DIGITAL ELECTRONICS

Part li of the text deilt with analog electronic circuits. Part Ill dsals with digi-
tal electronics, another important category of electronics.

Chapter 16 examines field-effect transistor digital circuits. MOSFET |

digital circuits have revolutionized digital electronics, with the CMOS
technology producing high-dansity, low-powaer digital circuits. Initially, we
analyze basic NMOS and CMOS inverters, and then we develop NMOS and
CMOS logic gates. Finally in this chapter, we analyze FET shift registers
and flip-flops.

Bipolar digital circuits are considered in Chapter 17, We initially
examine emitter-coupled loglc, which is primarily used in spaciatized high-
spead applications. Then, becausetransistor-transiatorlogic (TTL) circuits
were the mainsiay of logic design for many years, wa analyze basic TTL
and low-power Schottky TTL circuits, in order t¢ obtain a good comparison
between the FET and bipolar digital technologies. 2
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MOSFET Digital Circuits

16.0 PREVIEW

This chapter presents the basic concepts of MOSFET digital integrated cir-
cuits, which is the most widely used technology for the fabrication of digttal
systems. The small transistor size and low power dissipation of CMOS circuits
allows for a high level of integration for logic and memory circuits, We initially
examine NMOS logic circuits, which contain only n-channel transistors, and
then complementary MOS, or CMOS, logic circuits, which contain both n-
channel and p-channel transistors. JEET logic circuits are very specialized and
are therefore not considered here.

The discussion of NMOS logic circuits will serve as an introduction to the
analysis and design of digital circuits. This technology deals with only one type
of transistor {n-channel) and therefore makes the analysis more straightfot-
ward than dealing with two types of transistors in the same circuit. This dis-
cussion will also serve as a baseline to point out the advantages of CMOS
technology.

The CMOS inverter is the basis of CMOS logic gates. We will analyze the
inverter dc voltage transfer characteristics and will determine the power dis-
sipation in the CMOS inverter, demonstrating the principal advantage of
CMOS circuits over NMOS circuits. The CMOS inverter leads to the basic
CMOS NOR and NAND logic gates. We also look al more advanced clocked
CMOS logic circuits, which eliminate almost half of the transistors in a con-
ventional CMOS logic design while maintaining ihe lower power advantage ol
the CMOS technology.

In addition to the basic logic gates that are discussed, we consider addi-
tional logic circuits such as flip-flops, shift registers, and adders. Finally, a
whole class of digital systems, called memeories, is considered. Static memory
cells, dynamic memory cells, and read-only memory cells are analyzed. Sense
amplifiers and read/write circuitry are briefly discussed.

16.1  NMOS INVERTERS

The inverter is the basic circuit of most MOS logic cir¢uits. The design tech-
niques used in NMOS logic circuits are developed from the dec analysis results
for the MOS inverter. Extending the concepts developed from the inverter to
NOR and NAND gates is then direct. Alternative inverter load elements are
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compared in terms of power consumption, packing density, and transfer char-
acteristics. The transient analysis and swilching characteristics of the inverters
give an indication of the propagation delay times of NMOS logic circuits.

16.1.1  n-Channel MOSFET Revisited

We studied the structure, operation, and characteristics of MOS transistors in
Chapter 5. In this section, we will quickly review the n-channel MOSFET
characteristics, emphasizing specific properties important in digital circuit
design.

A simplified n-channel MOSFET s shown in Figure 16.1(a). The body, or
substrate, is a single-crystal silicon wafer, which is the starting material for
circuit fabrication and provides physical support {or the imtegrated circuit. The
active transistor region is the surface of the semiconductor and comprnises the
heavily doped n™ source and drain regions and p-type channel region. The
channel length is L and the channel width is B, Normally, in any given
fabrication process, the channel length is the same for all transistors, while
the channel width is variable.

Figure 16.1{b) shows a more detailed view of the n-channel MOSFET.
This figure demonstrates that the actual device geometry is more complicated
than that indicated by the simplified cross section.
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Figure 16.1 (2} n-channel MOSFET simplified view and (b} n-channel MOSFET detailed
Cross section

Figure 16.2(a) shows the simplified circuit symbols f{or the n-channel
enhancement- and depletion-mode devices. When we explicitly consider the
body or substrate connection, we will use the symbols shown in Figure 16.2(b).

In an integrated circuit, all n-channel transistors are fabricated in the same
p-type substrale material. The substrate is connected to the most negative
potential in the circuit, which for digital circuits, is normally at ground poten-
tial or zero volts. However, the source terminal of many of the transistors will
not be at zero volts, which means that a reverse-biased pn junction will exist
between the source and substrate.
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Figure 16.2 (&) Simplified circuit symbeais for n-channel MOSFETs and (b) ecircuit symbols,
showing substrate or body terminal

When the source and body terminals are connected together, the threshold
voltage, to a first approximation, is independent of the applied voltages.
However, when the source and body voliages are not equal, as when transistors
are used for active loads, for instance, the threshold voltage is a function of
difference between these voltages. We can write

= N"Iesxi;a / ’
Vin = Vino +T[\f2¢f,u + Vs — ,/2‘%]

Vawo + y[1|||2¢fp + Vsp - ‘/Z‘Tj?r]

where Fgg is the source-to-body voltage, and Vryp is the threshold voltage for
zero source-to-body voltage or Vg = 0. The parameter N, is the p-type sub-
strate doping concentration, £, is the ssmiconductor permittivity, C,, is the
oxide capacitance per unit area, ¢, is a potential related to the substrate
doping concentration, and y is the body-effect coefficient.

{16.1)
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Example 16.1 Obleclive: Determine the threshold voliage change due to a
source-to-body voltage.

Consider a silicon n-channel MOSFET with the following parameters: N, =
1% 10" em™, 1, (oxide thickness) = 500 A, and ¢, = 0.347 V.

Solution: The oxide capacitance is

'Eo.\' _ {39K8.85 » IO-I‘)

L = -8 2
Cm’ = o 500 IU_B 6.9 x 10 chm
The change in thiesheld voltage is therefore
Ve N,

A
AVry = Vv ~Viwo =—¢ [v’z‘pﬁa"' Vsg - v‘2¢,rp]
or

Y206 x 10T THB.85 x 10~ P)T x 1075}
- 69 % 107
= 0.834[ /5654 + V55 - JO.GN]

[Jo.sm % Fgp = Jo.m]

For this case. the body-effect coefficient is y = 0.834 V'/2, The threshold voltage change
resulting from a source-to-body voltage Fyp is shown in Figure 16.3.
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Figure 16.3 Change in threshold voltage versus spurca-to-body voltage for n-channet
MOSFET in Example 16.1

Comment: The threshold voltage change with a change in Fgg will alter the current-
voltage charactenistics of the device and can alter the owput voltage of an inverter.

The current-voltage charactensics of the n-channel MOSFET are func-
tions of both the electrical and geometric properties of the device. When the
transistor is biased in the nonsaturation region, for vgs = Vyy and vps <
{vgs — V). we can write

ip = Ka[Xvgs — Vrwhvps — vhs] {16.2(a))
In the saturation region, for vge = Vry and vpo > (vgg — Vyx), We have

ip = K (vgs — Vin) (16.2(b)

The transition point separates the nonsaturation and saturation regions and is
the drain-to-source saturation voltage, which is given by

¥ps = Vps(sat) = vgs — Vrn (16.3)

The term (1 + Avpg) is sometimes included in Equation (16.2(b)) to account for
channel length modulation and the finite output resistance. In most cases, it has
little effect on the operating characteristics of MOS digital circuits. In our
analysis, the term X is assumed to be zero unless otherwise stated.

The parameter K, is the NMOS transistor conduction parameter and is
given by

W k, W

The electron mobility sz, and oxide capacitance C,, arc assumed to be constant
for all devices in a particular IC,

The current-voltage characteristics are directly related to the ¢hannel
width-to-length ratio, or the size of the transistoer. [n general, in a given IC,
the length L is fixed. but the designer can control the channel width W.

Since the MOS transistor is a majority carrier device, the switching speed
of MOS digital circuits is limited by the time required to charge and discharge
the capacitances between device electrodes and between interconnect lines and
ground. Figure (6.4 shows the significant capacitances in 2 MOSFET. The
capacitances Cy, and Cg are the source-to-body and drain-to-body n™p junc-
tion capacitances. The total input gate capacitance, to a first approximation, is
a constant equal to
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Figure 16.4 n-channal MOSFET and device capacitances

G = WLC,o = Wi (52) (16.5)
"0.1‘

where C,, is the oxide capacitance per unit area, and is a function of the oxide

thickness. The parameter C,, als¢ appears in the expression for the conduction

parameler.

Small Geometry Effects

The current—voltage relationships given by Equations (16.2(a)), (16.2{b}), and
(16.3) are first-order approximations that apply to **long™ channel devices. The
tendency in device design is to make the devices as small as possible, which
means the channel length is being reduced to values on the order of 0.25 pm or
less. The corresponding channel widths are also being reduced. As the channel
length is reduced, several effects alter the current-voltage characteristics. First,
the threshold voltage becomes a function of the geometry of the device and 1s
dependent on the channel length. This effect must be taken inio account 1n the
design of the transistor. Second, carrier velocity saturation reduces the
saturation-mode current below the current value predicted by Equation
{16.2(b)). The current is no longer a quadratic function of gate-to-source vol-
tage, and tends 1o become a linear function of voltage. Channel length modula-
tion means that the current tends to be larger than that predicted by the idesl
equation. Third, the electron mobility is a function of the gate voltage so that
the current tends to be smaller than the predicted value as the gate-to-source
voliage increases. All of these effects complicate the analysis considerably.

We can, however, determine the basic operation and behavior of
MOSFET logic circuits by using the first-order equations. We will use these
first-order equations in our design of logic circuits. To determine the effect of
small device size, a computer simulation may be performed in which the appro-
priate device models are incorporated in the simulation.

16.1.2 NMOS Inverter Transfer Characteristics

Since the inverter is the basis for most logic circuits, we will describe the
NMOS inverter and will develop the dc transfer characteristics for three
types of inverters with different load devices. This discussion will introduce
voltage transfer functions, noise margins, and the iransient characteristics of
FET digital circuits.
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NMOS inverter with Resistor Load

Figure 16.5(a) shows a single NMOS transistor connected to a resistor 1o form
an inverier. The transistor characteristics and load line are shown in Figure
16.5(b), along with the parametric curve separating the saturation and non-
saturation regions. We determine the voltage transfer characteristics of the
inverter by examining the various regions in which the transistor can be biased.

i
B voe (5800 = - T
fil] at) Vs ™
¥, {
oo Z
{
Fi
L] . '
i Transition point
nl Ry !'Q poi
]
Yo
";D—l
- Yoo vps

Fligure 16.5 (a) NMOS inverter with resistor load and (b) ransistor cheracteristics and lead
fine

When the input voltage is less than or equal to the threshold voltage, or
v; < Fyy, the transistor is cut off, ip = 0, and the output voltage is v = Vpp.
The maximum output voltage is defined as the logic | level. As the nput
voltage becomes just greater than Pry, the transistor turms on and is biased
in the saturation region. The output veltage is then

vo = Vpp — inRp (16.6)
where the drain current is given by

ip = Kalvgs = Vin)l = Ky = Vo)’ (16.7)

Combining Equations (16.6) and (16.7) yields

vo = Fpp — Ky Rp(y - Vil (16.8)

which relates the output and input voltages as long as the transistor is biased in
the saturation region.

As the input voltage increases, the @-point of the transistor moves up the
load line. At the transition point, we have

Vor = Ve = Vry {16.9}

where Vp, and ¥, are the drain-to-source and gate-to-source voltages, respec-
tively, at the transition point. Substituting Equation (16.9) into (16.8), we
determine the input voltage at the transition point from

KRV, — Vi) + (Vi — Vi) = Vop =0 (16.10)

As the input voltage becomes greater than ¥, the Q-point continues to
move up the load line, and the transistor becomes biased in the nonsaturation
region. The drain curtent is then
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ip = K,[2vGy = Vnvps — vps] = K200 — vrndvg — 5] (16.11)
Combining Equations (16.6) and (16.11) yields
vo = Voo — K, Rp[20y — Vg — Vzo] (16.12)

which refates the input and output voitages as long as the transistor is biased in
the nonsaturation region.

Figure 16.6 shows the voltage transfer charactenstics of this inverter for
threz resistor values. Also shown is the hine, given by Equation (16.9), which
separaies the saturation and nonsaiuration bias regions of the transistor. The
figure shows that the minimum output voltage, or the logic 0 level, for a high
input decreases with increasing load resistance, and the sharpness of the transi-
tion region between a low input and a high input increases with increasing load
resistance.
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Figure166 Voitage transter charattenstics, NMOS inverter with resistor load, tor three
rasistor values

I1should be noted that a large resistance is difficult to fabricate in an IC. A
large resistor value in the inverter will fimit current and power consumption as
well as provide a smafl Vg, value. But it would also require a large chip area if
(abricated in a standard MOS process. To avoid this problem MOS transistors
can be used as load devices, replacing the resistor, as discussed in subsequent
paragraphs.
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Example 16.2 Objective: Determine the transition point and minimum output
vollzge of an NMOS inverter with resistor load.

Consider the cireuit in Figure 16.5(2) with parameters Fpp = 5V and Rp = 20k£L
The transistor parameters are Fry =08V and K, =02 mA V2.

Solution: Theinput voltage at the transition point is found from Equation (16.10). We
have

0.20200(F), - 08P +(V, -0.8)-5=0

)

8 1)
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which yiclds
Vye—08=1 or V,=18Y
The output voltage at the transition peint is
Vor=Vp—Vrn =18—-08=1Y¥
When v; is high at vy = 3V, the oulpm voltage 15 found from Equation (16.12). We find
vo = 5= (0.2420)[25 — 0.8)wp — ]
which yields the output low lzvel as
1= Vor =0.147V

Oniy the negative root of the quadratic bas physical significance because the positive
root yiekls an output voltage greater than the supply voltage Vpp.

Comment: The level of Iy, is less than the threshold voltage ¥py: therzfore, if the
output of this inverter is used to drive a gimilar inverter, the driver transistor of the load
inverter would be cut off and its cutput would be high, which is the desired condition.

Test Your Understanding

[Note: In the following exercise, assume k, = 33 pA/VE for all NMOS transistors.)
16.1 Consider the NMOS inverter with resistor load in Figure 16.5(a) biased at
Fpp = 5V, Assume transistor parameters of W/L =35 and Fry = 0.8V, ia) Find the
value of Rp such that v = 0.15V when v, = SV. {b) Using the results of part (a),
determine the ftransition point for the driver transistor. {Ans. (a} Rp = 44.8kQ2
(B) V= 18Y, ¥, = 1L.OV)

NMOS Inverter with Enhancement Load

An n-channel enhancement-mode MOSFET with the gate connected to the
drain can be used as a load device in an NMOS inverter. Figure 16.7(a)
shows such a device. For vgg = vps € Fin. the drain current is zero. For

Vop = vpg

I

l_,—[

{a) (b)

Figure 16.7 (a) n-channel MOSFET connecied as saturated load device and (b) currant-
voltage charactaristics of seturated load device

’ig Vs, ¥ps for device

/

/"Vcs =vpe

T"Gs
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vog = vps > Vrn, 4 nonzero drain current is induced in the device. We can see
that the following condition is satisfied:

tps = (¥gs = Via) = (vps — Virw) = vps(sat) (16.13)

A transistor with this connection always operates in the saturation region when
not in cutoff, ;
The drain current is

ip = Kyvgs = Vin) = Klvps = Vil (16.14)

We continue to neglect the effect of the output resistance and the A parameter.
The i, versus vps characteristic is shown in Figure 16.7(b), which indicates that
this device acts as a nonlinear resistor,

Figure 16.3{a) shows an NMOS inverter with the enhancement ioad
device. The driver transistor parameters are denoted by Vryp and Kp, and
the ioad transistor parameters are denoted by Vry, and K;. The substrate
connections are not shown. In the following analysis, we neglect the body effect
and we assume all threshold voltages are constant. These assumptions do not
seriously affect the basic analysis, nor the inverter characteristics.

The driver transistor characteristics and the load curve are shown in Figure
16.8(b). When the inverter input voltage is less than the driver threshold
voltage. the driver is cut off and the drain currenis are zero. From Equation
{16.14), we have

ine = 0= K {vpse — Vywe ) (16.15)
From Figure 16.8(a). we see that vp5; = Vpp — vo, which means that

vpse = Vrwe. = Vpp = vo = Veny =0 (16.16(a)}
The maximum output voliage is then

Yoma = Vorr = Voo — Vrwe (16.16(b)}

vps (sal) = vgs - Vyn
i

(a) (b}

Figure 16.8 (a) NMOS inverter with saturated load and (b) driver transistor characteristics
and oad curve

Voo—-Yrue Yoo vps

i
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For the enhancement-load NMOS inverter, the maximum ocutput voltage,
which is the logic 1 level, does not reach the full Vyp value. This cutoff
point is shown in the load curve in Figure 16.8(b).

As the input voltage becomes just greater than the driver threshold voltage
Fryn, the driver transistor turns on and is biased in the saturation region. In
steady-state, the two drain currents are equal since the output will be connected
to the gates of other MOS transistors. We have ipp = ip,, which can be written
as

Kp(vosp — Viwo) = Kelvysy = Viae) (16.17)

Equation (16.17) is expressed n terms of the individual transistor
parameters. In terms of the input and output voltages, the expression becoimes

Kp(vs = Vinp? = Ke(Vop = vo — Vrm¥ (16.18)
Solving for the output voltage yields

K
Yo = VDD - I/TNL = JFL (V; = VTND‘} {16'19)

As the input voltage increases, the driver Q-point moves up the load curve
and the output voltage decreases linearly with v,
At the driver transition point, we have

vpsp(sat) = vgep — Vanp
or
Voo =V =Y (16.20}

Substituting Equation (16.20) into (16.19), we find the input voltage at the
transition point, which is

K
Voo — Vrwe + Vnro(l +1/K—D)
'
ﬂKD
1+ K_L

As the input voltage becomes greater than Vy,, the driver transistor -
point continues to move up the load curve and the driver becomes biased in
the nonsaturation region. Since the driver and load drain currents are still
equal, or ipp = ip;, We now have

Vy= (16.21)

Kp[2vasp — Vrwp)vpsp — Ybsp] = Kelvose = Vrwe)' (16.22)
Writing Equation (16.22) in terms of the input und output voltages produces
Ko[20vs = Vawp)vo ~ vb} = KV op — vo — Ve ) (16.23)

Obviously, the relationship between v; and vg in this region is not linear.
Figure 6.9 shows the voltage transfer characteristics of this mverter for
three Kp-to-K; ratios. The ratio Kp/K; is the aspect ratio and is related to the
width-to-length parameters of the driver and load transistors.
The line, given by Equation (16.20), separating the driver saiuration and
nonsaturation regions is also shown in the figure. We see that the minimum
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Figure 16.9 Voltage transfer charactoristics, NMOS inverter with salurated Igad, for ihree
aspect ralios

output voltage, or the logic 0 level, for a high input decreases with an increas-
ing Kp/K; ratio. As the width-to-length ratio of the load transistor decreases,
the effective resistance increases, which means that the general behavior of the
transfer characteristics is the same as for the resistor load. However, the high
oulput voltage is

Vow = Voo — Vine

When the driver is biased in the saturation region. we find the slope of the
transfer curve, which is the inverter gain, by taking the derivative of Equation
(16.19) with respect to v;. We see that

dvofdr; = - Kp/ K

When the aspect ratio 15 greater than unity, the inverter gain magnitude is
greater than unity. A logic circuit family with an inverter transfer curve that
exhibits a4 gain greater than unity for some region is called a restoring logic
family, Restoring logic is so named because logic signals that are degraded for
some reason in one circwit can be restored by the gain of subsequent logic
circuits.

13

Design Example 16.3 Objective: Design the aspect ratio K5/ K (o produce a
specified low output voltage, and determnine Lhe power dissipation in the inverter with
enhancement load for a minimum W /L ratio for the load transistor. {Neglect the body
effect.)

Censider the inverter shown in Figure 16.8(a) biased at Vpp = 3 V. The transistor
parameters are! Veyp = Fry, =08V and &, =35 pA/ V. Determine Kp/ Ky such that
¥y =010V when vy = Logic | = 42V, and determine (W /L), and the power dissipa-
tion in the inverter for (W/L), = 0.5 and vy =4.2V.

Nk
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Solutlon: For v, = 4.2V, the driver transistor is biased in the nonsaturation region.
Using Equation (16.23), we have

K 3
E% [264.2 - 0.8%0.1) — (0.1F] = (5 — 0.1 ~ 0.8)°

which yields
=2
Since
Kp (Wil),
K, (W/Ly
then
(W/iLllg=1256
when
(W/L} =0.5

The power dissipated in the inverter is P =ip¥ pp, and the drain current can be
found from the load transistor, as follows:

3\ ke

¢

. s k(W 5
ip =Ki{Vop —vo — Vi) == ) Vop —ve — Vini)
L

Therefore,

ip = (%5-){{].5}(5 — 0.1 —0.8F = 147pA

The power dissipation is

P =ipVpp = (1471)(5) = T35uW

Comment: In the NMOS inverter with enhancement load, producing a relatively low
output voliage ¥V, tequires a large difference in the sizes of the driver and load tran-
sistors. The joad transistor size cannot be substantially reduced, so the power consump-
tion also cannot be substantially reduced from the 735 uW value. If an IC contained a
modest 100,000 inverters and all inverters were conducting, the total required current to
the 1C would be 14.7 A and the total power dissipated would be 73.5 W! We thus see the
need to drastically reduce the power dissipation in each inverter.

