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3.1 Introduction

The inverter is truly the nucleus of all digital designs. Once its operation and prqperties are
clearly understood, designing more intricate structures such as NAND gates, adders, mul-

, tipliers, and microprocessors is greatly simplified. The electrical behavior of these com-
plex circuits can be almost completely derived by extrapolating the results obtained for
inverters. The analysis of inverters can be extended to explain the behavior of more com-
plex gates such as NAND, NOR, or XOR, which in turn form the building blocks for mod-
ules such as multipliers and processors.

The choice of a technology or a design style dra.matlcally affects the density, perfor-
mance, and the power consumption of a design. To illustrate this, we discuss in detail the
behavior of static complementary CMOS and bipolar ECL inverters, which are representa-
tive gates for both MOS and bipolar technologies. Although these are not the only gate
topologies in use (see Chapters 4 and 5), they are certainly the most popular at present. For
each gate, we analyze the following fundamental properties:

* robustness, expressed by the static (or steady-state) behavior
* performance, determined by the dynamic (or transient) response
* heat dissipation and supply capacity requirements, set by the power consumption

The first section provides precise definitions for each of the above properties. While
each of these parameters can be easily quantified for a given technology, we also discuss
how they are affected by scaling of the technology. Finally, the properties of the presented
gates are summarized, and some suggestions are provided on selecting a technology.

3.2 Definitions and Properties

This section defines a set of basic properties of a digital gate. These properties help to
quantify the behavior of a-gate from different perspectives: complex1ty, functionality,
robustness, performance, and energy consumption. Although we concentrate here on the
behavior of the simplest of all gates, the inverter, similar properties can also be defined for
more complex components, such as NAND, NOR, and XOR gates.

3.2:1 Ai'ea and C:emplexity

Having a small area is, obviously, a desirable property for a digital gate. The smaller the
gate, the higher the integration density and the smaller the die size. Die size directly
relates to the fabrication cost of a design. Smaller gates tend also to be faster, as the total
gate capac1tance—~whlch is one of the dominant performance parameters—often scales
with the area. :

The number of transistors in a gate is indicative for the expected 1mp1ementat1on
area, Other parameters may have an impact, though. For instance, a complex interconnect
pattern between the transistors can cause the wiring area to dominate.
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- 322 Functionality and Robustness: The Static Behavior

A prime requirement for a digital gate is, obviously, that it perform the digital function it is
designed for. The measured behavior of a manufactured gate normally deviates from the
expected response. One reason for this aberration are the variations in the manufacturing
process. As was explained in Chapter 2, the dimensions, threshold voltages, and currents
of an MOS transistor vary between runs or even on a single wafer or die. The electrical
behavior of a circuit can be profoundly affected by those variations. The presence of dis-
~ turbing noise sources on or off the chip is another source of deviations in circuit response.
The word noise in the context of digital circuits means “unwanted variations of voltages
and currents at the logic nodes.” Noise signals can enter a circuit in many ways. Some
examples of digital noise sources are depicted in Figure 3.1. For instance, two wires
placed side by side in an integrated circuit form a coupling capacitor and a mutual induc-
tance. Hence, a voltage or a current change on one of the wires can influence the signals
on the neighboring wire. Noise on the power and ground rails of a gate also influences the
signal levels in the gate. How to cope with all these disturbances is one of the main chal-
lenges in the design of high-performance digital circuits and is a recurring topic in this

book.
g ‘/—\_ Vop

AN e N
iB . :
L T ~L
T 1 e
{a) Inductive coupling {b) Capacitivé coupling . (c) Power and ground
' © noise

Figure 3.1 Noise sources in d'igital circuits.

The steady-state parameters of a gate measure how robust the structure is with
respect to both variations in the manufacturing process and noise disturbances. The defini-
tion and derivation of these parameters requires a prior understanding of how digital sig-
nals are represented in the world of electronic circuits. _

~ Digital circuits (DC) perform operations on logical (or Boolean) variables. A logical
variable x can only assume two discrete values: |

xe {0,1}
As an example, the inversion (i.e., the function that an inverter performs) implements the
following compositional relationship between two Boolean variables x and y:
y=x{x=0=2y=1x=1=y=0} 3.1

A logical variable is, however, a mathematical abstraction. In a physical implemen-
tation, such a variable is represented by an electrical quantity. This is most often a node
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voltage that is not discrete but can adopt a continuous range of values. It is necessary to
turn the electrical voltage into a discrete variable by associating a nominal voitage level
with each logic state: 1 & Vp, 0 &V, where V,; and V,,, represent the high and the
low logic levels, respectively. Applying V,y to the input of the gate yields V,,, at the out-
put and vice versa. The difference between the two is called the logic swing.

