forced to
operate in the triode region.

When vy is low, 81 will be in
cutoff. The current through Qo will
also be zero, so that vpgo = 0 and
voguT = Vpp = 10 V. Under these con-
ditions, vggp =16 V - 10V =5V,

When viy is high (i.e., equal to
Vpp from some other gate), Q1 will
conduct. The gate of Q1 will be held
at 10 V and its drain at a much lower
voltage. These conditions are
conducive to triode-region operation,
hence Q1 can be assumed to operate in
the triode region; this assumption
must be confirmed later. The current
through each device is the same,
hence, for triode region operation in
both devices, Ko[2(vgs2 - VTR)VDS2 -
(vps2)?]

= K1[2(vgs1 - VTR)vDS1 - (vDs1)?]
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In this case, vggo = Vgo - vOUT,

vDs2 = Vpp - voUT, VGS1 = VIN, and
vDS1 = vQUT- Substituting these
voltages into the triode region
current equations results in

2(Va2 - vouT - VR) (VDD - voOUT)
- (Vop - vour)?

= (K1/K2) [2(vIN - VTR)vouT - (voum)?2l
Substituting numerical voltage val-
ues, with viy =10V, Vfr =1V, and
Ki/Ko = 4, results in
2(14 V - vour) (@0 V = vgum) - (10 V -
vour)2 = 4 [2(9 V)vour - (vour) 4
Algebraic reduction results in

(vour)? - (20 V)vgur + (36 V2) = 0
This quadratic equation has solutions

20 V = V(20 V)2 - 4(36 V2)
B 2

vouT

=2V, 18V
The second value represents a mathe-
matical, but not electronic solution,
because it is larger than the avail-
able Vpp; hence vgyr = 2 V.

For this value of vgur, Q1 is
confirmed to operate in the triode
region:

vps1 < ves1 - VIR ()
vouT < VIN - 1V ()

2VCI0OV-1V=9V (9
Triode region operation is confirmed.

will be made conducting, helping to
connect Y to Vpp. If all the n-
channel branches are broken, all the
p-channel links will made conducting,
and Y will be connected to Vpp. Thus
the output Y will be zero for any of
the following conditions:

A and B high (branch 1)
C and D and E high (branch 2)
F high (branch 3)
H-e Y = AxB + CxDxE + F
16.22 | This circuit forms a multi-

input TTL logic gate. If any of the

parallel transistors Qy, Qx, Qy, or
Qz conducts, Q4 will go into cutoff
and the output will be low. Any one

of these parallel transistors will
conduct if all of the emitter leads
of 1its input transistor are held
high; e.g. Qy will conduct if A=B =

C=1. Thus Y = O for any of the
following conditions.
A and B and C high (Qa)
E and F high (Qp)
P and Q high (Qp)
S high (Qs)
i.e

" Y = A«B*C + ExF + PxQ + S

16.21 | This circuit forms a multi-

input CMOS logic gate. The n-channel
devices form three possible branches
between Y and ground. If any one of
these parallel n-channel branches is
made conducting, the output Y will be
low. A given n-channel branch will
be broken if any one of its inputs is
low. If such a condition occurs, the
branch’s companion  p-channel link
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16.23 | The capacitor must be large

enough so that it will not discharge
toward zero by more than 1 mV while
the S/H is in the "hold" mode. The
capacitor is charged to. the sampled
voltage during the "sample®
operation. In this case, the cur-
rent drawn from the capacitor during
"hold" is constant, hence the capaci-
tor will discharge at a constant
rate, drooping a total of

£
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d I
Ave = Kl T==-C
dt C

where T is the time between sample
operations and I¢ = -1 pA for posi-
tive vc. If the capacitor voltage is
to decay by no more than -1 mV
between sample operations, C must
exceed the value

Ic -1 pA
T=—— (5ms) =5 uF
Ave -1 mV

16.24 | The current drawn on the

holding capacitor is constant, hence
the capacitor voltage will decay at a
constant rate dvg/dt = I¢/C. (For a
positive v¢, Ic is negative out of
the capacitor). If Avec is not to
exceed -0.5 mV, the maximum time
interval between sample operations

must not exceed

CAve (0.5 uF) (0.5 mV)
= = =1 ms
Ic 250 nA

T

16.25 | Assume worst case conditions,

i.e., the capacitor must be charged
all the way from -10 V to 10 V ==
Avg = 20 V. Given that dvg/dt = Ig/C
for a constant capacitor charging
current, the required minimum I¢ for
charging in T, = 10 js becomes

_ CAvc _ (0.005 uF) (20 V) -1
B T, - 10 us -

0 mA

Ic

185