Test Your Understanding

{Assume &, = 35pA V7]

16.2 The enhancement-load NMOS inverter shown in Figure 16.8{a) is biased at
Vop = 3V. The threshold voltages are Fyyp = Fryp = | V. and the width-to-length
ratios are (W/L}p= 16 and (W/Lk =2 {a} Find vy when: (i) v, =0, and
() vy =4V, (b} Calculate the power dissipated in the inverter when v, =4V, (Ans.
(@) vg =4V, vy =030V (b} P = 24mW)
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D18.3 Consider the NMOS inverter with enhancement load. as shown in Figure
16.8(a), biased ut Fpp = 5V. The transistor threshold voliages are Voywp = ¥rup =
0.8 V. Design the width-to-length ratios such that the output voltage is 0.2V and the
inverter power dissipatton is 750pW when v, =4.2V. (Ans. (W/L), = 0.536,
(W)L = 6.49)

10t8

NMOS Inverter with Depietion Load

Depletion-mode MOSFET: can also be used as load elements in NMOS inver-
ters. Figure 16.10(a) shows the NMOS inverter with depletion load. The gate
and source of the depletion-mode transistor are connected together. The driver
transistor is still an enhancement-mode device. As before, the dmiver transistor
parameters are Voyp{Vinp > 0) and Kp, and the load wransistor parameters
are Vry (Vrxe < 0) and K;. Again, the substrale connections are not shown.
The fabrication process for this inverter is siightly more complicated than for

Yon

[n}
l"m.

+

Vit g
- Vi, K1
p—-a1 ¥y

" -
l e Ly epg{sat=vag - Vv = Vi
+ T
vy - Dwiver: tasu =0
—‘{+ feis Viuo Kp !
VoS _ :
L YDsL
(a} {b)

in
vpg (sal) = vgg = Vru
! Transition pednt for driver

!
i F: ¥G:p=Vop
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\\ Load curve
by
M\
Y
A
'l L 'l 1 A
Voo s
)

Figure 16.90 {a) NMOS inverter with depletion load, (b) curreni—voltage charactenstic of
daptetion koad, and (c) driver iransistor charactenstics and load curve
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the enhancemeni-load inverter, since the threshold voltages of the two devices
are not equal. However, as we will see, the advantages of this invetter make the
extra processing steps worthwhile. This inverter has been the basis of many
microprocessor and static memory designs.

The current-voltage characteristic curve for the depletion load, neglecting
the body effect, is shown in Figure [6.10(b). Since the gale is connected (o the
source, vggsy = 0. and the Q-point of the load s on this particular curve.

The driver transistor characteristics and the ideal load curve are shown in
Figure 16.10(c}. When the inverter input is less than the driver threshold
voltage, the driver is cut off and the drain currents are zero. From Figure
16.10(b), we see that for ip =0, the drain-lo-source voltage of the load tran-
sistor must be zero; therefore, vy = Vpp for vy < Vryp. An advantage of the
depletion-load inverter over the enhancement-load inverter is that the high
output voltage, or the logic 1 level, is at the full ¥, value,

As the input voltage becomes just greater than the driver threshold voltage
V'rnp, the driver turms on and is biased in the saturation region; however, the
load is biased in the nonsaturation region. The {-point lies between points A4
and B on the load curve shown in Figure 16.10(c). We again set the two drain
currents equal, ot ipp = ipz, which means that

Kolvasp = Vinol' = Ki[20v6se = Vang)vose — vhst] (16.24)
Writing Equation {16.24) in terms of the input and output voltages yields
Kplvy = Vonol = Ke[2(=Vrwe Vo — vo) — (Vpp = l’o]zi (16.25)

This equation relates the nput and output vollages as long as the driver 1§
biased in the saturation region and the load is biased in the nonsaturation

region.

There are two transition points for the NMOS inverter with a depletion
load: one for the load and one for the driver. These are points B and C,
respectively, in Figure 16.10(c}. The transition poinl for the load is given by

“vpst = Vpp — Vor = vast ~ Ving = —=Viynr {16.26(a))
or .
Vor=V¥pp+ Viur {16.26(b))

Since Vra 15 negative, the output voltage at the transition point 15 less than
Vpp. The transition point for the driver is given by

vpsp = Yosp — Vrwo
or
Voo = Ve — Vrnp {16.27)

When the (-point lies between points B and C on the load curve. both
devices are biased in the saturation region, and

Kp(vesp — Vrwp) = Kilvgs, — Vin ¥ (16.28(a))
ot

EE‘["! - Vnp) = —VFrne (16.18{b))
VKL
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Equation (16.28(b)) demonstrates that the input voltage is a constant as the Q-
point passes through this region. This effect is also shown in Figure 16.10(c);
the load curve between points B and € lies on a constant vggp curve. (This
characieristic will change when the body effect is taken into account)

For an input voltage greater than the value given by Equation (16.28(b)),
the driver is biased in the nonsaturation region while the load is biased in the
saturation region. The Q-point is now between points C and D on the load
curve in Figure 16.10{c). Equaling the two drain currents, we obtain

Kp|Xvaso — Vinplosp — V%}sn] = Kitvgse = Vi) (16.29(a))

which becomes
K ]
R—Lj [2"-‘\‘ — Vraplvo - "’%J} ={—Fr¥ (16.29{b))

This equation implies that the relationship between the input and output
voltages are not linear in this region.

Figure 16.11 shows the voltage transfer characteristics of this inverter for
three vajues of Kp/K;. Also shown are the locus of transition peints for the
load and driver transistors as given by Equations (16.26(b)) and {16.27),
respectively,

Locus of ransition
poinis for driver |
-

ra
Vi~V 3 —=r =4 fp——-b oo - sion
ey~ Ve " L Locus of transiion
1 - points for load

i

)

Figure 16.11 Yoliage transter characleristics, NMOS inverter with depletion load, for three
aspect ratios
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Design Example 16.4 Objective: Design the aspect ratio /K to produce s
specified low outpui voltage, and determine the power dissipation in the inverter with
depletion load for a minimur W/ L ratio for the load transistor.

Consider the inverter in Figure 16.10(a) biased at Vyp =5V, The transistor
patameicrs are: Veyp = 08V, Vyy, = -2V, and ko= 135 pA /v, Determine Kp/Ky
such that vy = 0.10V when v; = 5V. Delermine (W/L), and the power dissipation
in the invericr for (W/L), = 0.5,
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Solution: For v; = 5V, we assume the driver transistor is biased in the nonsaturation
region and the load is in Lhe saturation region. Using Equation {16.29(b)), we have

—? [25 - 0.8)0.1) = 0.1)7) = [-(~2)
L

which yields

K

?:% - 482
Since

Ko _(W/L)y

K (W/L)y
then

(W/L), = 241
when

(WiL), =05

The power dissipated in the inverter is P = ipV g, and the drain current can be found
from the load transistor. as follows:

. ki fW : 35 "
in = K (—Vruy }2 = ? (“L‘) (- F’rm}z = (-;}-—){0.5}[—(-—;}]* = 5 pA
3 2

The power dissipation is therzfore
P = ipVpp = (35HS) = 175 pW

Comment: A relatively low output voltage Vo, can be produced in the NMOS inver-
ter with depletion Joad, even when the load and driver transistors are not vastiy different
in size. The power dissipation in this inverter is also substantiafly less than in the
enhancement-load inverter since the aspect ratio is smaller.

Design Consideration: The static apalysis of the three iypes of NMOS inverters
clearly demonstrates the advantage of the depletion load inverter. The size of the driver
transistor 15 smalles for a given load device size Lo produce a given low output state. This
allows a greater number of inverters to be fabricated in a given chip area. In addition,
since the power dissipation is less. more inverters can be fabricated on a chip lor a given
total power dissipation.

Test Your Understanding

[Assune k; = 35pAsVE)

*46.4 The depletion load NMOS inverter shown in Figure 16.10{a) is biased at
Vpp = 5V the transistor parameters are: Veyp =0TV, Vg = =15V, (W/L), =6,
and (W/L), = 2. (a) Determine vp for v; =5V, (b} Find the transition points for the
driver and the load. (¢} Calculaie the power dissipation in the inverter when vy = 5V,
{Ans. @) vp=040881V (b) Load: v, = .57V, vy, =25V, Driver. vp= 157V,
v, = 0BTV () P = 394 W)

D18.8 Consider the depletion load inverter in Figure 16.10(a) biased at Vpp =5V,
The threshold voltages are Fryp =08V and Vyy; = ~2V. Design the inverter such

that the maximum power dissipation is 350 pW and the outpur voltage is .05 ¥V when
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16.1.3  Noise Margin

The word "noise” means transient, unwanted variations in voltages or cur-
rents. In digital circuits, if the magnitude of the noise at a logic node is too
large, logic errors can be introduced into the system. However, if the noise
amplitude is less than & specified value, called the noise margin, the noise signal
will be attenuated as it passes through a logic gate or circuit, while the logic
signals will be transmitted without error.

Noise signals are usuaily generated outside the digatal circunt and trans-
ferred to logic nodes or interconnect lines through parasitic capacitances or
inductances. The coupling process 1s usually time dependent. leading to
dynamic conditions in the circuit. In digital sysiems, however, the noise
margins are usuaily defined in terms of stabc voltages.

Noise Margin Definition

For static noise margins, the type of noise usually considered is called series-
voliage noise. Figure 16.12 shows two miverters in series in which the output of
the second 1s connected back to the input of the tivst. Also incinded are series-
vollage noise sources §F; and 3V y. This type of noise can be developed by
inductive coupling. The input voltage levels are indicated by H (high) and L
{low}. The noise amplitudes 8V, and §V; can be different, and the polarities
may be such as 1o increase the low output and reduce the high output. The
noise margins are defined as the maximum values of §V; and 3V at which the
inverters will remain in the correct state.

Figure16.12 Two-inverter fip-flop, including senes-voltage noise sources

The actual definitions of the noise margins NM; and NM y are not wnique.
In addition other types of noise. other than series-voltage source noise, may be
present in the system. Dynamic noise sources also complicate the issue.
However, in this text, in order to provide some measure of noise margin in a
logic circuit, we will use the unity-gain approach to determine the logic thresh-
old levels ¥, and Vyy and the corresponding neise margins.

Figure 16.13 shows s general voltage transfer function for an inverter. The
expected togic | and logic 0 output voltages of the inverter are Vppy and Vo,
respectively. The parameters Vyy and V. which determine the noise margins,
are defined as the points at which

d\'o _

- i (16.30)

For v; < V;,, the inverter gain magnitude is less than unity, and the output
changes slowly with a change in the input voltage. Similarly, for v, = ¥y, the
output again changes slowly with input voltage since the gain magnitude is less
than unity. However, when the input voltage is in the range ¥y < v; < Fiy,
the gain magnitude is greater than one, and the output signal changes rapidly.

1619
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I'o

Vor
Vouu

¥oru

.

LY}

Figure16.13 Generalized inverer voltage curve and defined vollage limits v, and V

This region is called the undefined range. If the input voltage is inadvertently
pushed into this range by a noise signal, the output may change logic states,
and a logic error could be introduced into the system. The corresponding
output voltages at the unity-gain points are denoted Fopy and Vg, where
the last subscript U signifies the umty-gain values.

The noise margins are defined as

NM, =V, — Vo {16.31{a})
and
NMy = Vaur — Vi - (16.31{bp

We will see how these noise margin defimtions correspond to the flip-flop
conditions just discussed.

Since an inverter with a resistor load is rarely used in practice, we will
determine the noise margins for NMOS inverters with enhancement and deple-
tion loads.

Enhancement-Load Inverter

The general volwage transfer characterisuc for the NMOS iaverter with
enhancemenl load i3 shown in Figure 16.14. Normally, Kp > K; and the
gain magnitude for v; > Fryp 15 greater than one. Since the slope for this
ideal curve 15 discontinuous at v = Fryp, we define the parameter
Vi = Vryp. This is the threshold voltage of the driver. In this case, the output
voltage oy corresponds to Fog.

Al voltage V,y, the driver is biased in the nonsaturation region. The
relationship between the input and output voltages 15 given by Equation
{16.23). Taking the derivative with respect 1o v;, we oblain

g
d'lr'.r

ZKDIJO dﬁ

dy
2KDUO + ZKD ¥r :‘P’f - 2KD VTND dl:‘!

% (16.31)
==2K;(Vpp —vo ~ Vm;.)d—f
]
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o4

Vor =Vou - Yo

Figure 16.14 Voltage transfer characterisiic, NMOS inverter with saturated load, and
defined voliage limits ¥, and

Setting the derivative equal to —1 yields
Kpvo — Kpvy + KpViwp + Kpvo = +K:(Vpp — vo — Viwe) (16.33)

Solving for v, we obtain

K
Yoo — Vrve) + RQ("I = Vrun)
L

vg = VFpry = (16.34)
I + 2&
K

Finally, combining Equations (16.34) and {16.23} and solving for v,, we have
Kp

1 22—
Voo — Vv K (16.35)

vi= Vg = Vewp + 5 -
—= f 0

o2

Example 16.5 Objective: Determine the noise margins of an inverter with
enhancement load.

Consider the inverter shown in Figure 16.8(a} with the parameters given in
Example 16.3. We have that Vou =42V, Vg, = 010V, and Kp/K; = 25.1.

Solulion: We know that ¥y, = Voyp = 08V and Vs = Fop =4.2Y. The value of
Ky is. from Equation (16.35),

~ s—osx[ 1+225) L
V_;H_O.8+( 55 )[m‘m 1]_ 161V

The output voltage corresponding to Vyy is, rom Equation (16.34),
o Wi {5 -08)+ (2513161 —0.8)
1+ 225.1)
The noise margins are
NM; = ¥y = Vory =08 —0479=0.321V

=047V
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and
NMy = Vogo — Vig =42 — 1.61 = 259V

Comment This ¢xample shows that the iwo noise margins are not necessarily equal.
In addition. the output voltage corresponding to Vyy is less than the threshold voltage
of a driver transistor driven by the inverter. This means that as long as v; remains in the
range Vg < v; < Voyu, 10 logic error will be transmitted through a digital system.

The results of this example can be compared to the flip-flop conditions in
Figure 16.12. Figure 16.15 shows two inverters in series, including series-
voltage noise sources. If the input is high at Foy, = 4.2V and if a noise source
of §Vy; = NMy = 2.59 V is included, the input to inverter G, is 1.6]1 V corre-
sponding to ¥y, which is the minimum value corresponding to a logic 1 level.
With an input of Vi = 1.61 V10 G|, the output is 0.479 V. If a noise source of
5V, = NM; = 0.321 V is present, then input to &, is 0.8V corresponding to
¥}, which is the minimum value corresponding to a logic 0 level. With an input
of ¥y = 0.8V to G, the output is 4.2 V. [f the output is connected back to the
mput, the resulting flip-fiop configuration is in a stable state, although at the
edge of switching. If the noise sources 8§V and 8V, increase slightly above the
noise margins, the flip-flop will swilch states.

H
Vou = ¥ig = Gl " 4‘;'9 . Vy = Vq.:*\r
42V o 16l Y p X £y 08V 4.2
(=P
¥y = NMy = Y, = NM, =
259V 03 v

Figure 16,15 Two inveriers and two saties-voltage noise sources with the noise margins
from Example 16.5

Tesl Your Undersianding

48.8 For the transistors in the NMOS inverter with enhancement load, the
pafamml's are Vey = 085V and K.D.-"KL = 16. Let Vpﬂ = 5V. Delermine VH..' Vﬂfv
NM,, and NM,;. (Ans. ¥y = L.BLY, V;; =085V, NM, = 0259V, NMy = 2.34V)

Depietion-Load Inverter

The general transfer characteristic of the NMOS inverter with depletion load is
shown in Figure 16.16. The point ¥;; occurs when the load is biased in the
nonsaturation region and the driver is biased in the saturation region. The
relationship between the input and output voltages is given by Equation
{16.25). Taking the derivative with respect to v;, we obtain

dv v
2Kolvs = Vrwol = Ke [2(— VTHL)(“' E‘v—f) —2Vpp —vol| - d—‘;’)]
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Yo

%

Vou= VYoo :
Yoru[ ===, v |
AN

———————————m——— 1

ﬂ'vo&
Voru | ———f - + =%,
| | |
Vorb———tr—t—t-x—=
Vino ¥z Vin Vou v

Figure 16.18 ‘Vohage transler characteristic, inverter with depletion load, and the defined
vohliage limits V,; and Vi

Setting the derivative equal to —1 and solving for v, yields
Y Kp .
vo = Vouu = (Vop + Virwp} + X, (vs = Vinp) (16.37)

Combining Equations (16.37) and (16.25), we then have
(=Vrai)
Kp Kp
J @)(1+2)
The point ¥y occurs when the load is biased in the saturation region and
the driver is biased in the nonsaturation region. The relationship between the

input and output voltages is given by Equation (16.29(b}). Taking the deriva-
tive with respect to v;, we find

=V =Vrp+ (16.38)

KD dl-’o dl’g _
K_L [2“‘; — VTHD)J_W' + 290 2l’o d?;] =0 (16.39]
Setting the derivative equal to —1 and solving for vp yields
v =V
to=Vorv = w (16.40)

Combining Equations (16.40) and {16.29(b}), we then have
2A—Vrwe)
Kp
(i)
Th¢ noise margins are then determined from Equations (16.31(a)} and

(16.31(b}). The calculation of noise margins in an inverter with depletion
joad is considered in Exercise 16.7.

pp= Vi = Veyp + (16.41)

1023
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Test Your Understanding

16.T For the transistors in the NMOS inverter with depletion load, the parameters
are: VTND | V. VTNL =17 V, and Kﬂfﬁ;_ =5 Let VDD = 5V Determine VIIL, Vf‘(,u
NM; and NM,. (Ans. ¥ = 1.31V, V= 188V, NM; = 0.87V, NMy, =297V)

16.1.4  Body Efiect

Up to this point, we have neglected the body effect and assumed that all
threshold voltages are constant. Figure 16.17 shows enhancement-load and
depletion-load NMOS inverters with the substrates of all transistors tied to
ground. A nonzero source-to-body voltage will then exist in the load devices. In
fact. the source terminal of the depletion load can increase to Fpp. The thresh-
old voltage given by Equation (16.1) must be used in the circuit calculations for
the load transistor. This significantly complicates the equations for the voltage
transfer calculations, making them very cumbersome for hand analyses.

Vop=5V
=]

Fg —l M

—)
¥y _t ‘ MD
Figure 18,17 NMOS inverters, showing substrate conneclions fo ground potential:
{a} enhancement-load inverter and {b) deplefion-toad inverter

Yo

Exampie 16.6 Objsctive: Determine the change in the high output voitage of an
NMOS inverter with enhancement lead, taking the body effect into account.

Consider the NMOS inverter with enhancement load in Figure 16,17(a). The tran-
sister parameters e Voypo = Vrveo =08V and Kp/K; = 16. Assume (he inverler is
biased at ¥pp =5V, assume the body effect coefficient is y = 0.90V'?, and ler
$p = 0365V,

Solutlon: When v; < Fyupa. the driver is cut off and the cutput goes high. From
Equation (16.16(b)). the maximum output voltage is

Yomas = Vor = Voo ~ Vine

where Vyyy is, from Equation (16.1},

Veng, = Vrneo + V[qr‘ 20+ Vsp — ‘/2?@]
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From Figure 16.17{a), we see that Vg = vy; therefore, Equation {15.16(b)) can be
Wwritten

Vo.max = Yop — l Vineo + ?[\;‘ g + Vomux — \/zﬁTf;o ]l

Defining vy myy = Vg, we have
Vop —4.97 = =0.90/0.73 + Vypu

Squaring both sides and rearranging terms yields
Von —9.29Vop +249=0

Consequently, the maximum ouwtput voltage, or the logic 1 level, is
Voy =3.19V

Comment: Neglecting the body effect, the logic § ovtput level is
VOH == V.DD = VTNL - 5 —'0'8 = 4.2V

The body effect, then, can significantly influence the 3ogic high state of the NMOS
inverter with enhancement load. These resulis alse impact the itverter noise Marging.

The source and body terminals of the depletion load device in the NMOS inverter
shown in Figure 16.17(b} are not at the same potential when the output goes high.
However, when the driver is cut off, the drain-to-source voltage of the depletion device
must be zero in order that vg .. = Fox = Vop.

Cornpulsr Simulatlon: A computer analysis of the inverters in Figure 16.17 was per-
formed, neglecting the body effect and 1aking the body effect into account. The thresh-
old voltage of the depletion load device 5 Vg p = =2V and the ratio Kp/K; of the
depletion load inverter is 4.82.

The body effect changes the voltage transfer characteristics of both the enhance-
ment load and depletion load inverters. Figure 16.18{a) shows the voliage tramsfer
characteristics for the enhancement-load inverter. The circuit and transistor parameters
are the saine as given in this example. For v; = 0, the output voltage is 3.15V when the

v (V) Vo (Vw
5F 51
i
1
4 Nepglecting 4 |— ‘l
body effect { | Negiecting
| | bodyeffect
il ik 1
With :
hody 1
Ik 1 effe-ct l
1
l
1+ 1+ 1\
=
L. 1 1 [ i
0 1 2 I v 1] 1 2 I g
(o) ()

Figure 18.18 VoMage tranafer characteristics of NMOS inverters with and without the body
effect (&) annancement load and (b} depisticn load

1025
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body effect is taken inte account. This compares favorably with the 3,19V from the
hand analysis.

Figure 16.18(b) shows the voluage wransfer characteristics for the depletion-load
inverter. As discussed, the output voltage is 5V in the high siate, which is independent
of the body effect. However, the characteristics during the transition region are a func-
tion of the body effect.

16.1.5 Transient Analysis of NMOS Inveriers

Figure 16.19 shows three NMOS inverters in cascade with generalized load
devices. The output of the first inverter sees an effective capacitance looking
into the gate of Mp,, and the output of the second inverter sees an effective
capacitance looking into the gate of M p;. The capacitances are Cr; and Cy,
respectively, and they include the transistor input capacilances, as well as any
parasitic capacitances due to the interconnect lines between the inverter

stages.

Figure 18,19 Thiee generalized NMOS inveriers in cascade, for calculating transient
offacts

If input v; is switched from high to low at time ¢ = 0, driver M, cuts off,
and output v, begins to go high. The effective load capacitance Cy, must then
be charged by a current through load device M. As vg| Increases, Mpy turns
on and vp, begins to go low. For vp; Lo go low, the effective load capacitance
Cr; must discharge. The discharge current i;, is the dilference between the
driver current in Mp, and the load current in M, .