Vou = (Vo_L)

- 3.2)
Vor = (You)

The Voltage-Transfer Characteristic

Assume now that a logical variable in serves as the input to an inverting gate that produces
the variable our. The electrical function of a gate is best expressed by its voltage-transfer
characteristic (VTC) (sometimes called the DC transfer characteristic), which plots the
output voltage as a function of the input voltage V_,, = f(V,,). An example of an inverter
- VTC is shown in Figure 3.2. The high and low nominal voltages, Vop and Vi, can readily
be identified—V, 4 = AVy,) and V,, = V). Another point of interest of the VTC is the
gate or switching threshold voltage V,; (not to be confused with the threshold voltage of a
transistor), that is defined as V,; = {V,,). V), can also be found graphically at the intersec-
tion of the VTC curve and the line given by V,,, = V,,. The gate threshold voltage presents
the midpoint of the switching characteristics, which is obtained when the output of a gate
is short-circuited to the input. This point will prove to be of particular interest when study-
ing circuits with feedback (also called sequential circuits).

Vour &

Vou | —@-

.
L

Vor Vou V,, Figure 3.2 Inverter voltage-transier characteristic.

Even if an ideal nominal value is applied at the input of a gate, the output signal
often deviates from the expected nominal value. These deviations can be caused by noise
or by the loading on the output of the gate (i.e., by the number of gates connected to the
output signal). Figure 3.3a illustrates how a logic level is represented in reality by a range -

, of acceptable voltages, separated by a region of uncertainty, rather than by nominal levels -
alone. The regions of acceptable high and low voltages are delimited by the V,; and V,;
voltage levels, respectively. These represent by definition the points where the gain
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‘ aqn VOH VOU‘
Vou
Slope = -1
‘uoﬂ ﬂ
Vi
(a) Relationship between voitage and logic |e'\}els (b) Definition of Vi, and Vy

Figure 3.3 Mapping logic levels to the voltage domain.

(= dV,, ! dV;,) of the VTC equals —1 as shown in Figure 3.3b. The region between Vi and
V. is called the undefined region (sometimes also referred to as transition width, or TW).
Steady-state signals should avoid this region if proper circuit operation is to be ensured.

Noise Margins

For a gate to be robust and insensitive to noise disturbances, it is essential that the “0” and
«1» intervals be as large as possible. A measure of the sensitivity of a gate to noise is given
by the noise margins NM; (noise margin low) and NMy; (noise margin high), which quan-
tize the size of the legal “0” and “1”, respectively:
NM; = Vi -Vor (3.3)
NMy = Vou—=Vi

" The noise margins represent the levels of noise that can be sustained when gates are cas-
caded as illustrated in Figure 3.4. It is obvious that the margins should be larger than 0 for
© a digital circuit to be functional zi,nd by preference should be as large as possible.

-V.'H ‘

Undefined
region

Vi

Gate output . Gate input Figure 3.4 Cascaded inverter gates:
Stage M Stage M+ 1 definition of noise margins.
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Regenerative Property

A large noise margin is a desirable, but not sufficient requirement. Assume that a signal is -
disturbed by noise and differs from the nominal voltage levels. As long as the signal is
within the noise margins, the following gate continues to function correctly, although its
output voltage varies from the nominal one. This deviation is added to the noise injected at
the output node and passed to the next gate. The effect of different noise sources may
accumulate and eventually force a signal level into the undefined region. This, fortunately,
does not happen if the gate possesses the regenerative property, which ensures that a dis-
turbed signal gradually converges back to one of the nominal voltage levels after passing
through a number of logical stages. This property can be understood as follows:

An input voltage v;, (v;, € “0”) is applied to a chain of N inverters (Figure 3.5a).
Assuming that the number of inverters in the chain is even, the output voltage v, (N — o)
will equal V,, if and only if the inverter possesses the regenerative property. Similarly,
when an input voltage v, (v, € “1”) is applied to the inverter chain, the output voltage will
approach the nomirnal value V.

VO V1
5T s T T T TN E
\\ / \ /, .
= gk | Y % b .
= i \ / _ {b) Simulated response of
E, 'R — chain of MOS inverters
N . }
1r / N ~ V1 J'I \ )
/l ______ \ V2
-1 5 : .
0 4 6 8 10
f(nsec)

Figure 3.5 The regenerative property.

Example 3.1 Regenerative property

The concept of regeneration is illustrated in Figure 3.5b, which plots the simulated transient
response of a chain of CMOS inverters. The input signal to the chain is a step-waveform with
a degraded amplitude, which could be caused by noise. Instead of swinging from rail to rail, v,
only extends between 2.1 and 2.9 V. From the simulation, it can be observed that this deviation
rapidly disappears, while progressing through the chain; v|, for instance, extends from 0.6 V

.- t04.45 V. Even further, v, already swings between the nominal V;, and VOH The inverter used
in this example clearly possesses the regenerative property
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The conditions under which a gate is regenerative can be intuitively derived by ana-
lyzing a simple case study. Figure 3.6(a) plots the VTC of an inverter V,,, = V) as well
as its inverse function finv(), which reverts the function of the x- and y-axis and is defined
as follows: ‘

in = flout)=in = finv(out) | | - (34)

f(v)

Vo vy in

{a) Regenerative gate (b) Nonregenera_tive géte
Figure 3.6 Conditions for regeneration.
Assume that a voltage v,, deviating from the nominal voltages, is applied to the first

inverter in the chain. The output voltage of this inverter equals v; = f{v,) and is applied to
the next inverter. Graphically this corresponds to v, = finv(v,). The signal voltage gradu-

- ally converges to the nominal signal after a number of inverter stages, as indicated by the
“arrows. In Figure 3.6(b) the signal does not converge to any of the nominal voltage levels

but to an intermediate voltage level. Hence, the characteristic is nonregenerative. The dif-
ference between the two cases is due to the gain characteristics of the gates. To be regener-
ative, the VTC should have a transient region (or undefined region) with a gain greater
than 1 in absolute value, bordered by the two legal zones, where the gain should be
smaller than 1. Such a gate has two stable operating points. This clarifies the definition of
the V,y and the Vj; levels that form the boundaries between the legal and the transient
Zones.

Diréctivity

The directivity property requires a gate to be unidirectional, that is, changes in an output

- level should not appear at any unchanging input of the same circuit. If not, an output-sig-

nal transition reflects to the gate inputs as a noise signal, affecting the signal integrity.
In real gate implementations, full directivity can never be achieved. Some feedback

of changes in output levels to the inputs cannot be avoided. Capacitive coupling between

inputs and outputs is a typical example of such a feedback. It is important to minimize
these changes so that they do not affect the logic levels of the input signals.
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Fan-In and Fan-Out

The fan-out denotes the number of load gates N that are connected to the output of the
driving gate (Figure 3.7). Increasing the fan-out of a gate can affect its logic output levels.
. From the world of analog amplifiers, we know that this effect is minimized by making the -
input resistance of the load gates as large as possible (minimizing the input currents) and
by keeping the output resistance of the driving gate small (reducing the effects of load cur-
rents on the output voltage). When the fan-out is large, the added load can deteriorate the
dynamic performance of the driving gate. For these reasons, many generic and library
components define a maximum fan-out to guarantee that the static and dynamic perfor-

mance of the element meet specification.

The fan-in of a gate is defined as the number of inputs to the gate (Figure 3.7b).
Gates with large fan-in tend to be more complex, which often results in inferior static and
dynamic properties.

v
[

— >0

o o (el
‘. >0_ | (b) Fan-in M

Figure 3.7 Definition of fan-out and fan-in
(a) Fan-cut N of a digital gate.

The Ideal Digital Gate

Based on the above observations, we can define the ideal digital gate from a static perspec-
tive. The ideal inverter model is important because it gives us a metric by which we can
judge the quality of actual implementations. :
Its VTC is shown in Figure 3.8 and has the following properties: infinite gain in the
- transition region, and gate threshold located in the middle of the logic swing, with high
and low noise margins equal to half the swing. The input and output impedances of the
ideal gate are infinity and zero, respectively (i.e., the gate has unlimited fan-out), While
this ideal VTC is unfortunately impossible in real designs, some implementations, such as
the static CMOS inverter, come close.
{

Example 3.2 Voltage-Transfer Characteristic

Figure 3.9 shows an example of a voltage-transfer characteristic of an actual, but outdated
gate structure (as produced by SPICE in the DC analysis mode). The values of the dc-parame-
ters are derived from inspection of the graph.
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n Figure 3.8 Ideal voltage-transfer characteristic.

Voy=35V;  Vp, =045V

V=235V V=066V
V=164V

NMy=1.15V; NM, =021V

The observed transfer characteristic, obviously, is far from ideal: it is asymmetrical, has
a very low value for NM;, and the voltage swing of 3.05 V is substantially below the maxi-
mum obtainable value of 5 V (which is the value of the supply voltage for this design).

50— - T
L NM .
4.0 N ‘L
AL M _
& B
201 I §
I Vi
i 5 NMy,
Lor : «—> .
A —,— T L T , * Figure 3.9 Voltage-transfer
00 1.0 2.0 3.0 4.0 50 characteristic of an NMOS
Vi, (V) inverter of the 1970s.