The rate a1 which capacilance Cpy charges is a function of the current—
voltage characteristics of the load device. Figure 16.20 shows the charactenstics
of the driver transistor M p,, with superimposed load curves for the three basic
load components. These load curves neglect the body eflect.

The load devices are assumed to be scaled such that fp p,, is the same for
each device. The constant current over a wide range of vys provided by the
depletion load implies that this type of inverter will switch a capacitive load
more rapidly than the other two types of inverter configurations. The rate at
which the voltage across a load capacitance changes is a direct function of the
current through the capacitance.
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Voo -V Yoo Vs

Figure 16.20 Driver transistor characteristics and load curves for the three types of NMOS
inverters

Figure 16.21 shows the enhancement- and depletion-load inverter load
curves that take the body effect into account. For the enhancement-load inver-
ter, the resuiting high output voltage is less than that when the body effect is
neglected, as previously determined. Also, the current in the inverter is less over
the entire voltage range, which implies that the switching times will be longer.
For the depletion-load inverter, the resulting current is not a constant over a
wide voltage range, and it is less than that when the body effect is neglected.
Therefore, the time required to charge the load capacitance is longer.

ip (uA)
130

100

] 1 2 3 4 3 oupgiV)

Figure 16.21 Losd curves, snhancement-ioad and depletior-ioad NMOS inverters, with and
without body effect

Figure 16.22 shows the switching characteristics of NMOS inverters with
depletion-loads as determined from a PSpice analysis. A senes of inverters,
such as shown in Figure 16.19, was used. The width-to-length ratic of the load
devices was (W/L); = | and that of the driver transistors was (W/L)p = 4.
The effective load capacitances were assumed to be 0.5pF, which is larger than
would normally be encountered in an IC.

Figure 16.22(a) shows the input {vo;) and output (vg;) voltage character-
istics when the body effect is neglected. The falt time is relatively short, since
the load capacitance discharges through the larger driver transistor. The rise

wx
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Figure 16.22 (a) Swilching charactsristics of an NMOS invertar with depletion load and
{b) switching charactedstics with and without body effect

(=1
S L B B

time is longer, since the load capacitance is charged by the current through the
smaller load transistor. The propagation delay times are shown in the figure.

The rise and fall times of the inverter with and without the body effect are
shown in Figure 16.22(b). The rise time is longer when the body effect 15 taken
into account, since the current in the load device is smaller. This was shown by
the load curve in Figure 16.21. The fall time is not affected by the body effect,
since the substraie of the driver is connected to the source terminal, which is at
ground potential.

16.2 NMOS LOGIC CIRCUITS

NMOS logic circuits are formed by combining driver transistors in parallel,
series, or scries—paraliel combinations to produce a desired output logic
function.

16.2t NMOS NOR and NAND Gates

The NMOS NOR logic gate conlains additional driver transistors connected in
parallel. Figure 16.23 shows a two-input NMOS NOR logic gate with a deple-
tion load. If A = B = logic 0, then both M, and Mpy are cut off and vg =
Fpp. IT A = logic | and B = logic 0, then Mpp is cut off and the NMOS
inverter configuration with M; and Mp, is the same as previously considered,
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N 1[
ao—{| Mp, Bo—]| Mo

Flgura 16.23  Two-input NMOS NOR logic gate with depletion lad

and the output voltage goes low. Similarly, if A = logic 0 and B = logic 1, we
again have the same inverter configuration.

If A = B=logic 1, then both Mp, and Mpg turn on and the two driver
transistors are effectively in parallel. The value of the output voltage now
changes slightly. Figure 16.24 shows the NOR gate when both input voltages
are a logic 1. From our previous analysis, we can assume that the two driver
transistors are biased in the nonsaturation region and the load device is biased
in the saturation region. We then have

ipr =ips+ips

Figure 16.24 Two-inpul NMOS NOR logic gate for Example 16.7

which in general terms can be written

Kilvese — Vinel = Koa[2v6s4 — Vina)psa — vhsa] (16.42)

+ Kps[2vess - Vrnelose — vbss)

If we assume the two driver transistors are identical, then the driver conduction
parameters and threshold voltages are also identical, or Kpy = Kpp = Kp and
Vina = Ving = Venp- Noting that vigp =0, vosq = voss = Vpp, e0d vpgy =
Ypsp = Yo, We can write Equation (16.42) as
|
3.

1029
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- K
[-Vrul = 2(1{_3)[2[ Voo — Viwolvo — ”20] (16.43)

Equation (16.43) shows that when both drivers are conductinig, the effec-
tive width-to-length ratio of the composite driver transistor doubles, This
means that the output voltage becomes slightly smaller when both inputs are

high.

Example 16.7 oObjective: Determine the low output voltage of an NMOS NOR
circuit.

Consider the NOR circuit in Figure 16.24 biased at Vpp =5V, Assume that
k! = 35pA/ V2. Also assume the width-to-length ratios of the load and driver transistors
are (W/L), =1 and (W/L)p = 4, wspectively. Let Viyp =08V and Vpy = -2V,
Neglect the body effect.

Soluthon: If. for example, A4 = logic1 = 5V and B = logic0, then Mpg is cut off. The
output voltage is determined from Equation {16.29(b)), which is

Kn .
'Eflzi": — Vruplo = vh| = (=¥ rur)’

G) [2(5— 0.8)v0 — %] = (2

The cutput voltage is found toa be
vo=0.121V
If both inputs go high. then
A=B=Vyp=5V
and the output voltage can be found using Equation (16.43), which is

K,
[V} = 2(}"‘5‘) Vo0 = Voo ~ 5]
or
2 4 b
=2 = [2(5 - 0.8)vo — v2)
The output voltage is found o be
'I'O = 0.060 V

Comment An NMOS NOR gate must be designed to achieve a specified ¥, output
voltage when only one input is high. This will give the largest logic ( value. When more
than one inpaot is high, the output voltage is smaller than the specified Vg value, since
the effective width-to-length ratio of the composite driver transistor increases.

The NMOS NAND logic gate contains additional driver transistors con-
nected in series. Figure 16.25 shows a two-input NMOS NAND logic gate with
a depletion load. If both A = B =logic®, orif either £ or Bis a logic 0, at least

¢
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Figure 16.28 Two-input NMOS NAND logic gate with depletion load

one driver is cut off, and the output is high. If both 4 = B = logic I, then the
composite driver of the NMOS inverter conducts and the output goes low.

Since the gate-to-source voltages of Mp, and Mp, are not equal, deter-
mining the actual voltage ¥, of a NAND gate is difficult. The drain-to-source
voltages of Mp, and Mpp must adjust themselves to produce the same current.
In addition, if the body effect is also included, the znalysis becomes even more
difficult. Since the two driver transistors are in series, a good approximation
assumes that the width-to-length ratio of the drivers must be twice that of a
single driver in an NMOS inverter to achieve a given ¥,; value.

The composite width-to-length ratios of the driver transistors in the two-
input NMOS NOR and NAND gates are shown schematically in Figure 16.26.
For the NOR gate, the effective width doubles; for the NAND gates, the
effective lengeh doubles

) ®)

Flgure 18.26 Mm—ummmdm translstors (ntwo-input NMOS logic
configurations (a) NOR and {b) NAME: -
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Example 18.8 oOtjeciive: Deicrmine the low output voltage of an NMOS NAND
circuit,

Consider the NAND circuit in Figure 1625 biased at Vpp = 5V, Assume
ki =35uA/V:. Also assume the width-to-length ratio of the load tramsistor is
(W/LY, = 1. Let Frup = 0.8V and Fpyy = —2V. Neglect the body effect.

Solutlon: From a PSpice analysis for 4 = B=logic | =5V, the output voltage is
00660V when the width-to-length ratio of each driver transistor is (W /L)y = 16.

This result correlates very well with the results of Example 16.7. For the two-input
INOR gate, the effective width of the composite driver doubles, or (W/L)- =2 x4 =8,
which results in an output voltage of 0.060V, For the two input NAND gate, the
effective length of (he composite driver doubles, or (W/L). = (1/2) x 16 =8, which
also results in an output voliage of 0.060 V.

Comment: If an N-input NMOS NAND logic gate were te be fabricated, then the
width-to-length ratio of the drivers would need to be ¥ times that of a single driver in an
NMOS inverter to achieve a given value of V,;. The increase in the required area of the
driver transistors in a NAND [ogic gate means that logic gates with more thaa three or
four inputs are not atwractive.

Test Your Understanding

[Note: In the following exercises, assume k; = 35 pA/V? for all NMOS transistors.)
*98.8 Consider the two-input NMOS NOR logic gate shown in Figure 16.23 biased
at Vpp=10V. Let (W/L), =2, (W/L)y =10, Vyyp =105V, and Vpy =-3V.
Neglect the body effect. (a) Determine ¥g; when: (i} 4 = logic 1, B =logic 0, and
(i) 4 = B = logic 1. {b) Calculale the power dissipation in the circuit when: (i) 4 = logic
1, B=logic 0, and (i) 4 = &= logic 1. (Ans. {a) For=0.107V, Fo, = 00531V
(b} P = 3.15mW)

D18.9 Design a three-input NMOS NOR logic gate with depletion load such that
VOL(I'IIE.X) =012V, Lat VDD = SV, VTND =08V, and Vnu_ = —1.4V. The maximum
power dissipation in the circuit must be 0.8 mW. Determine (W /L) for the load and
(W /L) for each driver. (Ans. (W/L) = 4.66, (W /L), = 3.20)

D16.10 Repeat Exercise 16.9 for a three-input NMOS NAND logic gate with
depletion load. (Ans, (W/L), =466, (W/L}p =276}

16.2.2 NMOS Logic Circuits

The series—parallel combination of drivers can be expanded to synthesize more
complex logic functions. Consider the circuit in Figure 16.27. We can show that
the Boolean output function is

f=(A-B+C)

Also, the individual transistor width-to-length ratios shown produce an effec-
tive Kp /K, ratio of 4 for an effective single inverter when only My, and Mp;
are conducting, or only Mp. is conducting. The actual complexity of the
Boolean function is kmited since the required width-to-length ratios of mdrvi-
dual transistors may become unreasonably latge,
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Figure 18,27 NMOS logic circuit example

Two additional logic functions are the exclusive-OR and exclusive-NOR.
Figure 16.28 shows a circuit configuration that produces the exclusive-GR
function. If A = B=logic 1, a path exists from the output to ground through
drivers M, and Mpy, and the output goes low. Similarly, if A = B=1logic 0,
which means that A= B=logic I, a path exists from the output to ground
through the drivers M,z and M7, and the output gain goes low. For all
other input logic signal combinations, the output is isolated from ground so
the cutput goes high.

Yoo

Figure 16.28 NMOS exclusive-OR logic Figure 18.20 Logi circuit
gale ; d N load cirgyits

16.2.3 Fanout

An NMOS inverter or NMOS logic gate must be capable of driving more than
one load, as shown in Figure 16.29. It is assumed that each load is identical to
the driver logic circuit. The number of identical-load circuits connected {0 the
output of a driver logic circuit is defined as the famout. For MOS lpgic circuits,

1033
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the inputs to the load circuits are the oxide-insulated gates of the MOS tran-
sistors, therefore, the static loading caused by multiple driver loads is so small
that the dc transler curve is essentially identical 10 a no-load condition. The
dec characteristics of MOS logic circuits are unaffected by the fanout to
other MOS logic inputs. However, the load capacitance due to a large
fanout seriously degrades the switching speed and propagation delay times.
Consequently, maintaining the propagation delay time below a specified max-
imum value determines the fanout of MOS digital circuits.

Test Your Understanding

[Assume &, = 35pA/V2)

*48.11 Consider the NMOS logic circuit in Figure 16.30. Let Vpy = 0.7V for cach
transistor and assume all driver transistors are identical. (a) If (H//L), = 0.5, determine
(W, L) for the drivers such that Fg (max) = 0.15 V. {b) Determine the maximum power
dissipation in the logic circuit. (Ans. (a) (W /L)y = 13.6 (b) P = T33uW)

16.12 Repeat Exercise 16.11 for the NMOS logic cirruit in Figure 16.3, except
assume that the threshold voltage of the load device is Viyy = —1.2V. (Ans. (a)
(WiL}p =114 (b} P=63pW)

Vop =5V Vip=5V

My
M

O YO
Ao——! Mps Co-—| Mo
Ba—i Mg Do—-I Mpp
Figuse 18.30 Figure for Exercise 16.11 Figure 16.31 Figure for Exercise 16.12

16.3 CMOSINVERTER

Complementary MOS, or CMOS, circuits contain both n-channel and p-
channel MOSFETs. As we will see, the power dissipation in CMOS logic
cireuits is much smaller than in NMOS circuits, which makes CMOS very
attractive. We briefly review the characteristics of p-channel transistors, and
will then analyze the CMOS inverter, which is the basis of most CMOS logic
circuits. We will examine the CMOS NOR and NAND gates and other basic
CMOS logic circuits, covering powcr dlSSlpatlon. noise margin, fanout, and
switching characteristics.
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16.3.1  p-Channel MOSFET Revisited

Figure 16.32 shows a simplified view of a pchannel MOSFET. The p- and n-
regions ar¢ reversed from those in an n-channel device. Again, the channel
length is L and the channel width is W. Usually in any given fabrication
process, the channel length is the same for all devices, so the channel width
W is the variable in logic circuit design.

Figure 16,32 Simplified cross section of p-channel MOSFET

Figure 16.33(a) shows the simplified circuit symbol for the p-channel
enhancement-mode device. When the body or substrate connection is needed,
we will use the symbol shown in Figure 16,33(b). Usually, the p-channel
depletion-mode device is not used in CMOS digital circuits; therefore, it 1s
not addressed here.

5

+ l&lp ot

Vase

Y56
z ¥ .
G ——l ven G—l B

D D
{a) (B}

Flgure 16.33 {a) Simplified circuit symbol, p-channel enhancemeant-mode MOSFET and
(b) circuil symbal showing subsirate connection

Normally, in an integrated circuit, more than one p-channel device will be
fabricated in the same n-substrate so the p-channel transistors will exhibit a
body effect. The n-substrate is connected to the most positive potential. The
source terminal may be negative with respect to the substrate; therefore,
voltage V5 may exist between the body and the source. The threshiold voltage

15
Vip = Vreo = \Tg[\/%fn + Vs - \/2; '. ] (16.44)
Vreo ~ }’[y} Wt Vs — @]
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where Frpo 15 the threshold voltage for zero body-to-source voltage, or
Ves = 0. The parameter N, is the n-substrate doping concentration and ¢y,
is a potential related to the substrate doping. The parameter y is the body effect
coefficient.

The current-voltage characteristic of the p-channel MOSFET are func-
tions of both the electrical and geometric properties of the device. When the
transistor is biased in the nonsaturation region, we have vgp < v + Vrp.
Therefore,

ip = Kp[2(vs6 + Vrplvsp — Vi) (16.45(a))
In the saturation region, we have vgp > voe + Fyp, which means that
ip = Kplvsg + Vrp)’ (16.45(b)

The gate potential is negative with respect to the source, For the p-channel
transistor to conduct, we must have vgg < Fyp, where Viyp is negative for an
enhancement-mode device. We also see that vgg > |Frp| when the p-channel
device is conducting.

In most cases, the channel length modulation factor A has very little effect
on the operating characteristics of MOS digital cireuits, Therefore, the term A
is assumed to be zero unless otherwise stated.

The transition point, which separates the nonsaturation and saturation
bias regions, is given by

vsp = vsplsal) = vgg + Vrp (16.46)

The parameter Kp is the conduction parameter and is given by
1 W k, W
Ky = (}:-‘-"-pcox) ('E) = EP " (16.47)

As before, the hole mobility &, and oxide capacitance C,, are assumed to
be constant for all devices. The hole mobility in p-channel silicon MOSFETs
is approximately one-half the electron mobility u, in n-channel silicon
MOSFETs. This means that a p-channel device widith must be approximately
twice as large as that of an n-channel device in order that the two devices be
electrically equivalent (that is, that they have the same conduction parameter
values).

Small Geometry Effects

The same small geometry effects apply to the p-channel devices as we discussed
for the n-channel devices in Section 16.1.1. As with the NMOS inverters and
logic circuits, we can use Equations (16.45(a)}, (16.45(b)), and (16.46) as first-
order equations in the design of NMOS logi¢ circuits. The basic operation and
behavior of CMOS logic circuits can be predicted using these first-order
equations.

16.3.2 DC Analysis of the CMOS Inverter

The CMOS inverter, shown in Figure 16.34, is a series combination of a p-
channel and an n-channel MOSFET. The gates of the two MOSFETS are
connected together to form the input and the two drains are connected together
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Figure 16.34 CMOS inverter

to form the output. Both transistors are enhancement-mode devices. The
patameters of the NMOS are denoted by Ky and Vo, where ¥y > 0, and
the parameters of the PMOS arc denoted by Kp and Vyp, where Vip < 0.

Figure 16.35 shows a simplified cross section of a CMOS inverter. In this
process, a separate p-well region is formed within the starting n-substrate. The
n-channel device is fabricated in the p-well region and the p-channel device is
fabricated in the n-substrate. Although other approaches, such as an n-wellin a
p-substrate, are also used to fabricate CMOS circuits, the important point is
that the processing is more complicated for CMOS circuits than for NMOS
circuits. However, the advantages of CMOS digital logic circuits over NMOS
circuits justify their use.

Von
:] ;

p-channel
D

Input :]—a Oupun

D

n-channel
ok

-
(o}
Figura 18.35 Simplified cross section, CMOS inverter

Voltage Transfer Curve

Figure 16.36 shows the transistor characteristics for both the n- and p-channel
devices. We can determine the voltage transfer characteristics of the inverter by
evaluating the various transistor bias regions. Far v, = 0, the NMOS device is
cut off, ipy = 0, and ipp = 0. The PMOS source-to-gate voltage is ¥pp, which

1637
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Figure 16.38 Curenl—voliage charactenstics, (a} NMOS ransistor and {b) PMOS transisior

means that the PMOS is biased on the curve marked B in Figure 16.36(b).
Since the only point on the curve corresponding 10 fpp = 0 occurs at vepp =
0 = Vpp — vo, the output voltage is vp = Vpp. This condition exists as long as
the NMOS transistor is cut off, or v; < Vry.

For v; = Vpp, the PMOS device is cut off, ipp =0, and ipy =0. The
NMOS gate-to-source voltage is ¥pp and the NMOS is biased on the curve
marked A in Figure 16.36{a). The only point on the curve corresponding to
ipy =0 occurs at vpey = o = 0. The output voltage is zero as long as the
PMOS transistor is cut off, or vggp = Vpp — vy < |Fyp|. This means that the
input veltage is in the range Vpp — |Vrpl < vy < Vpp.

Figure 16.37 shows the voltage transfer characteristics generated thus far
for the CMOS inverter. The more positive output veltage corresponds to a
logic 1, or Foy = Vpp, and the mote negative output voltage corresponds to a
logic 0, or ¥y, = 0. When the output is in the logic | state, the NMOS tran-
sistor is cut off; when the output is in the logic 0 state, the PMOS transistor i3
cut off.

ldeally, the current in the CMOS inverter in either steady-state condition is
zero, which means that, ideally, the quiescent power dissipation is zero. This
result is the attractive feature of CMOS digital circuits. In actuality, CMOS
inverter circuits exhibit a small leakage current in both steady-state conditions,

Yo
P NMOS cutoff
VOH = VDEI ——-—T

PMOS cuiofl

V=0 ' L ]
0 ¥ (Vpp-ivplh Yoo v

mms.ay - CMOS inverter oulput vollage for Inpu voliage in either high state or tow
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due to the reverse-biased pn junctions. However, the power dissipation may be
in the nanowatt range rather than in the milliwatt range of NMOS inverters.
Without this feature, YLSI would not be possible.

When the input voltage is just greater than Fyy, or

+
¥p = Vogy = 'VT.’\’

the NMOS begins to conduct and the Q-point falls on the curve marked C in
Figure 16.36(a). The current is small and vpgy = ¥pp, which means that the
NMOS is biased in the sawration region. The PMOS source-to-drain voltage is
small, so the PMOS is biased in the nonsaturation region. Setting ipy = ipp, We
can wrile

Kxlvasn.— Vel' = Kp[20vse + Viep)rsor — vior] (16.48}

Relating the gate-to-source and drain-to-source voltages in each transistor to
the inverler input and output voltages, respectively, we can rewrite Equation
(16:48) as lollows:

Ky - Venl = Kp[20Vpp — ¥ + Vipd¥pp — v0) — (Vop — o))
(16.49)

Equation (16.49) relates the input and outpul voltages as long as the NMOS is
biased in the saturation region and the PMOS is biased in the nonsaturaton
region.

The transition point lor the PMOS is defined from

vepp(sal) = vegp + Vrp (16.50)
Using Figure 16.38, Equation (16.50) can be written

V= Bipie Vg Vo Vg (16.51(2))
or

Vor = Viee = Vo {16.51(b))

where Vjp, and Ve, are the PMOS output and input voltages, respectively, at
the transition point.
The transition point for the NMOS is defined from

vosn(sat) = vosy — YV (16.52(a))
or
Vore = Vine — Vaw (16.52(b)

where Vg, and Vyy, are the NMOS output and input voltages, respectively, at
the transition point,

On the basis thal Fyp is negative for an enhancement-mode PMOS,
Eguations (16.51(b}) and (16.52(b)} are plotted in Figure 16.38. We determine
the input voltage at the transition points by setting the two drain currents equal
to each other when both transistors are biased in the saturation regicn. The
result 18

Knlvgsn — Vewl = Kp(vsgp+ Vel (16.53)

H39
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Figure 16.38 Ragions of the CMOS transfer charactarisiics indicating NMOS and PMOS
trangistor bias conditions, The NMCS device is biased in the saturation region in dreas A and
B and in the nonsaturation region in area C. Tha PMOS device is blased in the saturation
ragion in areas B and C and in tha nonsaturation ragion in area A.

With the gate-to-source voltages related to the input voltage, Equation {16.53)
becomnes

Kn(vi~ Ve = Ko(Vpp — vy + Vel | (16.54)

For this ideal case, the output voltage doss not appear in Equation (16.54), and
the input voltage is a constant, as long as the two transistors are biased in the
saturation region, .

Voltage v; from Equation (16.54) is the input voltage at the PMOS and
NMOS transition points. Solving for v;, we find that

, Ky ..
Voo + Vrp +1f—*K~|’r~
P

Yr=¥y = (1655)

For v » ¥}, the NMOS is biased in the nonsaturation region and the
PMOS is biased in the saturation region. Again equating the two drain
cutrents, we have

Kn[2(vgsy — Vrn)vosw ~ vosn] = Kp(vsgp + Vol (16.56)

Also, relating the gate-to-source and drain-to-source voltages to the input and
output voliages, respectively, medifies Equation (16.56) as follows:

Kn[20vs = Vradvo = vo] = Ke(Vop — v + Vrpl (16.57)
Equation (16.57) relates the input and output voltages as long as the

NMOS is biased in the nonsaturation region and the PMOS in the saturation
segion. Figure 16.39 shows the complete voltage transfer curve,
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Figure 16.39 Complete voltage transfer characieristics, CMOS inverter

Example 16.9 Objective: Determine the critical voltages on the voltage tansier
curve of a CMOS inverter.

Considet a CMOS inverter biased at ¥y, = 5V with transistor parameters of Ky =
Kp and Voy = —Vrp=1¥. Then consider ancther CMOS inverter biased at
Fpp = 10V with the same iransistor parameters.

Solutlon: For Vp, = 5V, the input voltage al the transition points is, from Equation
{16.55),

S+(=1)++11
1441

The ocutput voliage at the wansition point for the PMOS is, [rom Equation {16.51(b}),
Vopr=Vip— Frp =25 - (-1}=3.5V

V= =25V

and the outpul voltage at the iramsition point for the NMOS is, from Equation
(16.52(b)),

i"'o’w = V”‘l' - VTN =25 Lo l — IEV
For Fpp = 10V and the same transistor parameters, the ctitical voltages are:
bp =3V Vopr =6V Vow =4V

Comment: The two voltage transfer curves are shown in Figure 16.40. The figure
depicts another advantage of CMOS technclogy, that is, CMOS circuits can be biased
over a wide range of voltages.

Test Your Undersianding

16.13 The CMOS inverter in Figure 16.34 is biased at ¥pp =10V, and the twan-
sistor threshold voltages are Vo =2V and ¥yp = —2 V. Sketch the voltage transfer
curve and show the critical poins, as in Figure 16.39, for: (a) Ky/Kp=1,
(b} Ky/Kp=0.5, and {c) Ka/Kp =2 (Ans. @) V=5V, Vo =TV, Vom = 3V
(B) V=551V, Vop =751V, Vou =351V (C Vp=448V, Vyp =649V,
Vop: = 249V)
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Flgure 18,40 Voltage transfar charaeteristios, CMOS inverter biased at either Vpp =5V or
Viop = 10V

CMOS Invertar Currents

When the CMOS inverter input voltage is either a logic ¢ or a legic 1, the
current in the circuit is zero, since one of the transistors is cut ofl. When the
input voltage is in the range Fry < vy < Vpp — |V7pl, both transistors are
conducting and a current exists in the inverter.

When the NMOS transisior is biased in the saturation region, the current
in the inverter is controlled by vgen and the PMOS sousce-to-drain voltage
adjusts such that ipp = ipy. This condition is demonstrated in Fguation
(16.43). We can write

ipy = ipp = Kylvgsy — Vrn)' = Kylv — Vn¥ (16.58(a))
Taking the square root yields

Vion = Vipp = /Ky (3 = V) (16.58(b))

As long as the NMOS transistor is biased in the saturation region, the square
root of the CMOS inverter current is a linear function of the input voltage.

When the PMOS transistor is biased in the saturation region, the currentin
the inverter is controlled by vggp and the NMOS drain-to-soutce voliage
adjusts such that ipp = ipy. This condition is demonstrated in Equation
(16.56). Using Equation (16.57), we can write that

ipy = ipp = Kp(Fpp = v + V1p¥’ (16.5%a)
Taking the square root yields

Viox = Vir = VKp Vop — vi + Vi) (16.5%(b))

As long as the PMOS transistor is biased in the saturation region, the square

root of the CMOS inverier current is also a linear (unction of the input voltage.
Figure 16.41 shows piots of the square root of the inverter current for two .

values of Fpp bias. These curves are quasi-static characteristics in that no



Chapter 16 MOSFET Digital Circuits

Vipw = Vipe]
b |
Nl
0 | 2.5 4 5

& 10 ¥piv)

Figure 16 41  Square root of mverter currant versus inpat voltage, CMOS inverter biased at
either Vpp = 5V or Vpp = 10V

current is diverted into a capacitive load. At the inverter switching point, both
transisiors are biased in the saturation region and both transistors influence the
carrent. At the switching point, the actval current characteristic does not have
a sharp discontinuity in the slope. The channel length modulalion parameter
also influences the current characteristics at the peak value. However, the
curves In Figure 16,41 are excellent approximations.

1043

Test Your Understanding

16.14 Consider a CMOS inverter biased at Vg, = 5V, with transistor threshold
voltages of Py = +08V and Vrp = —0.8 V. Calculate the peak current in the inverter
for: (a) Ky = Kp = SOpA/Y2, and (b) Ky = Kp =200uA/ VY. (Ans. (3) ip(max) =
(45 pA (b) ip{max) = 578 pA)

16.3.3 Power Dissipation

In the quiescent or static state, in which the input is either 2 logic 0 or a logic 1,
power dissipation in the CMOS inverter is virtually zero. However, during the
switching cycle from one state to another, current flows and power is dissi-
pated. The CMOS inverter and logic circuits are used to drive other MOS
devices for which the input impedance is a capacilance. During the switching
cycle, then, this load capacitance must be charged and discharged.

In Figure 16.42(a), the output switches from its low to its high siate. The
input is switched low, the PMOS gate is at zero volts, and the NMOS is cut off.
The load capacitance C; must be charged through the PMOS device. Power
dissipation in the PMOS transistor is given by

Pp=ijvsp = itVpp — vo) (16.60)

The current and the output voltage are related by

ip=C=2 - | (661
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Vop

(a) (b}
Figure16.42 CMOS inverier when the output switches (a) low 1o high and (b} high to low

The energy dissipated in the PMOS device as the output switches from low
to high is

Ep=r Ppdt = rfL{Vno - ”o}ﬁ—adf
0 0 dt

¥op Vro (16.62)
= CL VDD I d'llo =R CL] iﬂotf\'o
0 ¢
which vields
Foo v%} Yao <
Ep=Ci¥Vppvof —Cr=l =5CVpp (16.63)
0 25 2

After the output has switched high, the energy stored in the load capaci-
tance is (%}CL V3 p. When the inverter input goes high, the outpui switches low,
as shown in Figure 16.42(b). The PMOS device is cut off, the NMOS transistor
conducts, and the load capacitance discharges through the NMOS device. All
the energy stored in the load capacitance is dissipated in the NMOS device. As
the output switches from high to low, the energy dissipated in the NMOS
transistor is

En=3C.Vhp (16.64)

The total energy dissipated in the inverter during one switching cycle is
therefore

Er=Ep+Ey=1C, Vhp +1Ct¥ip = Co Vs {16.65)

If the inverter is switched at frequency f, the power dissipated in the
inverter is

P=fEr=fCLVip (16.66)
Equation (16.66) shows that the power dissipated in a CMOS inverter is

directly propomonal to the switching frequency and to ¥3p. The drive in
digital IC design is toward lower supply voltages, such as 3V or less.
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Example 16.10 objective: Calculate the power dissipation in a CMOS inverter.
Consider a CMOS inverter with a load capacitance of C; = 2pF biased at
Fpp = 5V. The inverter switches at a frequency of / = 100 kHz

Solutlon:  From Equation (16.66}. power dissipation in the CMOS inverter is
P=fCiVip = (10°)2 x 107 2)35)! = SuW

Comment:  Previously determined values of static power dissipation in NMOS nver-
ters were on the order of 500 pW; therefore, power dissipation in a CMOS inverter is
substantially smaller. In addition, in most digital systems, only a small fraction of the
logic gates change state during each clock cycle; consequently, the power dissipation in a
CMOS digital system is substantially less than in an NMOS digital system of similar
complexily.

The power dissipation is proportional to V3. [n some digital circuits, such
as digital watches, the CMOS logic circuits are biased at Vpp = 1.5V, so the
power dissipation is substantially reduced.

Test Your Understanding

1618 A CMOS inverteris biased at Vpp = 3 V. The inverier drives an effective load
capacitance of C; = 0.5 pF. Determine the maximum switching frequency such that the
power dissipation is limited to P = 0.10pW. (Ans.'f = 22 2kHz)}

16.3.4 Noise Margin

Figure £6.43 shows the general voltage transfer function of 2 CMOS inverter.
The parameters ¥y and Vp; determine the noise margins and are defined as
the pomts at which

dv

i (16.67)
which is the same as for the NMOS inverters. For v; = Vi and v = Vg, the
gain is less than unity and the output changes siowly with input voltage,
However, when the input voltage is in the range V. < v; < Vg, the inverter
gain is greater than unity, and the output signal chanpes rapidly with a change
in the input voltage. This i1s the undefined range.

Point ¥;; occurs when the NMOS is biased in the saturation region and
the PMOS is biased in the nonsaturation region. The relationship between the
input and output voltages is given by Equation (16.49}. Taking the derivative
with respect to v; yields

d‘lr
2K\ — Vin] = KP[—z(Vau =vo)=2AVpp—vi + Vrp) =

; 1 16.68)
¥,
— WVpp ~ "o)(*' ﬁ)]
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Figure 16.43 CMOS inverter voltage transfer characterisiics with defined noise marging

Setting the derivative equal to —1, we have

Knlvy = Vinl = —Kp[(Vop — vo) — (Vop — v + V1) + (Vop — vo)l

(16.69)
Solving for vg produces
1 K K;
vo = Fopy = E { (1 -+ F':)P; + ¥Vpp — (E‘E) Voey — V‘I’P} (16.70)
Combining Equations (16.70) and (16.49), we see that voltage V); is
vy Vi = Vo 4 S22t Fre = Vv | (16.71)

Ky
Yo
If Kx = K, Equation {16.71) becomes indefinite, since a zero would exist

in both the numerator and the denominator. However, when Ky = Kp,
Equation (16.70) becomes

Vo = Vouuku=k» = 32 + Vpp = Vin — Vs (16.72)
Substituting Equation (16.72) into Equation (16.49) yields a voltage ¥, of
¥r = Vinguekpy = Vru +§ Voo + Vi — Vin) (16.73)

for KN = Kp.
Point V5 occurs when the NMOS is biased in the nonsaturation region
and the PMOS is biased in the saturation region. The relationship between the
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input and output voltages is given by Equatien (16.57). Taking the derivative
with respect to v, vields

Vi

dv dv
KN[Z(V.’ = VTN}‘E;(:‘ +2vp = 2vp ‘—0] =2Kp(Vpp — vy + Vp)=1}

(16.74)
Seiting the derivative equal to -1, we find that
Kul=(vi = Vi) + 1o + vo]l = —Kp[Vpp = v + Vrpl {16.75)
The output voltage vp is then
K a K
"1(‘ +?N‘) - Vpp - (K—N) Vey — Vip
vo = Voru = £ £ (16.76)
2Ky
(KF)
Combining Equations (16.76) and (16.57), yields voltage V;y as
2 Kn
Vop+ Ve — Vg Ko
vi=Vip = VTN"'{ 2L K i X (. 1 (16.77
(f - ') 320
’ Kp

Agpain, If KN = K, Equation (16.77) becomes indefinite, since a zero
would exist in both the numerator and the denominator. However, when
Ky = Kp. Equation (16.76) becomes

vo = Voiruku=t = %{2"! - Voo —Vin — Vel (16.78)
Substituting Equation {16.78) into Equation (16.57) yields a voltage ¥y of
vr = Vigiko—tn = Vv +3Vop + Ve = Vind (16.79)

1047

Example 16.11 Objective: Determine the noise margins of a CMOS inverter.
Consider a CMOS inverter biased at Vpp =5V, Assume the transistors are
matched with KN = Kp and V.TN = _VTF =1V.

Solution: From Equation (16.57), the input voltage at the transition points, or the
inverter switching point, is 2.5 V. Since Ky = Kp, ¥y is, from Equation (16.73)

Vﬂ. — VTN+%(VDD+ Vrp— VTH)= 1+E(5— l A 1}= 2.125“'
Point ¥y is, from Equation (16.79)
V”.{ = VTN+i(VDD+ VTP_ VT~)= !+§(5— ]. = l}:ZB?SV

The output voltages al points Yy and ¥y are determined from Equations (16.72)
and ([6.78), respectively. They are

Fornu = %[2 Vi + Voo — ¥Vrw — Frel
=}2A2125) +5—1+1}=4.625V
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and
Voru =302V — Vop — Vrw — Vil
=1[22.875 -5 - 1+1]= 0375V
The noise margins are therefore
NM; = ¥y — Vorp = 2125 - 0373 =175V
and

NMy =V, - Vy=4.625-2875=175V

Commaent: The results of this example are shown in Figure 1643, Since the two
transistors are electrically identical, the voltage transfer curve and the resulting critical
voltages are symmetrical. Also. (Voy—Vogu) = 0.375V, which is less than |[Vrpi, and
(Vo — Vor) =0.375V, which is less than Fyy. As long as the input veltage remains
within the limits of the noise margins, no logic errar will be transmitted through the
digital systetn.

Test Your Understanding

*48.186 A CMOS inverter is biased at Fpp = 10V. The transistor parameters ave.
Vi =2V, Frp= =2V, Ky =200uA/V?, and Kp = 80pA/ V2. (a) Sketch the voltage
transfer curve. {(b) Determine the critical voltages Vy; and Vi, and the cerresponding
output voliages. (5) Calculate the noise marging NM; and NMy. {(Ans, (b} ¥y =
339V, ¥y = 486V () NM, = 259V, NMy =4 57V)

*48.17 Repeat Exercise 16.16 for a CMOS inverter biased at Fpp = 3V with tran-
sistor parameters oft Vyy = +08V, Vrp = =2V, and Ky = Kp = 100 pA/Y?. (Ans.
() Vi = 1L.63V, ¥jy = LISV () NM; = 1.35V, NMy = 2.55V)

164 CMOSLOGIC CIRCUITS

Large-scale integrated CMOS circuits are used extensively in digital systems,
including watches, calculators, and microprocessors. We will look at the basic
CMOS NOR and NAND gates, and will then analyze more complex CMOS
logic circuits. Since there is no clock signal applied to these logic circuits, they
are referred to as static CMOS logic circutts.

16.4.1 Basic CMOS NOR and NAND Gates

In the basic or classical CMOS logic circuits, the gates of a PMOS and an
NMOS are connected together, and additional PMOS and NMOS transistors
are connected in series or parallel to form specific logic circuits. Figure 16.44(a)
shows a two-input CMOS NOR gate. The NMOS transistors are in parallel
and the PMOS transistors ate in series,

If A = B = logig 0, then both AMfy, and M yp are cut off, and the current ir
the circuit is zero. The source-to-gate voltage of Mp, is ¥jp but the current is
zero; therefore, vsp of My, is zero. This means that the source-to-gate voltage



Chapler 6 MOSFET Digital Circuits

Ao Mpa

=

o
\1r

=

{a) (b}
Figure 16.44  (a) Two-input CMOS NOR logic cireuit and (b truth table

of Mg s also Vpp. However, since the current is zero, then vgy of Mpg is also
zero, The output voltage is therefore vg = Fpp = logic 1.

If the input signals are 4 = logic | = Vpp and B = logic 0 =0V, then the
source-to-gate voltage of Afp, is zero, and the current in the circuit is again
zero. The gate-to-source voltage of My is Vpp but the current is zero, 50 vps
of My, 1s zero and vy = 0 = logic 0. This result also holds for the other two
possible input conditions, since at least one PMOS is cut off and at least one
NMOS is in a conducting state. The NOR logic functton is shown in the truth
table of Figure 16.44{b),

A two-input CMOS NAND logic gate is shown in Figure 16.45(a). In this
case, the NMOS transistors are in series and the PMOS transistors are in
parallel. If A = B = logic 0, the two NMOS devices are cut off and the current
inh the circuit is zero. The source-to-gate voltage of each PMOS device is Vpp,
which means that both PMOS transistors are in a conducting state. However,
since the current is zero, vop for both Mp, and Mpgis zero and v, = Vpp. This
result applies if at least one input is a logic 0.

If the input signals are 4 = B = logic 1 = Vpp. then both PMOS transis-
tors are cut off, and the current in the circuit is zero. With A4 = logic 1, My, is
in a conducting state; however, since the carrent is zero, then vpg of My, is
zero. This means that the gate-to-source voltage of My, is also Vpp and My
is also in a conducting state. However, since the current is zero, then vpg of
My is zero, and vo = logic 0 = 0V. The NAND logic function is shown in the
truth table in Figure 1645(b).

In both the CMOS NOR and NAND logic gates, the current in the circuitis
essentially zero when the inputs are in any quiescent state. Only very small
reverse-bias pn junction currents exist. The quiesceni power dissipation is there-
fore essentially zeto. Again, this is the primary advantage of CMQS circuits.

To obtain symmetrical switching times or propagation delay times for the
high-to-low and low-to-high output transitions, the effective conduction
parameters of the composite PMOS and composite NMOS devices must be
equal. For the CMOS NOR logic gate in Figure 16.44(a), we can write

Ken = Kep (16.80)
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Figure 18.45 (a) Two-nput CMOS NAND logic circuit and (b) truth table

where K¢y is the effective conduction parameter of the two parallel NMOS
devices and Kp is the effective conduction parameter of the two series PMOS
transistors,

The effective channel width of the paralle! NMOS devices is twice the
individual width; similarly, the effective channel fengri of the series PMOS
devices is twice the individual length. Equation (16.80) is then

k, (20 ko (W
:(0),=3(), - fesn
since &, = 2k,, Equation (16.81) becomes
2W W
2(T)~: (ﬁ)p (16.82())
or
W W
(f) P-_.—- B(I) . (16.82(b))

This equation states that in the two-input CMOS NOR gate, the width-to-
length ratio of the PMOS transistors must be approximately eight times that of
the NMOS devices in order to provide the current required for symmetrical
switching.

Figure 16.46 shows the voltage transfer and current characteristics of the
two-input CMOS NOR logic gate from a PSpice analysis. Figure 16.46(a)
shows the results when the two inputs are tied together; the circuit then behaves
as a composite inverter. When the width-to-length ratios of the PMOS devices
are eight times those of the NMOS devices, the transfer characteristics are
symmetrical as expecled.

Also shown are the voliage transfer and current charactenstics if the p-
channel width-to-length ratios are only twice as large as those of the n-channel
devices. The resuiting switching characteristics are not symmetrical and the
maximum current is significantly reduced, implying that the switching times
would be longer for this case.
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Flgura 16.46  Voltage transler charactesistics, two-input CMOS NOR logic circult for varicus
width-lo-tength ratios:; ja) A= B=v and (B} A=0,8= v

Figure 16.46(b) shows the transfer characteristics for input A held low and
input B varied from zero to Vpp. This corresponds to only one input changing
states while the other input remains constant. In this case, transistor Mp 4 s on
and transistor My, is cut off. The resulting circuit is essentially equivalent to a
simple CMOS inverter. When the width-to-length ratios of the PMOS devices
are twice as large as those of the NMOS devices, the transfer characteristics are
almost symmetrical, as we would expect for the CMOS inverter. When the
PMOS width-to-length ratios are increased, the voltage transfer characteristic
is no longer symmetrical. However, the maximum current is larger since the
PMOS devices are larger, and this shoriens the switching fimes. These results
show that we obtain good transfer characteristics when (W /L), = 8(W/L)y
for the two-input CMOS NOR circuit.

vVia =01
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Test Your Understanding

[Note: In the following Exercises, let &, = 35 pA/V? and k; = 17.5pA/V*)

98.18 Consider the two-input CMOS NOR gate in Figure 16.44(a). Assume
V=1V, Frp=—1V, and Vpp=5V. (a) For A=logik ¢ and (W/L), =
8{W /L)y, plot the voltage transfer curve vg versus 5. Show all critical voltages. (b) If
A =logic 0, determine (W/L}p and (W/L)y such that the peak current in the logic
circuit is SOuA. (Ans. {a) ¥y = 276V, ¥Vop, = 376V, Voy, = LT6V (b) (W/L)y =
0923, (W/L)p = (W /L)y = 7.38)

D16.19 In the two-input CMOS NAND gate in Figure 16.45(a), determine the
relationship between the (W /L) ratios of the nchannel and p-channel transistors
such that the composite ¢onduction parameters of the PMOS and NMOS devices are
cqual. (Ans. (W/L)y = 2(W/L)y)
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D16.20 Design a three-input CMOS NOR logic gate such that the effective con-
duction parameters of ihe composite PMOS and NMOS transistors are equal.
Determine (W /L) /(W/ L)y where { W £ L) is the width-to-length ratio of the individual
PMOS and NMOS transistors. {Ans. {W/L)p = 13({ W /i),)

B16.219 Repeat Exercise 16.20 for a three-input CMOS NAND logic gate. (Ans.
(WiL)y =4.5W/L)p}

16.4.2 Complex CMOS Logic Circuits

Just as with NMOS logic designs, we can form complex logic gates in CMOS,
which avoids connecting large numbers of NOR, NAND, and inverter gates to
implement the logic function. There are formal methods that can be used to
implement the logic circuit. However, we can use the knowledge gained in the
analysis and design of the NOR and NAND circuits.