3.2.3 Performance: The Dynamic Behavior

The propagation delay t, of a gate defines how quic_kly it responds to a change at its input
“and relates directly to the speed and performance metrics. The propagation delay
expresses the delay experienced by a signal when passing through a gate. It is measured
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between the 50% transition points of the input and output waveforms; as showsi in Figure
3.10 for an inverting gate.' Because a gate displays different response times for rising or
falling input waveforms, two definitions of the propagation delay are necessary. The t,; 5
deﬁnes the response time of the gate for a low to high (or positive) output transition, whlle
pHL refers to .a high to low (or negative) transition. The overall propaganon delay 1, is
defined as the average of the two,

t +t
IP = pLH2 pHL (3.5)
i'/ﬁn A
/ _
I
At
! 1
Vaul? 4 . H—+|
— 1 |
Y 1
R . |
1 % 50% |
I I
| . | t ] . )
"t { L—» Figure 3.10 Definition of propagation
LY I A del . .
P —» elays and rise and fall times.

Knowledge of 1, is, however, not sufficient to completely characterlze circuit perfor-
mance. The power con sumption, noise behavior, and, indirectly, the speed of a gate are
also strorg functions of the signal slopes (as will become clear later in this chapter). This
can be quantified with the'rise and fall time measures ¢, and i, which are defined between
the 10% and 90% points of the waveforms (Figure 3. 10)

The propagation delay of a gate is a function of its fan-in and fan-out. Fan-out gates
present an increased load (mostly capacitive) to the dr1v1ng gate and slow its performance.
The increased complexity of a gate due to a large fan-in also has a negative influence on
the performance When comparing the performance of gates in different technolo gies, it is
important not to confuse the picture by including second-order parameters such as fan-in
and fan-out. It is therefore useful to find a uniform way of measuring the ¢, of a gate, so
that technologies can be judged on an equal footing. The de-facto standard circuit for
delay measurement is the ring oscillator, which consists of an odd number of inverters
connected in a circular chain (F1gure 3.11). Due to the odd number of inversions, this cir-
cuit does not have a stable operatmg point and oscillates. The period T of the os0111at1on is
deterrmned by the propagation time of a signal tran31t10n through the complete chain, or

! The 50% definition is inspired the assumptlon that the switching threshold V), is typlcally located in the
middle of the logic swing. ' .
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T=2xt,X N with N the number of inverters in the chain. The factor 2 results from the
observation that a full cycle requires both a low-to-high and a high-to-low transition. Note
that this equation is only valid for 2Nt, >> 1, + ¢, If this condition is not met, the circuit
might not oscillate—one “wave” of 31gnals propagating through the ring will overlap with
a successor and eventually dampen the oscillation. Typically, a ring oscillator needs a least
five stages to be operational.

Figure 3.11  Ring oscillator circuit for propagation-delay measurement.

We must be extremely careful with results obtained from ring oscillator measure-
ments. A £, of 100 psec by no means implies that a circuit built with those gates will oper-
ate at 10 GHz The oscillator results are primarily useful for quantifying the differences
between various manufacturing technologies and gate topologies. The oscillator is an ide-
alized circuit where each gate has a fan-in and fan-out of exactly one and parasitic loads
are minimal. In more realistic digital circuits, fan-ins and fan-outs are higher, and inter-
connect delays are non-negligible. The gate functionality is also substantialy more com-
plex than a simple invert operation. As a result, the achievable clock frequency on average
is 50 to a 100 times slower than the frequency predicted from ring oscillator measure-
ments. This is an average observation; carefully optimized designs might approach the
ideal frequency more closely.

-Example 3.3 Propagation Delay of First-Order RC Network -

Digital circuits are often modeled as first-order RC networks of the type shown in Flgure 3 12.
The propagation delay of such a network is thus of considerable interest.

Figure 3.12 First-order RC network.
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When applying a step input (with V;, going from 0 to V), the transient response of this
circuit is known to be an exponential function, and is given by the following expression
(where T = RC, the time constant of the network):

VuH=1-e"™V (3.6)

The time to reach the 50% point is easily computed as¢ = In(2)t = 0.69t. Similarly, it takes t =
1n(9)T = 2.21 to get to the 90% point. It is worth memorizing these numbers, as they are exten-
sively used in the rest of the text.

3.2.4 Power and Energy Consumption

The power consumption of a gate determines how much heat the circuit dissipates and
how much energy is consumed per operation. These factors influence a great number of
critical design decisions, such as the packaging and cooling requirements, supply-line siz-
ing, power-supply capacity, and, most important, the number of circuits that can be inte-
grated onto a single chip. For instance, it is mainly power considerations that prevent the
development of very large bipolar digital integrated circuits. Therefore, power dissipation
is an important property of a gate that affects feasibility, cost, and reliability. Depending
upon the design problem at hand, different dissipation measures have to be considered.
For instance, the peak power P, is important when studying supply-line sizing. When
addressing cooling or battery requirements, one is predominantly interested in the average
power dissipation P,, Both measures are defined in equation Eq. (3.7):

av

P Vsupply = max[p(t)_]

T

1 Vou
P = 7 j p(tydt = =22 [i . (1)ds
0

peak peak

3.7)

where iy, ply is the current being drawn from the supply voltage V,,,,, over the interval t
[0,7], and i, is the maximum value of iy, over that interval. The dissipation can fur-
ther be decomposed into static and dynamic components. The latter occurs only during
transients, when the gate is switching. It is due to the charging of capacitors and temporary
current paths between the supply rails, and is, therefore, proportional to the switching fre-
quency: the higher the number of switching events, the higher the power consumption. The
static component on the other hand is present even when no switching occurs and is
caused by static conductive paths between the supply rails or by leakage currents. It is
always present, even when the circuit is in stand-by. Minimization of this consumption
source is a worthwhile goal.

The propagation delay and the power consumption of a gate are related—the propa-
gation delay is mostly determined by the speed at which a given amount of energy can be
stored on the gate capacitors. The faster the energy transfer (or the higher the power con-
sumption), the faster the gate. For a given technology and gate topology, the product of
power consumption and propagation delay is generally a constant. This product is called
the power-delay product (or PDP) and can be considered as a quality measure for a
switching device. The PDP is simply the energy consumed by the gate per switching event.
The ring oscillator is again the circuit of choice for measuring the PDP of a logic family.
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3 The Static CMOS Inverter

In the following sections, we will derive the static and dynamic parameters for two popu-
lar gates, i.e., the CMOS and the ECL inverter. For each structure, we will initiate the dis-
cussion with an intuitive analysis of the gate operation.

3.3.1 A First Glance

Figure 3.13 shows the circuit diagram of a static CMOS inverter. Its operation is readily
understood from a simplified circuit model. Qualitatively, an MOS transistor can be mod-
eled as a switch with a finite on-resistance R,,. When |V g < |V, the switch is open;
when Vg > Vp the transistor behaves as a finite resistance (Figure 3.14a). This leads to
the following interpretation of the inverter. When V. , 18 high (or equal to Vj,,), the NMOS
transistor is on, while the PMOS is off. This y1elds the equivalent circuit of Figure 3.14b.
A direct path exists between V,,, and the ground node, resulting in a ste ady-state value of 0

V. On the other hand, when the input voltage is low (0 V), NMOS and PMOS transistors

are off and on, respectwely ‘The equivalent circuit of Figure 3.14c shows that a path exists
~ between V,, and V,, yielding a high output voltage. Notice that no path exists between

the supply and ground in steady-state operation. Consequently, the inverter does not con-

sume any static power (ignoring leakage).

Figure 3.13 Static CMOS inverter. Vpp stands for the
supply voltage.

SIDELINE: The above observation is one of the prlme reasons CMOS superceded NMOS

as the digital technology of choice. NMOS was very popular in the 1970s and early 1980s.

All early microprocessors, such as the Intel 4004, were pure NMOS designs. The lack of

complementary devices (such as the NMOS and PMOS transistor) in a pure NMOS tech-

nology makes the realization of inverters with zero static power nontrivial. This static

power consumption of the basic NMOS gate puts an upper bound on the number of gates
. that can be 1ntegrated on a single ch1p, hence the move to CMOS in the 1980s.

A number of other important properties of static CMOS can be derived_ from this switch-
level view: |
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Vs ¥
=

T . - —I— ‘ < A
D SERVYVER— {E_

Vas< Vr Vas> Vr Vin=Yop V, =0

{a) Transistor model (b} Model for high input : {c) Model for low input

Figure 3.14 .Switch models of CMOS inverter.

+ The high and low output levels equal Vp, and GND, respectively; in other words,
the voltage swing is equal to the supply voltage. This results in high noise margins.

+ The logic levels are not dependent upon the relative device sizes, so that the transis-
tors can be minimum size. Gates with this property are called ratioless. This is in
contrast with ratioed logic, where logic levels are determined by the relative dimen-
sions of the composing transistors.

+ In steady state, there always exists a path with finite resistance between the output
and either V,,, or GND. A well-designed CMOS inverter, therefore, has a low output
impedance, which makes it less sensitive to noise and disturbances. Typical values
of the output resistance are in the range of 10 kQ (for the technology under consid-
eration).

« The input resistance of the CMOS inverter is extremely high, as the gate of an MOS
transistor is a virtually perfect insulator and draws no dc input current. Since the
input node of the inverter only connects to transistor gates, the steady-state input
current is nearly zero. A single inverter can theoretically drive an infinite number of
gates (or have an infinite fan-out) and still be functionally operational; however,
increasing the fan-out also increases the propagation delay, as will become clear
below. So, although fan-out does not have any effect on the steady-state behavior, it
degrades the transient response.