Design Example 16.12 Objecilve: Design a CMOS logic circuit to implement
a particular logic function.

Implement the logic function ¥ = 4B + C(D + E) in a CMCS design. The signals
4, B C, D, and E are available.

Daglgn Approach: The general CMOS design is shown in Figure 16.47, in which the
inpuis are applied to both the PMOS and NMOS networks. We may start the design by
considering the NMOS portion of the circuit, To implement a basic OR (NOR) func-
tion, the n-channei transistors are in paraliel {Figure 16.44} and to implement a basic
AND (NAND) function, the n-channel transistors are in series (Figure 16.45). We will
consider whether the function or its complement 15 generated at the end of the design.

Solution: HMOS Design: [n the overall function, we note the logic OR. beiween the
functions AB and C(D + E), so that the NMOS devices used to implemeat A8 will be in
parallel with the NMOS devices used to implement C(D + E). There is a logic AND
batween the inpuls 4 and B, so that the NMOS devices with these inputs will be in

A 8.CDE —-onF

Figure 16.47 General CMOS dasign
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serics. Finally, the NMOS devices with the D and £ inpuls will be in parallel and this
combination will be in series with the NMOS device with the € input. The NMOS
implementation of the function is shown in Figure 16.48.

L=

Yoo

PMOS
nerwork

Figure 16.48 NMOS design for Example 16.12 Figure16.48 Complete CMOS design for Example 16.12

Solution: PMOS Design: The arrangement of the PMOS devices is complementary to
that of ihe NMOS devices. PMOS devices that perform the basic OR function are in
series and PMOS devices that perform the basic AND function are in parallel. We then
see that the PMOS devices used to tmplement A8 will be in series with the devices nsed
te implement (D + E). The two PMOS devices with the 4 and B inputs will be in
parallet. The two PMOS devices with the Dand E inputs will be in series and in turn will
be in parallel with the PMOS device with the € input. The completed circuit is shown in
Figure 16.49.

Final Solullon: By considering various inputs, we may note that the output signal of
the circuit shown in Figure 16.49 is actually the complemnent of the desired signal. We
may then simply add a CMOS inverter 1o the output to obtain the desired lunction.

Commant:  As mentioned, there are formal ways in which to design circuits. However,
in many cases, these circuits can be designed by using the knowledge and intuition
gained from previous work. The width-to-length raties of the various lransistors can
be determined as we have done in previous exarnples.

1653
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Test Your Understanding

D16.22 Design the width-1o-length ratios of the transistors in the static CMOS
logic circuit of Figure 1649 so that the composite conduction parameters are the
same. Assumne the minimum W /L ratio of an n-chatnel device s | and assume
o =20, (ANs. For M,—Mg:2.2,2. 1. 1. For P—P; : 2,2, 2.4,4))

D18.23 Design a static CMOS logic circuit that implements the logic function
¥ = (ABC + DE).

Yoo
l'(;
L]
I Cf :

Figure 16.50 Constant
current source charging a
load capacitor

16.4.3 Fanout and Propagation Delay Time
Fanout

The term Jfanout refers to the number of load gates of sitnilar design connected
to the output of a driver gate. The maximum fanout is the maximum number of
load gates that may be connected to the outpui. Since the CMOS logic gate will
be driving other CMOS logic gates, the quiescent currrent required to drive the
other CMOS gates is essentially zero. In terms of static characteristics, the
maximum fanout is virtually limiiless.

However, each additional lpad gate increases the load capacitance that
must be charged and discharged as the driver gate changes state, and this places
a practical limit on the maximum allowable number of Joad gates. Figure 16.50
shows a constant current charging a load capacitance. The voltage across the
capacitance is

Vo = CLL fodt = %‘f’:{ (16.83)

The load capacitance C; ts proportional o the number ¥ of load gates
and to the input gate capacitance of each load. The current /5 is proportional
to the conduction parameter of the driver transistor. The switching time is
therefore

N(W - 1y,

Xt (16.84)
(2,

where the gate capacitance is directly proportional to the gate area of the load
(W - L);, and the conduction parameter of the driver transistor is proportional
to the widih-to-length ratio. Equation (16.84) can be rewtillen as
Wp

The propagation delay time, which is proportional to the switching time,
increases as the fanout increases. The propagation delay tirne could be reduced
by increasing the size of the driver tramsistor. However, in any given driver
logic circuit and load logic circuit, the sizes of the devices are generally fixed.
Consequently, the maximum fanout is limited by the maximum acceptable
propagation delay time.
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Propagation delay times are typically measured with a specified load
capacitance. The average propagation delay time of a two-input CMOS
NOR gate (such as an SN74HC36} is 25 ns. measured with a load capacitance
of C; = 50pF. Since the input capacitance is C; = 10pF, a fanowt of five
would produce a 50pF load capacitance. A fanout larger than five would
increase the load capacitance, and would also increase the propagation delay
time above the specified value,

Propagation Delay Time

Although the propagation delay time of the CMOS inverter can be determined
by analytical techniques, it can also be determined by computer simulation,
This is especially true when more complex CMOS logic cirenits are considered.,
Using the appropriate transistor models in the simulation, the transient
response can be produced. Obtaining an accurate transient response depends
on using the correct tramsistor parameters. Some computer simulation
problems in the end-of-chapter problems deal with propagation delay times.
However, we will not go into detail here.

16.5 CLOCKED CMOS LOGIC CIRCUITS

The CMOS logic circuits considered in the previous scction are called static
circuits. One characteristic of a static CMOS logic circuit 15 that the output
node always has a low-resistance path to cither ground or Fpp. This implies
that the outpwt voltage is well defined and is never left floating,

Static CMOS logic circuits can be redesigned with an added clock signal
while at the same time eliminating many of the PMOS devices. In general, the
PMOS devices must be larger than NMOS devices. Eliminating as many
PMOS devices as possible reduces the required chip area as well as the input
capacitance. The low-power dissipation of the CMOS technology, however, is
maintained.

Clocked CMOS circuits are dynamic circuits that generaily precharge the
output node to a particular level when the clock is at a logic 0. Consider the
circuit in Figure 16.51. When the clock signal is low, or CLK = logic 0, My is
cut off and the current in the circuit is zero. Transistor M, is in a conducting
state. but since the current is zero, then vg, charges to Fpp. A high input to the
CMOS inverter means that v, = 0. During this phase of the clock signal, the
gate of M p; 1s precharged.

During the next phase, when the clock signal goes high, or CLK = logic 1,
transistor Mp, cuts off and My, is biased in a conducting state. If input
4 = logic 0, then My, is cut off and there is no discharge path for voltage
Yo therefore, v, remains charged at vy = Vpp. However, if CLK = logic |
and 4 = logic 1, then beth My, and My, are biased in a conducting state,
providing a discharge path for voltage vy, . As v, is pulied low, output signal
vo goes high.

The quiescent power dissipation in this circuil is essentially zero, as it was
in the standard CMOS circuits. A small amount of power is required to pre-
charge output vy, il it had been pulled low during the previous half clock
cycle. : :

1055
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Figure 16.51 Simple clocked CMOS logie eircuit

The single NMOS transistor My, in Figure 16.51 can be replaced by a
more complex NMOS logic circuit. Consider the two circuits in Figure 16.52.
When CLK = logic 0, then My, cuts off and My, is in its conducting state in
both circuits; then, vy, is charged to vo; = Vpp and vy = 0. For the circuit in
Figure 16.52(a), when CLK = logic 1. voltage vy; is discharged to ground or
pulled low only when A = B = logic 1. in this case, vp goes high. The circuit in
Figure 16.52(a) performs the AND function. Similarly, the circuit in Figure
16.52(b) performs the OR function.

The advantage of the precharge techmque 15 that it avoids the use of
extensive pull-up networks: Oaly one PMOS and one NMOS transistor are
required. This leads to an almost 50 percent savings in silicon area for larger
circuits, and a reduction in capacitance resulting jn higher speed. In addition,
the static or quiescent power dissipation is essentially zero, so the circuit main-
tains the characteristics of CMOS circuits.

]
"DD

M

f !
Yo
My,

= CLK 0—

(a) )

Figure 18.52 Clocked CMOS logic dircuit: (2) AND function and {t) OR function
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The AND and OR logic transistors My, and M yp in Figures 16.52(a) and
16.52(b) can be replaced by a generalized logic network as indicated in Figure
16.33. The box marked f is an NMOS pull-down network that performs a
parlicular logic function f(X) of n variables, where X = (x|, x3,...,x,}. The
NMOS circuit is a combination of series—paraliel interconnections of » tran-
sistors. When the clock signal goes high, the CMOS inverier output is the logic
function f{X).

f(x}

T

u||—}§ I—l—/ :Stt—ag‘:

Figure 16.53 Generalized CMOS clocked logic circuit

The set of X inputs lo the logic circuits f is derived from the outputs of
other CMOS inverters and clocked logic circuits. This means that when
CLK = logic 0, the outputs of alt CMOS inverters are a logic 0 during the
precharge cycle. As a result, all n variables X = (xy, x2..... x,) are a logic 0
during the precharge cycle. During this time, all NMOS transistors are cut off,
which guarantees that output vo, can be precharged to Vpp. There can then be
only one possible transition at each node during the evaluation phase. The
ouatput of the CMOS buffer may change froma 0 to a .

An example of a cascaded domino CMOS circuit is shown in Figure 16.54.
During the precharge cycle, in which CLK = logic 0, nodes | and 3 are charged
high and nodes 2 and 4 are low. Also during this time, the inputs 4, B, and C
are all a logic 0. During the evaluation phase, in which CLK = logic 1, if
A = € = logic 1 and B = logic 0, then node | remains charged high, /| = logic
0, and node 3 dischatges through My causing f; to go high. However, if,
during the evaluation phase, 4 = B =logic 1 and C = logic 0, then node 1 is
pulled low causing f; to go high, which in turn causes node 3 to go low and
forces node 4 high. This chain of actions thus leads to the term domino circuit.
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Test Your Understanding

D16.24 Design a clocked CMOS domino logic circuit, such as shown in Figure
16.53, to generate an output f(X})=4-8-C+D-E. )

D48.25 Skeich a docked CMOS logic circuit that realizes the exctusive OR
function.
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Figure 16.54 Cascaded clocked or doming CMOS logic circuit

16.6 TRANSMISSION GATES

Transistors can act as switches between driving circuits and load circuits.
Transistors used to perform this function are called transmission gates. We
will examine NMOS and CMOS transmission gates, which can also be config-
ured to perform logic funclions.

16.6.1 NMOS Transmission Gate

The NMOS enhancement-mode transistor in Figure 16.55(a) 15 a transmission
gate connecled to a lead capacitance €, which could be the input gate
capacitance of a MOS logic circuit. [n this circuit, the transistor must be
bilateral, which means it must be able to conduct current in either direction.
This is a natural feature of MOSFETs. Terminals @ and & are assumed to be
equivalent, and the bias applied 1o the transistor determines which terminal
acts as the drain and which terminal acts as the source. The substrate must be
connected to the most negative potential in the circuit, which is usually ground.

| L
)

-} V)

-0 Yo Vior ] [
2 T
@

G

=gt
o

() (&)

Figure 16.55 (a) NMOS transmission gate, showing substrate connection, and
(b) simgiified diagram
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Figure 16.55(b) shows a simplified circuit symbol for the NMOS transmission
gate that is used extensively.

We assume that the NMOS transmission gate is to operate over a voltage
range of zero-to- Fpp. 1f the gate voltage ¢ is zero, then the n-channel transistor
is cul off and the oulput is isolated from the input. The transistor is essentially
an open switch.

If ¢ = Vpp, v; = Fpp. and vy is initially zero, then terminal a acts as the
drain since iis bias is Mg, and terminal b acts as the source since its bias is
zero, Current enters the drain from the input, charging up the capacitor. The
gate-to-source voltage is

Yo = ¢' - Vg = VDD - Vp (16.36}

As the capacitor charges and vy increases, the gate-to-source voltage decreases.
The capacitor stops charging when the current goes to zero. This occurs when
the gate-to-source voltage vgg becomes equal to the threshold voltage ¥7y. The
maximum output voltage occurs when vgs = Fry, therefore, from Equation
{16.86), we have

vgs(min) = Vry = Vpp — vp(max) (16.87(a))
or
vpimax) = Fpp — Frw (16.87(b))

where 'y is the threshold voltage taking into account the body effect.

Equation (16.87(b)) demonstrates one disadvantage of an NMQOS trans-
mission gate. A logic | Jevel degrades, or attenuates, as it passes through the
transmission gate. However, this may not be a serious problem for many
apphcations,

Figure 16.56 shows the quasi-static output voliage versus input voltage of
the NMOS transmission gate. As seen in the figure, when v; = ¥pp, the cutput
voltage is vy = Vpp — Vyy as we have discussed. For input voltages in the
range v; < Fpp — Py, the figure demonstrates that vo = v;. In this range of
input voliages, the gate-to-source voltage is still greater than the threshold
voltage. However, in steady-state, the current must be zero through the
capacitor. In this case, the current becomes zero when the drain-to-source
vollage is zero, or when vg = v,

0 T 7

Figure 16.56 Ouipul voltage versus input voltage characterislics of the NMOS transmission
gate

Lf]
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Now consider the situation in which ¢ = Vpp, vy =0,and vy = Fpp — Fpy
initially. Terminal & then acts as the drain and terminal a acis as the source. The
gale-to-source voltage is

ves=@¢—-v=Vpp—0=Vpp (16.88)

The value of vgy is a constant, and the capacitor discharges as current enters
the NMOS transistor drain. The capacitor stops discharging when the current
goes 10 zero. Since vgg is a constant at Vpp, the drain current goes to zero when
the drain-to-source voltage is zero, which means that the capacitor cotpletely
discharges to zero. This implies that a logic 0 is transmitted unattenuated
through the NMOS transmission gate.

Using an NMOS transmission gate in a MOS circuit may introduce a
dynamic condition. Figure 16.57 shows a cross section of the NMOS transistor
in the transmission gate configuration. If v; = ¢ = Fpp. then the load capaci-
tor charges to vo = Vpp — V. When ¢ = 0, the NMOS device turns off and
the input and cutput become isolated.

= I

-

Flgure 16.57 NMOS transmission gate with cross section of NMOS transistor

The capacitor voltage reverse biases the pn junction between terminal b
and ground. A reverse-biased pn junction leakage current begins to discharge
the capacitor, and the citcuit does not remain in a static condition. This circuit
is now dynamic in that the high output does not remain constant with time.

Example 16.13 Objective: Estimate the rate at which the oulput voltage vg in
Figure 16.57 decreases with time.

Assurne the capacitor is inttially charged to vp = 4V. Let C; = 1 pF and assume
the reverse-biased pn junction leakage current is a constant at iy = [ nA.

Solution: The voliage across the capacitor can be written as

]
vo = —— |izdl
{7 C;_j L
where the minus sign indicales that the current is leaving the positive terminal of the
capacitor. Since i is a constant, we have

i
Vo=—c—t!+K]
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where K = vpif = 01 =4V is the imtial condition. Therefore,
i
Py o= 4 - -g'-p
&
The rate it which the output voltage decreases is
i 10°°

Po_ ko 1000V = 1 Vyms
R N T B r» £

Therelore, in this example, the capucitor would completely discharge in 4 ms.

Comment: Even though the NMOS transmission gate may introduce a dynamic con-
dition into a circuit, this gate s still wseful in clocked logic circuits in which a clock
signatl is periodically applied 1o the NMOS transistor gate. If, Tor eximple, the clock
freguency is 28kHe. the clock pulse period is 40 ps. which means that the output voliage
would decay by no more than 1 pzreent.

b

Example 16.14  Objective: Determine the output of an NMOS inverter driven by
a series of NMOS transmission gates.

Consider the circuit shown in Figure 16.58. The NMOS inverter ts driven by three
NMOS iransmission gates in serics. Assume the thrgshold voltages of the n-channei
transmission gale transistors and the deiver transisior are Fry = --0.8 V, and the thresh-
old veltuge of the load transistor is ¥y = = 1.5V, Lel Kp/K; = 3 for the inverter.
Detesimnine vy for vy = 0 and vy = 5V,

Solution: The threc NMOS transmission gates in series acl as an AND/NAND func-
ton. [T vy =0 and A = = C =logc | =3V, the gate capacilance to driver M,
becomes compietely discharged, which means that vy = v = vgr = 0. Driver Mp is
cut ofl and v, = 5V,

A B [
_L_ _l_ J_ l'nn
i °—, Mya Lo_" Mys L°JMvC I—‘:’_' Mp
Lell Vo Y

—

Figure 16.58 NMOS inverter driven by three NMOS transmission gaies in series

Ifvy =5Yand 4 = B=C = logic { = 5V the three transmission gakes are biased
in their conducting state, and the gate capacitance of M, becomes charged. For tran-
sistor My,. the current becomes zero when the gate-le-source voltage is equal to the
threshold voltage, or, trom Equation {§6.87(b)),

Y — l’np i V."N =2 —'0.8 —_-—4.2V
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Transisiors Mygand My also cut off when the gate-to-source voliages are equal to the
threshold voltage; therefore,

Vg =¥ = Vf}[l_ VINZ.S—D.B:"'.EV

This result shows that the drain-lo-source voltages of My, and My are also zero.
A threshold voltage drop is lost in the first transmission gate, but additional threshoid
voltage drops are not lost in subsequent NMOS (ransmission gates in series,

For a voltage of vy = 4.2V applied 10 the gate of M, the driver is biased in the
nonsaturation region and the load 1s biased in the saturation region. From inp = ip;, we
have

Ko[zf"’os = Fanlro - ‘i}] = Kel~VewrF
The cutpet voltage is found to be
vo=0112V

If any one of the transmission gale voltages. 4 or 8 or C, swiiches 10 a logic . then v,
will begin to discharge through a reverse-biased pn junction m the transmission gates,
which means that vg will 1ncrease with time.

Comment In this example, the inverter is again in a dynamic condition; that is, when
any wransmission gate is cul off, the output voltage changes with time. However, this
type of circuit can be used in clocked digital systems.

Test Your Understanding

18.28 The threshold voltage of the NMOS transmission gate transistor in Figuss
16.55(a) is Vyy = | V. Determine the quescent oulput voltage vy tor: (a) vy = ¢ =35V,
vy =3V.0=5V.(c)y, =42V d=5V,andid} v, =5 V.p=3V.{Ans. (a)vp =
AVB) ko =3V (0) vy =4V (d} vy =2V)

P16.27 Consider the NMOS inverter with enhancement load driven by an NMOS
wransmission gate in Figure 16.59. The threshold voltage of each n-chanrnel transistor is
Vew =2V, Neglect the body effect. Design Kp/K; such that v, =035V when:
@v, =8V, o= 10V. and by v, =9 =8 V. (Ans. (a) Kp/&K; =973 () Kp/K, = 17)

Vpp= 0¥
&

¢ EEH‘L

l [ e I-‘(}

Figure 16.59 Figura lor Exercise 16.27
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166.2 NMOS Pass Networks

As integrated circuit technology advances, one emphasis is on increased circuit
density. The maximum number of circuit functions per umit area is determined
either by power dissipation density or by the area occupied by transistors and
related deviges.

One form of NMOS circuit Jogic that minimizes power dissipation and
maximizes device density is called pass transistor logic. Pass transistor circuits
use minimum-sized transistors, providing high density and high operating
speed. The wverage power dissipation is due only Lo the switching power con-
sumed by the driver circuits in charging and discharging the pass transistor
control gates and driving Lhe pass network inputs.

In this section, we present a few examples of NWMOS pass transistor logic
circuits. Consider the circuit in Figure 1660, To determine the output
response, we examine the conditions listed in Table 16.1 for the possible states
of the input signals A and B. Wz assume that a logic | level is Vpp volts. In
stades L and 2, transmission gate M - is biased in 115 conducting state. For state
1,4 = logic L s transmitted to the output so £ = fogic L', where the logic 17
level s (Vpp = Fra) The logic | level is attenuated by one threshold voltage
drop. For state 2, 4 = logic 0 is transmitted unatienuated to the output. In
states 3 and 4. (ransmission gate My, s biased in its conducting state. The
4 = logic 0 for state 31s transmitted unattenvaled to the output, and A = logic
1 for slate 4 is attenvated during transmission; therefore, / = logic 17, The
output i thus the exclusive-NOR funcuon,

Table 16.1 Inpul and ouput states for the circuit in Figure 16,60

Ktate A B A B My, My f
1 1) i ! l ol am I
: || 11 il l ulT il (’
Kt 1 1 | i} un olt {
4 | i i) U on oIl I

Another example of an NMOS pass trunsistor logic circuit 15 shown in
Figure 16.61. The oupul response as a funcuon of the input gate controls A and
Bis shown in Table (6.2, This circuit is a mulliplexer: that s, for a specific sel
of gate controls. the input signals P, are individually passed 1o Lhe output. By
using both normal and inverted forms of 4 and B, four nputs can be con-
trolled with Just ewo variables.

A potential problem of NMOS pass transistor logic is that the oulput may
be len floating in a high impedance state and charged high. Consider the circuit
shown in Figure 16.62. IT, for exampie, B = ¢’ = logic 0 and 4 = logic 1. then
1 = logic 1, which is the logic | level attenuated by I'7y. When A is switched
to logic 0, the output should be low, but there may nol be a discharge path to
ground. and the output may retain the logic L' stored av the output
capacitance,

The NMOS pass network musl be designed to avoid a high impedance
oulput by passing a togic 0 whenever 2 0 is required at the output. A logic
network that performs the logic function /' = 4 + B C. as indicated in Figure
16.62. is shown in Figure 16.63. The complementary function f = 4 - (B + C)
attached au the outpwt node drives the output to a logic 0 whenever f = 0.

1063

1

B
1 =
.

Figure16.60 Simple
NMGS pass kgic network
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Figure 16.61 NMOS pass logic network example

Table16.2 Input and ocutput states for the circuif in Figurs 16.61

State A 8 4 B F

1 0 0 1 1 P
2 1 0 [} 1 P
3 0 1 l ) £
4 1 1 ) ] Py

A
1
T 1
B C
Vo ——2 _T_ j_ G =4l
95 e

Figure 16.62 NMOS pass logic network with a potential problem

C
K O

Figure 16.63 NMOS pass logic network with complementary function in parallel
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Test Your Understanding

D18.28 Design an NMOS pass network (0 perform the exclusive-OR function.

16.6.3 CMOS Transmission Gate

A CMOS transmission gate is shown in Figure 16.64{a). The paralke! combina-
tion of NMOS and PMOS transistors, with complementary gate signals, allows
the input signal to be transmitted to the sutput without the threshold voltage
attenuation. Both transistors must be htlateral; therefore, the NMOS substrate
15 connected to the most negative potential in the circuit and the PMOS sub-
strate is connected to the most positive potential (usually, ground and Vpp,

respectively). Figure 16.64(b) shows a frequently used smplified circuit symbol
for the CMOS ransmission gate.

il
1

¥ Te

NMOS

L — | Vi
Ypo PMOS | v
il T

i

{a) (b}

Figure 16.64 {g) CMOS transmission gate and (b} simplified circuit symbol

We again assume that the transmission gate 15 to operate over a vollage
range of zero-10-V pp. If the control voltages are ¢ = (¢ and ¢ = 1y, then both
the NMOS and PMOS transistors are cut off and the output is isotated from
the input. [n this state, the circuit is essentially an open swilch.

1f¢p=Vpp, ¢ =0, vy = Vpp, and v is initially zero, then for the NMOS
device, terminal o acts as the drain and terminal b acts as the source, whereas
for the PMOS device, terminal ¢ acts as the drain and terminai 4 acts as the
source. Current enters the NMOS drain and the PMOS source, as shown
in Figure 16.65{a). to charge the load capacitor The NMOS gate-to-source
voltage is

Vosn =@ — 19 = Vpp — vo (16.8%(a))
and the PMOS source-to-gate voltage is

vop =V~ = Vpp—0=V¥pp . (16.8%b))
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b =Ypp ¢ =Vpp
'y
aTI Tb iy _ ‘G.Sh aTl
/"' = NMO3 NMOS
v=Vpn i vi=0

S ! ¥ c ipp =,

3 @ Yoo pMmos ’ Vop '3;1;;

vor 1 IL ur II
T = L

=0 ¢ 0
(&) {b)

Flgure 16,85 Curents and gate—source voitages in CMOS transmission gate for, {a) input
high condition and {b) input low condition

As with the NMOS transmission gate, when vp = Fpp — Vry, the NMOS
transistor cuts off and ipy = 0 since vgen = Vo, However, singe the source-
to-gate voltage of the PMOS device is a constant at vgzp = ¥ pp, the FMOS
transistor continues to conduct. The drain current ipp goes to zero when the
PMOS source-to-drain voltage goes to zero, or vsyp = 0. This means that the
load capacitor C; continues to charge through the PMOS device until the
output and input voltages are equal, or in this case, vp = v; = 3V

Consider what happens if ¢ = Vpp, ¢ =0, vy; = 0, and v, = Vpp initially.
For the NMOS device, terminal a acts as the source and terminal 5 acts as the
drain, whereas for the PMOS device, terminal ¢ acts as the source and terminal
d acts as the drain. Current enters the NMOS drain and the PMOS source, as
shown 1n Figure 16.65(b), 10 discharge the capacitor. The NMOS gate-10-
spurce voltage is

voswy =@ —vy=Vpp—0=Fpyp (16.9%%a))

and the PMOS source-to-gate vollage is

Veep = Yo = ¢ = Wy - 0= L7} (1690{'?)]

When vegp = vo = |Frpl. the PMOS device cuts off and fpp goes o zero.
However, since vo5n = Fpp, the NMOS transistor continues conducting and
capacitor C'; completely discharges o zero.

Using a CMOS transmission gate in a MOS circuit may ntroduce a
dynamic condition. Figure 16.66 shows the CMOS transmission gate with
simplified cross sections of the NMOS and PMOS transistors. If ¢ =0 and
@ = Vyp, then the input and output are isolated. 1f v, = ¥pp, then the NMOS
substrate-to-terminal & pn junction is reverse hiased and capacitance C; ¢an
discharge, as it did in the NMOS transmission gate. If, however, vo = 0, then
the PMOS tzrminal ¢-to-substrate pn junction is reverse biased and capacitance
€} can charge to a positive voltage. This citcuit is therefore dynamie in that the
output high or low conditions do not remain constant with time,
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=0
o
n T 1 ]
P
MNMOS
o J_ -TO"O
®= Vo Ifr.
— 7 —
P 7
n' PMOS
Voo 5

Figura 18.66 CMOS transmigsion gate showing cross seclions of NMGS and PMOS
iransistors
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Test Your Understanding

16.29 Consider the CMOS transmission gate in Figure 16.64(a). Assume Lransistor
parameters of Vpy = +08V and Fyp = —1.2V. When ¢ = 5V, input v; varies with
timeasy, =0.5%Vior0 = ¢ < 10s. Let vp{t =) = 0and assume C; = | pF. Determine
the range of times that the NMOS and PMOS devices are conducting or cut off. (Ans.
NMOS conducting. 0 < ¢ < RB.ds; PMOS conducting, 2.4 <r < 105)

16.64 CMOS Pass Networks

CMOS transmission gates may also be used in pass network logic design.
CMOS pass networks use NMOS transistors to pass 0's, PMOS transistors
to pass 1's, and CMOS transmission gates to pass a variable to the output. An
example is shown in Figure 16.67. One PMOS (ransistor 1 used 10 trapsmit a
logic 1, while transmission gates are used to transmit a variable that may be
either a logic 1 ora logic 0. We can show that for any combination of signals, 2
fogic 1 or togic 0 is definitely passed to the output.

16.7 SEQUENTIAL LOGIC CIRCUITS

In the logic circuits that we have considered in the previous sections, such as
NOR and NAND logic gates, the output is determined only by the instanta-
neous values of the input signals. These circuits are therefore classified as
combinational logic circuits.

Another class of circuits is called sequential bogic circuits. The output
depends not only on the inputs, but also on the previous history of its inputs.



Part 1T Dugital Efectronics

Figure 1667 CMOS pass logic network

This feature gives sequential circuits the property of memory. Shift registers
and flip-flops are typical examples of such circuits. We will also briefly consider
a full-adder circuit. The characteristic of these circuils is that they store infor-
mation for a short time until the information is transferred to another parni of
the system.

En this section. we introduce a basic shift register and the basic coacept of a
flip-flop. These circuits can become very complex and are usvally described
with logic diagrams. We will also introduce a CMOS full adder circuil in terms
of its logic diagram and then provide the transistor implementation of this logic
function. Additional information can be found in more advanced texts.

16.7.1  Dynamic Shift Registers

A shift register can be formed from transpussion gates and inverters. Figure
16.68 shows a combination of NMOS transmission gates and NMOS
depletion-load tnverters. The clock signals applied to the gates of the NMOS
transmission gates must be complementary, nonoverlapping pulses. The effec-
tive capacilances at the gates of Mg, and My, are indicated by the dotted
connections 1o Cp, and C; 1.

ol

TCh
| |

e il

Figure14.68 Dynamic shift reolster with NMOS Inverters and irangmission gates
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If. for example, €}, is initially uncharged when vy = 0 and if v, = Vpp
when ¢, = V' pp. then a logic 1" = Vpp — ¥ry voltage should exist at vg, at the
end of clock pulse ¢,. The capacitance of ', charges through My, and the
driving circunt of v;. The effective RC time constant must be sufficiently small
to achieve this charging effect. As vo, goes high, vgy goes low, but the low s
not transmitted through My, as long as ¢, remains low.

Figure 16.69 is used to determine the operation of this circuit and the
voltages al various times. For simplicity, we assume that Vpp = 5V and
Viw = 1V for the NMOS drivers and transmission gate transistors,

—
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Figurs 16.69 NMOS shift register voltages at various times
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At r =1, vy =@ =5V, vy charges to vpp — Fry =4V, and vy goes
low. At this time, My, is still cut off, which means that the values of vo;
and vgy depend on the previous history. At 1 = tp, ¢, is zero, My, is cut off,
but vy, remains charged. At ¢ = r,, ¢ is high, and the logic 0 at vo; Is trans-
mitted to v, which forces vy, to 3V. The input signal v, =35V at =1 has
thus been transmitted to the output; therefore, vy = v; =5V at ¢ = 3. The
input signal is transmitted, ot shifred, from the input to the output during one
clock cycle, making this circuit one stage of a shift register.

At =4, vy =0, and ¢ =35V, 0 that vo; =0 and vg; =35 V. Since
¢ = 0. My, 15 cut off, and vy, and vy, are isolated. AL (=15, ¢ = 3V, s0
that vg; charges 10 Vpp ~ Vry =4V, and vp, goes low (logic 0). At t=1,,

106%
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both NMOS transmission gates are cut off, and the two inverters remain in
their previous states. It is important that ¢ and ¢; do not overlap, or the signal
would propagate through the whole chain at once and we would no longer
have a shift regisier.

In the dynamic condition of NMOS transmission gates, the high output
voltage across the output capacitance does not remain constant with time; it
discharges through the transmission gate transistor. This same effect applies to
the shift register in Figure 16.68. For example, from Figure 16.69, at 1 = 15,
vor =4V, ¢, =0, and My, is cut off. Voltage v wili start to decay and vy,
will begin to increase. To prevent logic errors from being introduced into the
system, the clock signal period 7 must be small compared to the effective RC
discharge time constant. The circuit in Figure 16.68 is therefore called a
dynamic shift register.

A dynamic shift register formed in a CMOS technology is shown in Figure
16.70. Operation of this circuit is very simifar to that of the dynamic NMOS
shift register, except for the voltage levels. For example. when v, = ¢, = V.
then vy = Vpp and vy, =0 When ¢, goes high, then 1, goes ta zero.
vos = Vpp. and the input signal is shifted to the output during one clock
period.

=
=
=

Log

¢

¥on vor
Vi

L 1

wd L. T T

i

Figurs 16.70 CMOS dynamic shift register

16.7.2 R-SFilip-Flop

Flip-fleps are bistable circuits usually formed by cross-coupling 1wo NOR
gaies. Figure 16.7} shows an R-S flip-flop using NMOS NOR logic gates
with depletion loads. As shown, M, M;, and M, form one NOR gate. and
M,, Ms, and M, form the second. The outputs of the two NOR circuits are
connected back to the inputs of the opposite NOR gates.

If we assume that S = logic 1 and R = logic 0. then A, is biased in its
conducting state and outpwt Q is forced low. The inputs to both M, and s are
Iow, so oulput Q goes high Lo a logic 1 = Fpp. Transister M is then also
biased in a conducting state. The two outputs @ and Qare complementary and,
by definition, the flip-flop is in the set state when @ = logic | and ¢ = iogic 0.

If § returns to logic 0, then M, turns off, but A, remains turned on s¢ ¢
remains low and Q remains high. Therefore, when S goes low, nothing in the
circuit can force a change and the flip-flop stores this particular logic state.
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i
Ak
R

T |

Figure 16.71  NMOS R-5 flip-llop

When R = logic | and § = logic 0, then M, turns on so output @ goes low,
With 5 = @ = logic 0, then both M, and M, are cut ofl and @ goes high.
Transistor Ms turns on, keeping @ low when R goes low. The flip-flop is now in
the reset state.

If hoth S and R inputs were to go high. then both outputs @ and @ would
2o low. However, this would mean that the outputs would not be complemen-
tary, Therefore, a logic | at both § and R is considered 1o be a forbidden or
nonallowed condition. 1f both inputs go high and then rewrn to logic 0, the
state of the flip-flop is determined by whichever input goes low last. If both
inputs go tow simultanecusly, then the outputs will flip into one state or the
other, as determined by slight imbalances n transistor characteristics.

Figure 16.72 shows an R-$ flip-flop using CMOS NOR logic gates. The
outputs of the two NOR gates are connected back to the inputs of the opposite
NOR gates to form the flip-flop.

I § = logic 1 and R = logic 0. then My, is turned on, M5, is cut ofl, and
O goes low. With @ = R = logic 0. then both My, and My, are cul off, both

Vor

Mes I

Moy

;| I
anilisre

Flgurs 168.72 CMOS R-5 fip-lop

b

1011
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M py and M py are biased in a conducting state so that the output @ goes high.
With Q = logic 1, My, is biased on, Mp, is hiased off, and the flip-flopis in a
set condition, When S goes low, My turns ofl, but A, remains conducting,
s0 the state of the flip-Aop does not change.

When 5 = logic 0 and R = logic 1, then output ( is forced low, output @
goes high, and the flip-lop is in a reset condition. Again, a logic | a1 both Sand
R is considered 1o be a forbidden or 4 nonallowed condition, since the resulting
outputs are not complementary.

16.7.3 D Flip-Flop

A D-type flip-flop is used to provide a delay. The logic bit on the D input 15
transferred to the output at the next ¢lock pulse. This flip-flop is used in
counters and shift registers. The basic circuit is similar to the CMOS dynamic
shift register in Figure 16.70, except that additional circuitry makes the D flip-
flop a static circuit.

Consider the circuit in Figure 16.73, The CMOS inverter composed of
My, apnd Mp, is driven by a CMOS transmission gate composed of My,
and M p;. A second CMOS inverter, My, and Mgy, is connected in a feedback
configuration. If v; = high, then v, goes high when the transmission gale is
conducting, and output vs. which is the input to the feedback inverter, goes
low.

-

pita)

von = High

v; = High vy = Low

xl—-—|§:L—o

=
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Figure16.T3 CMOS D-type flip-flop

When the CMOS transmission gate tuins off, the pn junction in the My,
transmission gate transistor is reverse biased. In this case, however, voltage vy,

is not simply across the gate capacitance of inverter M y;—M p;. Transistor Mp,
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is biased in a conducting state, 50 the reverse-biased pn junction leakage cur-
rent f; is supplied through M py. as indicated in Figure 16.73. Since this leakage
current is small, the source-to-drain voltage of Mpy will be small, and vy, will
remain biased at essentially ¥pp. The circuit will therefore remarn in this static
condition,

Similarly, when vp; i1s low and »5 is high, the pn junction in the M,
lransmission gate transistor is reverse biased and transistor Ay, is biased
on. Transistor My, sinks the pn junction leakage current J;, and the circuit
remains in this static condition until changed by a new input signal through the
lransmission gale.

The circuit shown in Figure 16.74 is a master—slave ¢onfiguration of a D
fip-flop. When clock pulse # is high, transmission gate TG is conducting, and
data D goes through the first inverter, which means that ' = D. Transmission
gate TG2 is off, so data stops at Q'. When clock pulse ¢ goes low, then TG3
turns on, and the master portion of the flip-flip is in a static configuration. Also
when ¢ goes low, TG2 turns on, the data are transmitted through the slave
portion of the fip-flop, and the output is @ = Q" = D. The data present when
¢ is high are transferred to the output of the flip-flop during the nepative
transition of the ciock puilse. The various signals in the D flip-flop are shown
in Figure 16.75.

Additional circuitry can be added to the D Aip-lop in Figute 16,74 10
provide a set and reset capability.

oQ

Master Slave

Figure 16.74 CMOS mastgr—slave [ flip-tlop

Figurs 18.T8 D fiip-fiop signais a1 varous times

73
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1674 CMOS Full-Adder Circuit

One of the most widely used building blocks in arithmetic processing architee-
tures is the one-bit Mull-adder circuit. We will first consider the logic diagram
irom the Boolean function and then consider the implementation in a conven-
tional CMOS design.

Assuming that we have two input bits to be added plus a carry signal from
a previous stage, the sum-out and carry-out signals are defined by the foliowing
two Boolean functions of three input vanables 4, B, and C.

Sum-oul =4 B O

_— - (16.91(ap
ABC + ABC + A BC + ABC

Carty-out = 48 + AC + 8C {16 .91k

The logic diagrams for these functions are shown in Figure 16.76. As we have
seen previously, the implementalion at the framsistor level can be done with
fewer transistors than would be used if afl the NOR and NAND gates were
aclually connected as shown in the logic diagram.

Summ-oud

Figure 16.76  Gate configuralion of the one-bit tull adder

Figure 16.77 ts a transistor-level schematic of the one-bit full-adder circuit
implemented in a conventional CMOS technology. We can understand the
basic design from the logic diagram. For exampie. we may consider the
NMOS portion of the carry-out signal We see that transistors My, and
Mg are in parallel, to perform the basic OR function, and these transistors
are in series with transistor My, to perform the basic AND function. These
three transistors form the NMOS portion of the design of the two gates labeled
G, and (7, in Figure 16.76. We also have transistors My 4, and Myp, In series,
to perform the basic AND function of gate G;. This set of two transistors is in
parallel with the previous three transistors, and this configuration performs the
basic OR function of gaie (.. This output signal goes through an inverter to
become the final carry-out signal.

We can go through the same discussion for the design of the NMOS
portion of the sum-out signal. The PMOS design is then the complement of
the NMOS design. As menticned, the total number of transistors in the final
design is considerably less than would have occurred if the basic OR and AND
gates shown in the logic diagram were actually incorporated in the design.
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Figure 16.77  Transistor configuration of the CMOS one-bit full adder

16.8 MEMORIES: CLASSIFICATIONS AND ARCHITECTURES

In the previous sections of this chapter, various logic circuits were considered.
Combinations of gates can be used to perform logic functions such as addition,
multiplication, and multiplexing. In addition to these combinatorial logic fune-
tiops, digital computers reqguire some method of storing infermation.
Semiconducior circuits form one type of memory, considered in this chapter,
and define a class of digitai electronic¢ circuits that are just as important as the
logic gates.

A memory cell is a circuit, or ia some cases jusl a single device, that can
store a bit of information. A systematic arrangement of memory cells consti-
tutes 2 memory. The memory must also include peripheral circuits to address
and write data into the cells as well as detect data that are stored in the cells,

In this section. we define the various types of semiconductor memories,
discuss the memory organization, and briefly consider address decoders. In the
next section, we analyze in detail some of the basic memory ¢ells and briefly
discuss sense amplifiers.

16.8.1 Classifications of Memories

Two basic types ol semiconducior memory are considered. The first is the
random access memory (RAM), a read write memory, in which each individual
cell can be addressed at any particular time. The access time to each cell is
virlually the same. Implicit in the definition of the RAM 1s that both the read
and wrile operations are permissible in each cell with also approximately the
same access time. Both static and dynamic RAM ceclls are considered.

A second class of semiconductor memory is the read-only memory (ROM).
The set of data in this type of memory is generally considered to be fixed,
although in some designs the data can be altered. However, the time required
to write new data is considerably longer than the read access time of the
memory cell. A ROM may be used, for example, to store the instructions of
a syslem operating program.
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A volatile memory is one that loses its data when power is rernoved from
the circuit, while nonvolatile memory retains its data even when power is
removed, In general, a random access memaory is 2 volatile memory, while
read-only memories are nonvolatile.

Random Access Memorias

Two types of RAM are the static RAM (SRAM) and dynamic RAM
(DRAM). A static RAM consists ol a basic bistable flip-flop circuit that
needs only a dc current or voltage applied to retain its memeory. Two stable
states exist, defined as logic 1 and logic 9. A dynamic RAM is an MOS memory
that stores one bit of information as charge on 4 capacitor. Since the charge on
the capacitor decays with a finite time constant {milliseconds), a periodic
refresh is needed to restore the charge so that the dynamic RAM does not
lose its memory,

The advantage of the SRAM is that thas circuit does not need the adds-
tional complexity of a refresh cycle and refresh circuitry, but the disadvantage
is that this circuit is fairly large. In general, a SRAM requires six transistors.
The advantage of a DRAM is that it consists of only ong transistor and one
capacitor, but the disadvantage is the required refresh circuitry and refresh
cycles.

Read-Cnly Memories

There are two general types of ROM. The first is programmed either by the
manufacturer {mask programmable) or by the user {programmable, or
PROM). Once the ROM has been programmed by either method, the data
in the memory are fixed and cannot be altered. The second type of ROM may
be referred to as an alierable ROM in that the data in the ROM may be
reprogrammed if desired. This type of ROM may be called an EPROM (era-
sable programmable ROM), EEPROM (electricaliy erasable PROM), or flash
memory. As mentioned, the data in these memories can be reprogrammed
although the time involved is much longer than the read access time. In
some cases, the memory chip may actually have to be removed from the circuit
during the reprogramming process.

16.8.2 Memory Architecture

The basic memory architecture has the configuration shown n Figure 16.78.
The terminal connections may include inputs. outputs, addresses, and read and
write controls. The main portion of the memory involves the data storage. A
RAM memory will have all of the tetminal connections mentioned. whereas a
ROM memory will not have the inputs and the write controls.

A Lypical RAM architecture, shown in Figure 16.79, consists of a matrix of
storage bits arranged in an array with 2M columns and 2 rows. The array may
be square, in which case M and N are equal. This particular array may be only
one of several on a single chip. To read data stored in a particular cell within
the array, a row address is inputted and decoded to select one of the row lines.
All of the cells along this row are activated. A column address is also inpurted
and decoded to select one of the columns. The one particular memory ceil at
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Figure 16.78 Schematic ol a basic memory configuration
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Figure 16.79 Basic random access mamory archiieciure

the intersection of the row and column addressed is then selected. The logic
level stored in the cell is routed down a bit line to a sense amplifier.

Control circuits are used to enable or select a particular memory array on a
chip 2nd also to select whether data are to be read from or written into the
memory cell. Memory chips or arrays are designed to be paralleled so that the
memory capacity ¢an be increased. The additional knes needed to address
parailel arrays are called chip select signals. If 2 particular chip or array is
not selected, then no memory cell is addressed in that particular array. The
chip select signal controls the tristate output of the data-in and data-out buf-
fers. In this way, the data-in and data-out lines to and from several arrays may
be connected together without interfering with each other.