The nature and the form of the voltage-transfer characteristic (VTC) can be graphi-
cally deduced from the load-line plots, which superimpose the current characteristics of
the NMOS and the PMOS devices. Creating such a graph requires that the I-V curves of
the NMOS and PMOS devices are transformed onto a common coordinate set. We have
selected the output voltage and the NMOS drain current Ipy as the independent variables.
The PMOS I-V relations can be translated into this variable space by the following rela-
tions (the subscripts 7 and p denote the NMOS and PMOS devices, respectively).
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IDSp = ~Ips,
VGSn = Vin , VGSp = Vin—VDD (3.8)

VDSn = Vour ) VDSp = Vout—VDD

* The load-line curves of the PMOS device are obtained by a mirroring around the x-
axis and a horizontal shift over V. This procedure is illustrated in Figure 3.15, where the
subsequent steps to adjust the original PMOS /-V curves to the common coordinate set V;

n

V.. and I, are enumerated.

{ Dp lI.DJ’?
A Vin=0 *
Vip=
> . >
e Vbsp Vosp :
D
e > . >
Vasp=—5 V, = Vpp—V, - V, 0= Vpp— V.
- ¥Yin= YDD GSp out™ YOD ™~ VDSp
Dn= "'Dp

Figure 3.15 Transforming PMOS /-V characteristic to a common coordinate set.

The resulting load lines are plotted in Figure 3.16.> For valid dc operating points, the
currents through the NMOS and PMOS devices must be equal. Graphically, this means
that the dc points must be located at the intersection of corresponding load lines. A num-
ber of those points (for V,, =0, 1, 2, 3, 4, and 5 V) are marked on the graph. As can be
observed, all operating points are located either at the high or low output levels. The VTC

V,=0 Vin="5

VOU t

Figure 3.16 Load curves for NMOS and PMOS transistors of the static CMOS inverter (Vpp = 5 V).
The dots represent the dc operation points for various input voltages.

2 If not familiar With the concept of load lines, please refer to [Sedra87].
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of the inverter hence exhibits a very narrow transition zone. This results from the high gain

during the switching transient, when both NMOS and PMOS are simultaneously on. The

gain of the circuit is determined by the transconductances of the transistors and their out-

put resistances. The latter are large in the transition region as both devices are in satura-
* tion. This translates into the VTC of Figure 3.17.

Vour & NMOS off
PMOS lin
w

NMOS sat
PMOS lin
<
o NMOS sat
PMOS sat
o
NMOS lin
- PMOS sat  NMOS lin
PMOS off Figure 3.17 VTC of static CMOS inverter,
' derived from Figure 3.16 (Vpp =5 V). For

each operation region, the modes of the
1 2 3 4 5 Vin transistors are annotated.

Before going into the analytical details of the operation of the CMOS inverter, a
qualitative analysis of the transient behavior of the gate is appropriate. This response is
dominated mainly by the output capacitance of the gate, C;, which is composed of the dif-
fusion capacitances of the NMOS and PMOS transistors, the capacitance of the intercon-
nect wires, and the input capacitance of the fan-out. Assuming temporarily that the.
transistors switch instantaneously, the transient response can be approximated again using
the simplified switch mode! (Figure 3.18). Let us consider the low-to-high transition (Fig-
ure 3.18a). The gate response time is determined by the time it takes to charge the capaci-
tor C, through the resistor R,,, (i.e., by the time constant C; R,,). A fast gate is built either

VDD

(a} Low-to-high . ' (b) High-to-low

Figure 3.18 Switch model of dynamic behavior of static CMOS inverter.
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by keeping the output capacitance small or by decreasing the on-resistance of the PMOS
transistor. The latter is achieved by increasing the W/L ratio of the device, as is apparent
from an inspection of the current equations of an MOS device. A similar consideration is
true for the high-to-low transition Figure 3.18(b). One should be aware that the on-resis-
tance of the NMOS and PMOS transistor is not constant, but is a nonlinear function of the
voltage across the transistor. This complicates the exact determination of the propagation
delay.

3.3.2 Evaluating the Robustness of the CMOS Inverter: The Static
Behavior

In the qualitative discussion above, the overall shape of the voltage-transfer characteristic
of the static CMOS inverter was derived, as were the values of V,, and V,,; (Vp, and

GND, respectively). It remains to determine the precise values of Vy, Vyy, and V,, as well
as the noise margins. By definition, the values of V}; and V}; are the points at which

avout _ 1
avin T

In the terminology of the analog circuit designer, these are the points where the small-
signal gain g of the amplifier, formed by the inverter, is equal to —1.