16.8.3 Address Decoders

The row and columm decoders in Figure 16.79 are essential elements in all
memories. Access time and power consumption of memories may be largely
determined by the decoder design. Figure 16.80 shows a simple decoder with a
two-bit input. The decoder uses NAND logic circuits, although the same (ype
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Figure 16.80  Simpiified decoder with two-bit inpul

of decoder may be implermmented in NOR gates, The input word goes through
input buffers that generate the complement as well as the signal,

Another example of the direct implementation of a decoder is shown in
Figure 16.81. Figure 16.81{a) shows a pair of NMOS input buffer-inverters,
and Figure 16.81(b) shows a five-input NOR logic address decoder circuit
using NMOS enhancement-mode drivers and a depletion load. A pair of
inpul-buffer inverters is required for ¢ach input address line. The input signal
is then required to drive only an inverter, while the buffer-inverter pair can be
designed to drive the remainder of the logic circuits. The output of the NOR
decoder goes high only when all inputs are a logic 0. The NOR gate in Figure
16.81(b) would decode the address word 00110 and select the sixth row or
column for a read or write operation.

¥np Yop

LN h
AL S L L ML L

(=) {b)
Figure 16.81 (2} Input bufter-invertar pair; (b} five-input NOR logic address decoder

As the size of the memory increases, the length of the address word must
increase. For example, a 64-K (where | K = 1024 bits) memory whose ¢¢lls are
arranged in a square array would require an 8-bit word for the row address and
another 8-bit word for the column address, As the word size increases, the
decoder becomes more complex, and the number of transistors and power
dissipation may become large. In addition, the total capacitance of MOS deco-
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der transisiors and interconnect lines increase so that propagation delay times
may become significant. The number of transistors required to design a decoder
may be reduced by using a two-stage decoder using both NOR and NAND

gates. These circuits may be found in more advanced textbooks on digital
cireuits.
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Test Your Understanding

18.30 A NOR logic address decoder. such as shown in Figure 16.81{b), is used in
both the row and column address decoders in a memory arranged in a square array.
Calculate the number of decoder transistors required for a {a) 1-K, (b} 4-K, and (c) 16-K
memaory. (Ans. 184, 896, 2048 plus bulfer transistors.)

169 RAMMEMORY CELLS

In this section, we consider two designs of an NMOS static RAM (SRAM), -

one design of a CMOS static RAM, and one design of a dynamic RAM
(DRAM). We also consider examples of sense amplifiers and read/write cii-
cuitry. This section is intended to present the basic concepts used jn memory
cell design. More advanced designs can again be found in advanced texts on
digital circuts.

16.9.1  NMOS SRAM Celis

A static RAM cell 1s designed by cross-coupling the inputs and outputs of two
inverters. In the case of an NMOS design, the load devices may be either
depletion-mode transistors or polysilicon resistors, as shown in Figure 16.82.
I either case, the inputs and outputs of the two inverters are cross-coupled to
form a basic fiip-flop. I transistor M, 1s turned on, for example. the output @

Voo ¥op
- _ L
o D D
I = | ] &
‘ M, o 2 M; ‘ | M, ¢
L 101 LI
i T ' . T
' T H.:l l:Mz X ' ; X M, 1| M
q Row Row : : Row
select seleci select
I T
{a) )

Figure 18.02 Static NMOS RAM celts with {a) dopietion loads and (b) polysilicon resistor
loads

e ———— === T
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is low, which means that transistor M, is cut off. Since M, is cut off, the output
¢ is high, ensuring that M| is turned on. Thus, we have a static situation as
long as the bias voltage Vpp is applied to the circuit.

To access (read or write) the data contained in the memory cell, two
NMOS transmission gate transistors, M, and M, connect the memory cell
to the complementary bit lines. When the word line signal or row select signal is
low, both transmission gate transistors are cut off and the memory cell is
isolated or in a standby condition. The data stored in the cell remain stored
as long as power is applied to the cell. When the row select or word ling signal
goes high, the memory cell 15 then connected to the complementary data lines
so that the data in the cell can be read or new data can be written into the cell.

Onre critical parameter in the design of RAM cells is power dissipation. As
we will see in the foliowing example, this is one situation in which incorporat-
ing a high-valued resistor as a load device improves the design. A lightly doped
polysilicon load resistor is formed by ion implantation, which can accurately
dope the polysilicon to produce the designed resistance value.

Example 16.15 objective: Determine the currents, voltages, and power dissipa-
tion in two WMOS SRAM cells. The first design uses a depletion-load device and the
second design uses a resistor-load device.

Assume the following parameters: Vpp =3V and &, = 60 pA /v driver transis-
tors: Veyp = 0.5V and (W/L), = 2; load devices: Vg = —-1.0V, (W/L); = 1/2, and
R =2MQ.

Sclution: With Depletlon Load:  Assume M; is cut off in the circwit in Figure [6.82(a)
so that @ = Vpp = 3V. M is on in the nonsaturation region and M; is on in the
saturation region. The drain current in M, and M; i then

K 80 (1 |
ip==" (_LW:) L( Vos, = Vno) = 3 (E)iﬁ ~ (1Y

in=15pA

The power dissipated in the circuit is then
P=ip-Vpp = (1503 =45uW

The logic 0 value of the Q cutput is found from

. ke (W
el (—] [XVeso - VinoWaso - Viso)
T ALl
or
60 .
15== 26 - 050 - ¢]
which yields
Q = 50.5mV

Solution: With Reslstor Load: Again assume M, is cut off in the circuit in Figure
16.82(b) so that ¥ = Vpp = 3V. Again M, is on in the nonsaturation region. The
drain curfent is found from
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a =

Voo =Q _ka (W
imj'it 2. i (f) 9[2{ Voso — Vino)Q - 0°]

or

1 &0
__{.Q =5 @23 -050 - ¢]

[Note that dividing by megohms on the left agrees with microamperes on the right.]
We find
Q= SmV
The drain current is then found:
oo ¥pp—-Q 3-0.005
PTTR T 2
‘The power dissipated in the circuit is then
P=ip Vpp=(L5K3) = 4.5uW

o= [.5pA

Comment We see that the SRAM with the resistive load dissipates 10 times less
power than the SRAM with the depletion-load device. Thus, for a given allowed
power dissipation per chip, the memory with the resistive load could be 10 times larger
than that using the depletion load device.

Since the value of the load resistance R is, in general, very large, the memory
must be designed o that the resistor R is not requirad to be a pull-up device.
We will see this type of design later. The resistors can actually be fabricated on
top of the NMOS transistors by a double-polysilicon technology, so that the
cell with resistor load devices can be very compact, resulting in a high-density
memory.

Test Your Understanding

D16.31 A 16-K NMOS static RAM cell using a resistor load is to be designed. Each
cell is 10 be biased at Fpp =25V, Assume transistor parameters as described in
Example 16.15. The entire memory is lo dissipate no more than 125mW in standby.
Design the value of R in each cell to meet this specification. (Ans. R = 0.82M%Q)

169.2 CMOS SRAM Cells

The basic six-transistor CMOS SRAM cell is shown in Figure 16.83. The
inputs and outputs of the two CMOS inverters are cross-coupled so that the
circuit will be in one of two static conditions. For example, if { 1s low, then
My, is cut off so that @ is high, which in turn means that Mp, is cut off,
ensuring that @ remains low. The two NMOS transmission gate transistors
again connect the basic memory cell to the complementary data lines.

‘The traditional advantages of CMOS technology include low static power
dissipation, superior moise immunity to either bipolar or NMOS, wide
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Figure 1683 & CMOS static RAM cell

operating temperature range. sharp transfer charactenstics, and wide voltage
supply tolerance.

CMOS is mherently lower power than NMOS, since conducting paths
between power and ground do not arise when the circuit is in one logic state
or the other. In standard CMOS, the p- and n-channel devices in the memory
cell and in the periphery circuits are in series and on at the same time only
during switching. Current is, therefore, drawn only during switching. This
makes SRAMs and CMOS extremely low power in standby, when there are
only surface, junctron, and channel leakage currents.

A more complete ciccuit of the CMOS static RAM is shown in Figure
16.84, which includes PMOS data line pull-up transistors on the complernen-
tary bit lines. If all word line signals are zero, then all pass transistors are

Vop oo

Mg, |—‘L‘_—F Hpisiors ___'—l—| Mpa

= Fop

{

Mpy i— F E‘n

b

¢ My

LI 7]

Mjl— L[}ﬂ 1T

L

M, ¢

1 1

3 —

[

Word line

Figure 16.34 CMOS RAM cell Including PMOS pull-up transistons
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turned ofT. The two data lines with the relatively large column capacitances are
charged up by the column pull-up transistors, Mg, and Afp,, to the full Vpp
voltage.

To determine the (/L) ratios of the transistors in a typical CMOS
SRAM cell, two basic requirements must be taken into consideration. First,
the read operation should not destroy the information stored in the cell, and
second, the cell should allow for the modification of the data stored during a
write operation. Consider a read operation in which a logic 0 (0 =0 and ¢ =
¥ pp) is stored in the cell. The voltage levels in the cell and on the data lines just
prior to the read operation are shown in Figure 16.85. Transistors Mp and
M 1 are turned off while transistors My, and Mp; are biased in the nonsalura-
tion region.

Voo ¥np
Pull-up
My '__L transistors L_| Mpy
= L =
o ' L b
L,.: ;
Mei by —| M
Pt _
1 i QI VﬂD VDEJ
g o
oo o | Mg
:
a

—
5
=
3
—
L

Figure 16,85 Voltage levels and “on” transistors in CMOS RAM call at the beginning of the
raad cycle

Immediately after the word select signal is applied to the pass transisiors
M, and M. the voltage on the D data line will not change significantly, since
the pass transistor M p is actually not conducting and no current flows. On the
opposite side of the cell, current will Aow through M, and My, so that the
voltage on the D data line will drop and the voltage QO will increase above its
initial zero vaiue. The key design point is that ¢ must not become larger than
the threshold voltage of My, so that My, remains cut off during the read
phase. This will ensure that there is not a change in the data stored 1n the cell.

At the initial time the cell is addressed, we can assume that the D bit line
remains at approximately ¥pp, since the line capacitance cannot change
instantanecusly. The pass transistor M, is biased in the saturation region
and the transistor My, is biased in the nonsaluration region. Setting the
drain currents through A 4 and My, equal, we have

Kou(Vop — @ = Vinl = K2V pp — V)0 — o] (16.92)

1083



1044

Part 111 Digital Electronics

Setting Q = Qyax = Fry as our design limit, then from Equation {16.92), we
find the relation between the transistor width-to-length ratios to be

W/Lws 2V poVra) - 3VEy
fW/L},,[ s {VD.D -2 V',-w}z

(16.93)

Assuming that Vpp =3V and Vg = 0.5V, we find that (W/L),,/ (W/L),
< 0.56. So the width-to-length of the pass transistor should be approximately
one-half that of the NMOS device in the memoty cell. By symmetry, the same
condition applies to the transistors My, and M.

We now need to consider the write operation. Assume that & logic 0 is
stored and we want to write a logic | into the memory celi. Figure 16.86 shows
the initial voltage levels in the CMOS SRAM ceil when the cell is first
addressed at the begitming of the write cycle. Transistors Mp, and My, are
initially turned ofl, and My, and M, are biased in the nonsaturation region.
The cell vollages are § =0 and @ = Vpp just before the pass transistors are
turned on. The data line D is held at ¥, and the complementary data line D is
forced to a logic 0 value by the write circuitry. We may assume that D =0V
for analysis purposes. The voltage { wiil remain below the threshold voltage of
M4 because of the condition given by Equation (16.93). Consequently, the
voltage at ) is not sufficient to switch the state of the memory cell. To switch
the state of the cell, the voltage at @ must be reduced below the threshold
voltage of My, so that My, will turn off. When @ = ¥y, then My is biased in
the nonsaturation region and Mp; is biased in the saturation region. Equating
drain currents, we have

Kp(Vpp + Vip) = Kug[2Vpp — Vi)W rw — Viw] (16.94(n))

which can be written in the form

Kp  2Voo¥rw) = Wi

¥,
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Figure16.88 Volags levels in the CMOS RAM at the boginning of a write cycle
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Considering the width-to-length ratios, we find

{W/_‘:};L:_ - fﬂ ‘ VoV rn)— 3V12:~'
(W/L)g ky Vap + V)

(16.95)

Assuming that Vpp = 3V, ¥ry = 0.5V, Vrp = ~0.5V, and (k,/k;) = (ita/it,)
= 2, we find that (W/L),,/(W /L), < 0.72.

From previous results, if we assume that the width-to-length of the pass
transistor is one-half that of the NMOS in the memory cell, and if we assume
that the width-to-length of the PMOS in the memory cell is 0.7 that of the pass
transistor, then the width-to-length of the PMOS in the cell should be approxi-
mately 0.35 that of the NMOS in the memory cell.

1085

Test Your Understanding

D18.32 A six-transisior CMOS SRAM cell is biased at Vg = 2.5V, The transister
parameters are Vry = +04 Y, Vyp = =04V, and (12,/11,} = 2.5. Determine the relative
width-to-length ratios such that Equations (16.92) through (16.95) are satisfied in terms
of read/write requirements.

16.9.3 SRAM Read/Write Circuitry

An example of a read/write circuit at the end of a column is shown in Figure
16.87. We may consider the write portion of the circuit as shown in Figure
16.88(a). We may note that if the column is not selected, then A, is cut off and
the two data lines are held at their precharged value of ¥pp. When X =V = I,
then the one-bit cell shown is addressed. If W = 1 then the write cycle is de-
selected and both M, and M, are cut off. For W = 0 and D = 1, M| is cut off
and M, is turned on so that the D data line is pulled low while the D data line
remains high. The logic | is then written into the cell. For W =0and P =0,
the D data line is pulled low and the D data line is held high so that logic 0 is
written into the cell.

Figure 16 88({b) shows the NMOS cross-coupled sense amplifier that is in
the complete circuit of Figure 16.87. This circuit does not generate an output
signal, bui rather amplifies the small difference in the data bit lines. Suppose
that a logic 1 is to be read from the memory cell. When the cell is addressed, the
D bit line is high and the D bit line voltage begins to decrease. This means that
when the M, transistor turns on, the Ad; transistor turns on harder than M, so
that the D bit line voltage is pulled low and the M transistor will eventually
turn off.

Figure 16.88(c) shows the differential amplifier that senses the output of
the memory cell. Note that this sense amplifier is connected to the bit lines
through a couple of pass transistors, as seen in Figure 16.87. If the input signal
10 the pass transistors is also a function of the column select signal, then this
configuration enables the use of one main sense amplifier to read the data out
of several columns, one at a time. When the clock signal is zero, the M,
transistor in the differential amplifier is cut off and the common source node
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Figure18.87 Compieie citcuit diagram of a CMOS RAM cell with write and read circuitry

of M, and M, is pulled high, which means the output voltage is puiled high.
When 2 memory cell is selected and the clock goes high, M tumns on. If a logic
1 level is 1o be read, then D remains high and the D line voltage decrzases. This
means that the M, transistor will turn off and the output voltage remains high.
If a logic 0 is to be read, then the D line voltage decreases and D remains high.
The transistor M; will turn off while M is turned on so that the output voltage
goes low,
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16.9.4 Dynamic RAM (DRAM) Cells

The CMQOS RAM cell just considered requires six transistors and five lines
connecting each cell, including the power and ground connections. A substan-
tial area, then, is required for each memory cell. 1f the area per cell could be
reduced, then higher-density RAM arrays would be possible.

In a dynamic RAM cell, a bit of data is stored as charge on a capacitor,
where the presence or absence of charge determmines the value of the stored bit.
Data stored as charge on capacitors cannot be retained indefinitely, since
leakage currents will eventually remove the stored charge. Thus the name
dynamic refers t0 the situation in which a periodic refresh cycle is required
to maintain the stored data.

One design of a DRAM cell is the one-transistor cell that includes a pass
transistor M plus a storage capacitor Cg, shown in Figure 16.89. Binary infor-
mation is stored in the form of zero charge on C (logic 0) and stored charge on
Cs (logic 1). The cell is addressed by tumning on the pass transistor via the word
line signal WL and charges are transferred into or out of Cy on the bit line BL.

My

P S ——

-
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Figure 16.89 One-transistor dynamic RAM cell

The storage capacitor is isolated from the rest of the circuit when M is off, but
the stored charge on C; decreases because of the leakage current through the
pass transistor. This effect was discussed in detail in Section 16.6 during the
analysis of the NMOS pass transistor. As a result of this leakage, the cell must
be refreshed regularly to restore its original condition.

An example of a sense amplifier to detect the charge stored in the memory
cell is shown in Figure 16.90. On one side of the amplifier is a memory cell that
either stores a full charge or is emply. depending on the binary value of the
data. On the other side of the amplifier iz a reference cell with a reference or
dummy storage capacitor Cg that is one-half the value of the storage capacitor.
The charge on Cy will then be one-half the logic 1 charge on Cys. A cross-
coupled dynamic latch circuit is used to detect the small voltage differences and
to restore the signal levels. The capacitors Cp and Cpy represent the relatively
large parasitic bit line and reference bit line capacitances.

In the standby mode, the bit lines on both sides of the sense amplifier are
precharged to the same potential. During the read cycle, both the WL and D-
WL address signais go high allowing the charges in the cells to be redistributed
along the bit lines. After the charge equalization and since the charge in the
dummy cell is half the full charge, then v, < v; when the memory cell is empty
or a logic 0, and v, > v, when the memory cell is full or a logic 1. The sense
amplifier detects and amplifies the voltage difference between the bit lines, and
will latch at the logic level stored in the basic memory cell.
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Flgure 16.90 Sense ampiier configuration for dynamic RAM col
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Test Your Understanding

18.33 A one-transistor DRAM celi 15 composed of a 0.05 pF storage capacilor and
an NMOS transistor with a 0.5V threshold voltage. A logic 1 is written into the cell
when both the data line and row-select line are raised te 3V. Sensing circuitry permits
the stored charge to decay to 50 percent of its original value. Refresh ocours every
1.5ms, Determine the maximum allowed leakage current that can exist.

16.10 READ-ONLY MEMORY

We consider several examples of read-only memories in this section. The intent
is again to provide an introduction to this type of memory. In the case of
EPROM: and EEPROMSs, the development effort has been directed toward
the characteristics of the basic memory cell.

16.101 ROM and PROM Cells

We consider two types of ROMs. The first example is a mask-programmed
ROM, in which contacts lo devices are selectively included or excluded in the
final manufacturing process to obtain the desired memory patiern. Figure
1691 shows an example of an NMOS 16 x | mask-programmed ROM.
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Figure 15.81  An NMOS 16 x 1 mask-programmable ROM
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Enhancement-mode NMOS iransistors are fabricated in each of the 16 cell
positions (the substrate connections are omitted for clarity). However, gate
connections are fabricated only on selected transistors. The transistors M —
M, are column-select transistors and M, is a depletion-mode load device.

The inputs Xp. X, Yy, and ¥ are the row- and column-select signals. If,
for example, Xo = X = ¥y = ¥ = 1, then the M ; transistor is addressed.
Transistors M|; and M, turn on with this address, forcing the output to a logic
0. If the address changes, for example, toc Xg =X, = ¥, = ¥, = |, then the
transistor M;; is addressed. However, this transistor does tiot have a gate
connection and consequently never turns on, so the cutput is a logic 1.

The mask-programmed memory discussed is only a 16 x 1-bit ROM, while
a more useful memory would contain many more bits. Memories can be orga-
nized in any desired manner, such as a 2048 x 8 for a 16-K memory. This
ROM is a nonvolatile memory, since the data stored are not lost when
power I8 removed.

The second example of a ROM is a user-programmed ROM. The data
pattern is defined by the user after the final manufacture rather than during the
manufacture, One specific type is shown schematically in Figure 16.92. A small
fuse is in series with each emitter and can be selectively “blown’ or left in place
by the user. If, for example, the fuse in Qg is left in place and this transistor is
addressed by X, = A7 = ¥p = V| = L, then O turns on, raising the data line
voltage at the emitter of Q. The inverter N is enabled, making the output a
logic 0. If the fuse is blown in this transistor, then the input to the inverter is a
logic 0, so the output is a logic 1.

The polysilicon fuse in the emitter of an npn bipoiar transistor has a fairly
low resistance, so with the fuse in place and at low currents, there is very little
voltage drop across the fuse. When the current through the fuse is increased to
the 20 to 30 mA range, the heating of the polysilicon fuse causes the tempera-
ture to increase. The silicon oxidizes, forming an insulator that effectively
opens the path between the data line and the emitter. The bipolar ROM circuit
with the fuses either in place or “blown” form a permasnent ROM that is not
alterable and is also nonvolatile,

16.10.2 EPROM and EEPROM Cells

An EPROM transistor is shown in Figure 16.93. The device has a double gate,
with gate | being a “floating gate” that has no electrical contact. Gate 2 is used
for cell selection, taking the role of the single gaie of an MOS transistor.

Operation of this EPROM cell relies on being able 1o store charge on the
floating gate. Initially, we assume no charge on the floating gate so that with
gate 2, drain, and source grounded, the potential of gate 1 is also zerc. As the
voltage on gate 2 increases, the gate | voltage rises also, but at a lower rate as
determined by the capacitive divider. The net effect of this is to effectively raise
the threshold voliage of this MOSFET as seen from gate 2. However, when the
gate 2 voltage is raised sufficiently (approximately twice the normal threshold
voltage), a channel forms. Under these conditions, the device provides a stored
logic 0 when used in the NOR array.