SIDELINE: Surprisingly (or not so surprisingly), an inverter can also be used as an analog
amplifier. The static CMOS inverter/amplifier actually has a very high gain in its transitton
region (although the rest of its amplifier properties such as supply noise rejection are
rather poor). This observation can be used to demonstrate one of the major differences -
between analog and digital design: where the analog designer would bias the amplifier in
the middle of the transient region, so that a maximum linearity is obtained, the digital
designer will operate the device in the regions of extreme nonlinearity, resulting in well-
defined and well-separated high and low signals. =

I

The small-signal model of the MOS transistor and expressions for its parameters
were introduced in Appendix B. By inserting the model for the NMQOS and PMOS transis-
tor.and by shorting all dc voltage sources, the small-signal model of the inverter is
obtained as shown in Figure 3.19. The gain of this circuit is determined by inspection of
the circuit and is set to —1 for V,, = Vjyand Vi

Vout

g8 = = —(gmn+gmp)x(ron ” rap) = -1 (3'9)

vin

GmnVin gmp in
out

Figure 3.18 Small-signal model of
a CMOS inverter.
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The parameters of the model depend upon the operating modes of the transistors.
Consider for instance V. For V;, = Vi, the PMOS and NMOS transistors can be assumed
to be in the saturation and linear regions, respectively (Figure 3. 17). Using the expres-
sions presented in Table B.1,. this results in the following values. for the small-signal
parameters. To simplify the analysis, the channel-length modulation is ignored, or lp =0.

= knvaut
gmp = kp(VDD_ VIH_|VTPI).
i 1 (3.10)
o kr_t(VIH_Vout_VTn) .
Y = o0

op

Inserting those expressions into the gain formula Eq. (3.9) results in a first relation

between V,; and V,,,. A second relation is obtained by noting that the static currents‘

through the NMOS and PMOS transistors must be identical.

¢ = o i 1 A T ey
and
Vou] K |
kn[(V,H V)Voui— Tt] = ZWon=Vin=|Vr,)? (3.12)

Solving V,,, from Eq. (3.11) and substituting the result into Eq. (3.12) produces a
second-order equation with one root between 0 and Vop- An analytic expression for Vyy is
complex and, therefore, not included.

Similar equations can be derived for the V;, = V. In this case however, the NMOS
operates in saturation, while the PMOS device is in the linear mode.

n= kn(VIL_VTn)
Bmp = kp(VDD_Vout)

Ty = 0 _ (3.13)
r._ = !
oF kp(vou.t—VVIL_lval)
so that
(Vi =Ve) ke (Vop— Vi) o
= ~(8n * Emp) X (Ton 705)= : Z(VOZT“'VIZ_F‘);;D == G.14)
and |

(Vpp- Vout)2 kn
kp[(VDD - VIL—lVTp\)_(VDD - me,) - —1)22—“-] = E(VIL - V5)? (3.15)
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I

Metal 1

GND

Figure 3.25 Layout of two chained, minimum-size inverters {1.2 um CMOS technology) (see
also Color-piate 6). '

- Table 3.1 Inverter transistor data.

WIL AD (um?) PD (ium)  AS@m?) | PSum)
NMOS | 1.8/1.2 6.84 (1923 9.0 (150) 6.8 (19 22) 9.0 (154)
PMOS | 5.4/12 | 3%*54=162(45A% | 3*2+54=114(190) | 162(@5xY) | 11.4(19})

This physical information can be combined with the approximations derived above to
come up with an estimation of C;, From the SPICE model, the following capacitor parameters
are obtained.: :

Overlap capacitance: CGDO(NMOS) =0.43 fF/!.Lm; CGDO(PMOS) = 0.43 fFjum

Bottom junction capacitance: CJ(NMOS) = 0.3 fFum? CJ(PMOS) = 0.5 fF/um?®
Side-wall junction capacitance: CISW(NMOS) = 0.8 fFfum; CISW(PMOS) =0.135

fF/um

Gate éapacitancc: C,(NMOS) = C, (PMOS) =¢_Jt,,, = 1.76 fF/jum*
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Bringing all the components together resuits in Table 3.2. Notice that the load capaci-
tance is almost evenly split between its two major components: the internal capacitance (diffu-
sion and overlap capacitances) and the gate capacitance of the connecting gate. Technically
speaking, we should use different K, values for the bottom-plate and side-wall capacitances
(as the latter is of the linear-gradient type). To simplify the derivation, we consider both of
them to be abrupt and use the values of Example 3.5. -

Table 3.2 Components of C; (for high-to-low and fow-to-high transitions).

‘Capacitor Expression Value (fF) (H—L) | Value (fF) (L—)H)

Cent 2CGDOW, - 1.55 1.55
Cei2 2CGDOW, 4.65 4.65
Cun Keqn (AD, CI + PD, CISW) 345 5.6
Cpso K (AD, CI + PD, CISW) 59 © 36
Co Cox W, L, 38 3.8
Coa Cax Wp L, 114 o 114
C, From Extraction 2 2

C, ' PO 32,75 326

Propagation Delay: First-Order Analysis

The propagation delay can be computed by integrating the capacitor (dls)charge current,
which results in Eq. (3.20).