To write a logic | 1nto this cell, both gate 2 and drain are raised to about
25V while the source and substrate remain at ground potential. A relatively
large drain cusvent flows because of notmal device conduction characteristics.
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Figure 18.92 A bipolar fuse-linked user-programmabls ROM

In addition, the high field in the drain-substrate depletion region results in
avalanche breakdown of the drain-substrate junction, with a considerable
additional flow of current. The high field in the drain depletion region accel-
erates electrons to high velocity such that a small fraction traverse the thin
oxide and become trapped on gate 1. When the gate 2 and drain potentials are
reduced 10 zero, the negative charge on gate 1 forces its potential to approxi-
mately —5 V, If the gate 2 voltage for reading is limited to +5V, then a channel
never forms. Thus a logic 1 is stored in the cell,

Gate | is completely surrounded by silicon dioxide ($i0), an excellent
msulator, so charge can be stored for many years. Data can be erased, how-
ever, by exposing the cells to strong ultraviolet (UV) light. The UV radiation
generates electron-hole pairs in the 510, making the material slightty conduc-
tive. The negative charge on the gate can then leak off, restoring the transistor
to its original uncharged condition. These EPROMs must be assembled in

1091
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packages with transparent covers so the silicon chip may be exposed to UV
radiation. One disadvantage is that the entire memory must be erased before
any reprogramming ¢an be done. In general, reprogramming must also be done
on specialized equipment; therefore, the EPROM must be removed from the
circuit during this operation.

In the EEPROM, each individual cell can be erased and reprogrammed
without disturbing any other cell. The most common form of EEPROM is also
a floating gate structure; one example is shown in Figure 16.94{a}. The memory
transistor is similar to an n-channel MOSFET, but with a physical difference in
the gate insulator region. Charge may exist on the floating gate that will alter
the threshold voltage of the device. If a net positive charge exists on the floating
gate, the n-channel MOSFET is turned on, whereas if zero or negative charge
exists on the floating gate, the device is turned off.

The floating gate is capacitiovely coupled to the control gate with the tunnel
oxide thickness less than 200 A. If 20V is applied to the control gate while
keeping Vp = 0, electrons tuanel from the n*-drain region 1o the floating gate
as demonstrated in Figure 16.94(b). This puts the MOSFET in the enhance-
ment mode with a threshold voltage of approximately 10V, so the device is
effectively off. If zero volts is applied to the control gate and 20V is applied to
the drain terminal, then electrons tunnel from the floating gate to the n™-drain
terminal as demonstrated in Figure 16.94(c). This leaves a net positive charge
on the floating gate that puts the device in the depletion mode with a threshold
voltage of approximately —2 V, so the device is effectively on. If all voltages are
kept to within 5 V during the read cycle, this structure can retain its charge for
many years.

1093

16.11  SUMMARY

® In this chapter, NMOS and CMOS digital kogic circuits were analyzed and designed.
These included basic logic gates, shift regisiers, flip-flops, and memories.

& The discussion of NMOS logic circuits served as an introduction to the anatysis and
design of digital logic circuits. Since this technology deals with only one type of
transistor (n-channel), the analysis and design is straightforward.

® The NMOS inverter is the basis of NMOS logic circuits. The quasi-static voltage
transfer characteristics of NMOS inverters with resistive load, enbancement lead, and
depleticn load were generated. The transfer characteristics were designed to provide
appropriate logic 0 values by designing the width-io-length ratios of the transistors.
The impact of the body effect on the transfer curves and logic values was analyzed.
The noise margin of the NMOS inverter is defined as the point where the magnitude
of the voliage gain is unity.

¢ The basic NMOS NOR and NAND logic gates were analyzed. More sophisticated
logic functions can be implemented by combining driver transistors in particular
series and parallel combinations. The width-to-length ratios of the driver transistors
were designed to produce a composite conduction parameter to produce a specified
logic 0 value.

* The CMOS inverter is the basis of the CMOS logic circuits. The quasi-static voltage
transfer characteristics were generated. For the CMOS circuit, the quicscent power
dissipation is essentially zero when the input is in either logic state. The extremely low
static power dissipation is the primary advantage of the CMOS technology. The
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switching power dissipation is given by P =fC, ¥'}p. where f is the switching fre-
quency, Cr is the effective load capacitance, and Fpp is the supply voltage. The
tendency in CMOS design is toward lower supply voltages on CMOS digital logic
circuits because of the squared term in the power equation.

& The basic CMOS NOR and NAND logic gates were analyred. [ the classical CMOS
design, the gates of a PMOS and NMOS are connected together. CMOS logic circuits
are usually designed to provide equal current drive in the NMOS pull-down and
PMOS pull-up porticns of the circunit. Transistor width-to-length ratios were designed
to provide equal composite conduction parameters in the NMOS and PMOS circuits.

e More sophisticated logic functions can be implemented in the classical CMOS tech-
nology. NMOS transistors in series implement the basic AND [unction and NMOS
transistors in parallel implement the basic OR function. The combination of the
PMOS transistors is the complement of the NMOS design. By combining transistors
in a particular series or parallel combination, more complex logic functions can be
implemented.

o Since the mobility of carriers in the PMOS transistor is smaller than that in the
NMOS transistor. PMOS devices must be approximately twice as large as NMOS
devices to provide the same current drive. Therefore, a savings in chip area as well as
reduced capacitance can be achieved by eliminating as many PMOS transistors as
possible. Clocked CMOS logic circuits achieve this goal. A generalized NMOS logic
circuit is inseried between clocked PMOS and NMOS devices. The advantage of low
static power dissipation is maintained.

 Sequential logic circuits are a class of circuits whose output depends not only on the
inputs, but is also a function of the previous history of the inputs. Shift registers, flip-
flops, and a full one-bil adder were analyzed in this section. Dynamic shift registers
are formed with transmissiot gates and inverters. Both NMOS and CMOS designs
were analyzed. A flip-flop can be implemented by cross-coupling two NOR. gates.
This bistabie circuit can remain in either stable state indefinitely, as long as power is
applied. A full one-bit CMOS adder was analyzed at both the gate and the transistor
level. '

e A whole classification of circuits called memories was considered. Typically, an array
of memory cells is organized in a square matrix 10 form a memory. A cell is addressed
via row and column decoders and data are read from the cell or written into a cell
through data lines.

e A random-access memory (RAM) cell is a circuit or device that can store one bit of
information, and whose information can be written (stored) or retrieved (read) with
essentially the same access time. A static RAM (SRAM) retains its data as Jong as
power is applied, whereas a dynamic RAM (DRAM) loses its stored data over time
by leakage currents, The DRAM data must be refreshed.

e Three SRAM designs were considered. In the two NMOS designs, static power is
dissipated in the cell, which [imits the size of the memory because of the total chip
power fimitation. A CMOS SRAM was designed. The primary advantage of essen-
tially no static power dissipation is again the primary advantage of CMOS technol-
ogy. The size of a CMOS memory is limited primarily by chip area requirements. An
example of the peripheral read/write circuitry required was considered.

¢ Read-only memory (ROM and PROM) contains fixed data that are implemented by
the manufacturer (mask progtammed) or by the user (user programmed). In both
cases, the data cannot be altered. In the case of a mask-programmed ROM, for
example, the gates of MOSFETs may be fabricated or may be deliberately left off
in a cell depending on whether a logic 1 or logic 0 is to be stored. For a user-
programmed ROM, a fuse in a particular memory cell can be left in place or
“blown,” depending on whether a logic ! or logic 0 is to be stored.
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« Erasable read-only memory {(EPROM and EEPROM) cells contain MOSFETs with
floating pates. The Aeating gates can be either charged or left uncharged by the user
depending on whether a logic | or logic 0 is to be stored. The charge on the floating
gate can be altered so that the data in the ROM can be erased and reprogrammed.
The writing of new data, howaver, rakes a relatively long time compared 1o the read
access time.

CHECKPOINT

After studying this chapter, the reader should have rhe ability to:

¥’ Aaalyze the transfer characteristics of NMOS inverters, including the determination
of noise margins. (Section 16.1)

& Design 2n NMOS logic circuit to perform a specific logic function. (Section 16.2)

v/ Analyze the transfer characteristics of the CMOS inverter, including the determina-
tion of switching power and nose margins. (Section 16.3)

¢ Design a CMOS logic circuit to perform a specific logic function. (Section 16.4)

¢/ Design a clocked CMOS logic circuit to perform a specific logic function. {Section
16.5}

v Design an NMOS or CMOS pass nelwork to perform a specific logic function.
(Section 16.6)

¢ Design an NMOS or CMOS RAM cell and design a simple sense amplifier. (Section
16.9)

REVIEW QUESTIONS

1. Explain qualitatively what is meant by the body effect in an NMOS device and
discuss its effect on the threshold voltage of the NMOS transistor.

2. Sketch the quasi-static voltage transfer charactenstics of an NMOS inverter with
resistive load. Discuss the various intervals in terms of transistor bias. What is the
effect on the transfer curve of increasing the transistor W/ L ratio?

3. Sketch the quasi-static voltage transfer characieristics of an NMOS inverter with
enhancement boad. Discuss the various intervals in terms of transistor bias. Whay
doesn't the output ever reach the ¥pp value? What is the effect on the transfer
curve of changing the transistor W/L ratios?

4. Sketch the quasi-static voltage transfer characteristics of an NMOS inverter with
depletion load. Discuss the advantage of the depletion-load inverier compared to
the other two NMOS inverter designs. What is the effect on the transfer curve of
changing the transistor W, L ratios?

5. Define the noise margin of an NMOS inverier.

What is the impact of the body effect on the NMOS inverter voltage transfer
characteristics of each of the inverter designs?

7. Sketch an NMOS three-input NOR logic gate. Describe its operation. Discuss the
condition uader which the maximum logic { value is obtained.

8. Sketch an NMOS three-input NAND logic gate. Describe its operation. Discuss
the effect of changing the driver transistor W/L ratios.

9. Discuss how more sophisticated (compared to the basic NOR and NAND} logic
functions can be implemented in a single NMOS Logic circuit. '

10. Sketch the quasi-static voltage transfer characteristics of a CMOS inverter. Discuss
the various intervals in terms of transistor bias. What is the effect on the transfer
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curve of changing the transistor W/ L ratios? What is the advantage of the CMOS
inverter compared to an NMOS inverter?

Sketch the quasi-static current versus input voltage of a CMOS wverter, Discuss
the various intervals in terms of transistor bias.

Discuss the difference between the static poewer dissipation and switching power
dissipation in 2 CMOS inverter.

Discuss the parameters that affect the swilching power dissipation in 3 CMOS
inverter.

Define the noise margin in a CMOS inverter.

Sketch a CMOS three-input NOR logic gate. Describe its operation. Determine
relative transistor /L ratios to obtain equal NMOS and PMOS composite con-
duction parameters,

Skeich a CMOS three-input NAND logic gate. Describe its operation. Determine
refative transistor ¥ /L ratios to obtain equal NMOS and PMOS composite con-
duction parameters.

Discuss how more sophisticated (compared 10 the basic NOR and NAND) logi¢
functicns can be implemented in a single CMOS logic circuit.

Discuss the basic principles of a clocked CMOS logic circuit. Discuss why, in
general, PMOS transistors must be larger in size than NMOS transistors.

Sketch an NMOS trangmission gate and describe its operation. [f the input and
gate voltages are both Vpp, determine the maximum cutput vollage. Why can’t the
output voltage reach Fpp?

Consider three NMOS trapsmission gates in series or in cascade, If the input
voliage and each gate voltape is Vpp, detertnine the output voltage. Discuss
why three threshold voltage drops are nat lost batween the input and output.
Sketch a CMOS transmission gate and describe its operation. For this circuit,
discuss why the quasi-static output voltage is always equal to the quasi-static
input voltage.

Discuss what is meant by pass transistor logic.

If an NMOS or CMOS transmission gate is turned off (an open switch), discuss
why the output voltage is, in general, not stable.

Sketch an NMOS dynamic shift cegister and describe its operation.

Sketch a CMOS R-S flip flop and describe its operation. Why must the input
condition R = § = | be avoided?

Describe the basic architacture of a semicopductor random-access Memary.
Discuss the differences between SRAM and DRAM cells. Discuss advantages and
disadvaneages of each design.

Sketch an NMOS SRAM cell and describe its operation. Discuss any disadvan-
tages of this design.

Sketch a CMOS SRAM celi and describe its operation. Discuss any advantages
and disadvantages of this design. Describe how the cell is addressed.

Describe the voltage levels in a CMOS SRAM cell during a read operation.
Describe any limitations in voltage changes in the cel}l during this read cycle.
Describe the voltage levels in a CMOS SRAM cell during a write operation.
Assume 2 logic 0 is initially stered and a logic | is to be written into the cell.
Sketch a cne-transistor DRAM cefl and describe its operation. What makes this
circuit dynamic?

Describe a mask-programmed MOSFET ROM memory.

Describe the basic operation of a floating gate MOSFET and how this can be used
in an erasable ROM.
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PROBLEMS

[Note: In the following problems, unless otherwise stated, assume &, = BOwA/V?,
ky =35 pA/VE, X =0 for all transistors; Fryp = 0.8 V for all n-channel enhancement-
mode transistors:; and Vrpg = —0.8V for all p-channel enhancement-mode transistors.
Neglect the body effect unless otherwise stated. The temperature is 300°K.]

Section 16.1 NMOS Inverters

16.1 Consider an NMOS transistor with parameters; K, = 0.2mA/Y2, Vyvo = 0.8V,
Ny=8x 10%em™, 1, =450A, and ¢, = 0.343V. {2) Determine the change in
threshold voliage from Vyp = |V and Fgp =2V, (b} If V55 =25V and Vg = 5V,
find the transistor current for Ve =0, Vg = 1V, and Ve =2V,

RD18.2 The load resistor in the NMOS inverter in Figure 16.5(a) is 40%8. The circuit
is biased at ¥pp, = 3V, (a) Redesign the width-to-length ratio of the @ver transistor
such that v5 = 010V when v; = 5V. (b) Using the results of part (2), find the driver
transition point and the maximum power dissipated in the inverter circuit.

16.3 For the circuit in Figure 16.5{a), assume the transistor conduction parameter is
K, = 50pA/¥?. (a) Plot 1he voltage transfer characteristics for 0 < v; < 5V and for
Rp = 20k$t. Mark the values of vy and vy at the transition point. (b) Repeat part (a}
for Rp = 200k§2.

RD18.4 Redesign the inverter in Figure 16.5(a) such that the maximum power dissi-
pated is na greater than 1 mW, and the output voltage is 0.2V when the input voltage is
5V¥. Determine the load resistance Rp and the transistor width-to-length ratio.

16.5 An NMOS inverter with saturated load is shown in Figure 16.8(a). Let Vpp =
0V, Vo= Vinp =2V, Kp=200pA/V2, and K; =50pA/V:. Calculate the
transition point and determine vg when » =8Y. Sketck the voltage transfer
characteristics.

16.6 An NMOS inverter with saturated load is shown in Figure 16.8(a). The bias is
Vpp = 3V and the transistor threshold voltages are 0.5V. (a) Find the ratio Kp/X;
such that vo = 0.25V when v; = 3V. (b) Repeat part (a) for v, =2.3V. () I W/L =
1 for the load transistor, determine the power dissipation in the inverter for parts
{a) and {b).

AD16.7 Consider the NMOS inverter with saturated load in Figure 16.3(a). Let
Vpp =23V and let the threshold voltages be 0.5V, (a) Redesign the circuit such that
the power dissipated in the circuit is 400 4W and the output voltage is (.10Y when the
input voltage is a logic 1. Determine the driver transition point. (b) Determine the noise
margin for this inverter.

16.8 The NMOS inverter with saturated load in Figure 16.8(a) operates with a supply
voltage of V5, The MOSFETs have threshold voltages of Vay = 0.2Fpp. Determine
(W/L)p/(W /L), such that ¥y = .08V pp. Neglect the body effect.

16.9 The enhancement-load transistor i the NMOS inverter in Figure P16.9 has a
separate bias applied to the gate. Assume transistor parameters of X, = 1mA/V? for
M. K, =04mA/V? for My, and Vpy = 1 V for both transistors. Using the appro-
priate logic 0 and logic 1 input voltages, determine Voy and Vo for: (2) Vg = 4V,
(b) Vp=5V,(c) Vy=6V,and (d) Pz =7V,

16,10 For the depletion-load NMOS inverter circuil in Figure 16.10{(a), assume:
Vpp =5V, Vrap=~2V, Frwp =08V, K, =100pA/V2, and Kp=S00pA/ V2
{a) Findl the transition points for the load and driver tramsistors. (b) Calculate the

Figure P16.9
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value of vy for vy = 53V {c} Calculate /p when v; = 5V (d) Sketch the vollage transfer
characteristics for 0 < v; < 53V,

1611 In he depletion-load NMOS inverter circuil in Figure 16.10z), le
Viep =05V and Fpp =3V, K = S0pA/VE, and Kp = 500pA/V?. Calculate the
value of ¥y such that vy = 0.10 V when v, = 3V,

RD18.12 Consider the NMOS inverter with depletion load in Figure 16.10(a}, Let
VDD =3V, and assurne VrNL= -1.0% and VTND =05V (a) Rﬁdeﬁ!gﬂ the circuit
such that the maximum power dissipated in the circuit is 150 )W and the minimam
outpul voltage is 0.1¢V when the input voltage is a logic 1. Determine the transition
points for the driver and lead iransistors, (b) Determine the noise margin for this
inverter.

D16.13 The NMOS inverter with depletion load is shown in Figure 16.10(a}. The bias
is Vgpp =25V The transistor parametes are Fryp =05V and Fry = -1 V. The
width-to-length'ratio of the load device is W/L = 1. (a) Design the driver transistor
such that vp =10.05 V when the input s a logic |. (b) What is the power dissipated in the
circuit when vy = 2.5V?

16.14 Calculate the power dissipated in each inverter circuit in Figure P16.14 for the
following inpul conditions: {(a) Inverter a: (i) v; = 0.5V, (i) v, = $V; (b} Inverier b:
)y =025V, (i) vy =43V (0 Inverter ¢ (i} v, =003V, (i), =5V,

Vpp = 5V
Vpp=3V
Vm=5\¢' T VWL=—2\"
! K, =10 An?

_ I I Wy =0Y ‘o

RD' 20 k) [ Kf,= |0].|MV2 1}9

Vir L]

Vinp=1V

Kp =100 AV?

L
V= L3V . I Vap=01V —

Kp= ]C(J_UNVZ KD=IWHMV2
_ - -

{a) {b) (c)
FigureP16.14

16.15 Forthe two inverters in Figure P16.15, assume width-to-length ratios of W/L =
1 for the load devices and W /L = 10 for the driver devices, Determine the values of v
and vga if v, = V4. What is the value of #y?

16,98 Consider the circuit in Figure P16.16. The parameters of the driver transistors
are Fewp =0.8Y and W/L = 4, and those of the load transistors are Fryy = ~2V and
W/L=1. (a) Find the values of v; and voy if vo) = V. () Repeat part (a) if
vay = V. (€} What are the values of ¥y and Vi, in parts (a) and (b)?

18.17 For the two transistors in the NMOS inverter with saturated load in Figure
16.17(a), assume the parameters are as described in Problem 16,], except that K =
200 A/ and K, = 20pA/ V. Let Fpp = 5V. (a) Determine the output voltage when
vy = O for: (i) neglecting the body effect, and (ii) taking the body effect into account.
(b) Compare the results of part (a} with a computer simulation analysis.
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16.18 Consider the NMOS inverter with depletion load in Figure 16.]%(b). Assume
that the circuil and transistor parameters are the same as those given and determined in
Example 16.4. Assume the body effect coefficient for the load transistor is y = 0.35 vz,
From a computer simulation, plot the load curve for: {(a} neglecting the body effect, and
(b) 1aking the body effect into account.

Section16.2 NMOS Logic Circults

16.49 Consider the circuit with a depletion load device shown in Figure P16.19. {a) Let
vy =3V and vy = 020V, Determine Kp/K; such that ve = 020V, (b) Using the
results of part {a), determine vg when vy = vy = 5V. {c} If the width-to-length ratio
of the depletion device is W/L = |, determine the power dissipation in the logic circuit
for the input conditions listed in paris (a) and (b}

Vpg =5V v

Ve =-2 Y "rm:—l ¥
KL 'RL

o Yo

-0 ¥ (1
r | Vi =08V . . Vi = +0.8 ¥
"xo—-’ M Lm—{ u, Yoo ’x0—-| My rro—{| M 'zo—l M, Ve
x Y &, X ¥ Z Kp

-

Figure P16.19 Figure P16.20

D16,20 Consider the threz-input NOR logic gate in Figure Pi6.20. The transistor
parameters are Fpyy = —1V and Vryp = 0.5V. The maximum value of vg In its low
state is to be 0.1 V, (a) Determine Kp/X; . (b) The maximum power dissipation in the
NOR logic gate is to be 0.1 mW. Determine the widih-to-lengih ratios of the transistors.
{c} Determine 1o when vy = vy = ¢z =3V,

16.21 The transistor parameters for the atcut in Figure P16.21 are: Fry = 0.3V for
all enhancement-mode devices, ¥py = ~2V for the depletion-mode devices, and k, =
60 WAV for all devices. The width-to-length ratios of M3 and M, are 1, and those for
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Mp, Mp, and Mp are 8. (a) For vy =5V, output vp, is 0.15V, and the power
dissipation in this mverter is 1¢ be no more than 250 pW. Determine (W'/ L}, and
(WKIL}“Dr (b} For vy =¥y = 0, determine ¥arre

18.22 In the NMOS circuit in Figure P16.22, the ftransistor parameters are:
(WiLy =(Wil)y =% (WiL); =1, and Vry=08Y for all transistors.
{a} Determing vop when vy = vy = 9.2V, What are the values of vgey, Vasy. vosy.
and vpgy? (b} Repeat part (a) for y =0.5.

16.23 In the NMOS circuit in Figure P16.23, the transistor parameters are:
(Wil =(Wil)y =4, (W/L), =1, Vyyy = Vepy =08V, and Vppp = =15V,
{a} Determine Ly3 when ¥y = Vy = 5V, {h) What are the values of VYgsxs Y&5ys Yosys
and vpey? Repeat part (a) for y = 0.5,

16.24 Find the logic function implemented by the circuit in Figure P16.24.
16.25 Find the logic function implemented by the circuit in Figure P16.25.
D16.286 The Boolean function for a carty-out signal of a one-bit full adder is given by

Carty-ort=A4-B+ 4-C+ 8- C

Ao—-' M| Ao——' M; Bo—y

Figure P18.24