Vs

: dv
t, = C, J o (3.20)
Vi

with i the (dis)charging current, v the voltage over the capacitor, and v, and v, the initial
and final voltage. An exact computation of this equation is complex, as i(v) is a nonlinear
function of v. A reasonable approximation of the propagation delay, adequate for manual
analysis, can be obtained by replacing the time-varying charging current by a fixed current
I, which is the average of the currents at the end points of the voltage transition. This
simplification transforms Eq. (3.20) into a more tractable expression.

_ Cprlvy—v)
tp = I—

av

(3.21)

Remember that the propagation delay is defined as the time it takes for the output to
reach the 50% point. For the low-to-high transition, v; = V,,; and v, = (Vg+V, /2. For
the high-to-low transition, vy = VOH, and v, = (Vg + VO,)/Z Asa result the following
holds for both #,; 5 and ¢, :
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50— ——
40}
< 30}
3
207 .
Lol | \
0 | e . . Figure 3.61 Voltage
0 1.0 2.0 3.0 4.0 5.0 transfer characteristic
Vi, (V) of fictitious inverter.

¢. Is the gate regenerative? Determine the input and output resistance for high and low inputs
(assume V,, 1, =~3 V and V;, i =3 V). ' ‘

d. Determine the power consumption of the gate for V;, = 0 V and Vj, = 3 V. Assume that all
internal and external capacitances can be ignored.

e. Derive the VTC for a fan-out of 1 identical gate.

+3V

Figure 3.62 A diode-based digital gate.

3. [E, None, 3.3.2] The gate of Figure 3.63a uses a fictitious device as load. The device is charac-
terized by the I-V curve of Figure 3.58b. Determine Vj and Vj, of the gate. (Hint: use a
graphical solution approach). Assume Vy =1V, Vpp =5V, A, =0 V', k= 0.2286 mA/V? for
the NMOS transistor. o

S

m
02 04 06 08 1.0

——
| 1 2 3 4 5 (ol
@ ' (b)-

Figure 3.63 An inverter with a fictitious load, whose -V characteristic is shown in (b).
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'[M, SPICE, 3.3.2] The layout of a static CMOS inverter is given in Figure 3.64. (1A = 0.6 um).

a. Determine the sizes of the NMOS and PMOS transistor.
b. Derive the VTC and its parameters (Vog, Vor, Vap Vigs and Vyp)-

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

d. Compare your results with the VTC obtained by SPICE (using the LEVEL-2 model pro-

vided in Chapter 2).

VDD =5 V.

PMOS

Metall

Out

Metal1

Figure 3.64 CMOS inverter layout.

[E, None, 3.3.2] Redesign the inverter of Figure 3.64 to achieve a switching threshold of

7appr0xi1i1ate]y 1.5 V (only transistor sizes are needed). How are the noise margins affected by

this modification?

The text defines the V), and V;, points of the VTC as the points where the gain equals—1. This

leads to complex expressions. A simpler approach is'to use a piecewise linear approximation

for the VTC, as shown in Figure 3.65. The transient region is approximated by a straight line,
whose gain equals the gain in the mid-point V. The crossover with the V, and the V,,, lines
is used to define Vy; and Vy; points.

a. Using this approach, derive expressions for the noise margins of the CMOS inverter.
Assume that k, = k,, Vi, = Vo2, and Vi, = 1Vp|. To solve this problem, you have to take
into account the effect of channel-length modulation. This can be accounted for by using
the following expression for the small-signal resistance in the saturation region: r,, o, =
1/(AI,) (instead of the value of e, used in the text). :

b.” Compare the obtained results with the values derived using the gain =—1 approach. For the
comparison, assume Vyp, = 5V, Vg, = V| = 0.75V, k, =k, = 40 PA/VZ &, =0.06, A, =0.2.

[M, SPICE, 3.3.2] The noise margins of a CMOS inverter are highly dependent on the sizing

ratio, r = k /k,, of the NMOS and PMOS transistors. Use SPICE with Vi, = [V} to answer the

following:
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c.
d.

THE INVERTER ~ Chapter 3

Determine £, You may assume that all internal capacitances can be ignored and that C;
is the only capacitance of interest. Assume the following values: Vi, = 1V, Viypow) = 1V,
Vinthighy= 2 Vs Rg=800 Q Rc =1 kQ

Determine #,y,. Use the parameter values of part .

Determine the dynamic energy dissipation during a low-to-high transition at the output.
Will any of the two bipolar transistors ever saturate (for V;, between 0 and 3 V)? Explain

YOUr answer.
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