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CHAPTER 5

MOS INVERTERS:
STATIC CHARACTERISTICS

The inverter is the most fundamental logic gate that performs a Boolean operation on
asingle input variable. In this chapter, we will examine the DC (static) characteristics
of various MOS inverter circuits. It will be seen later that many of the basic principles
employed in the design and analysis of MOS inverters can be directly applied to more
complex logic circuits, such as NAND and NOR gates, as well. The inverter design
therefore forms a significant basis for digital circuit design. Consequently, the DC
analysis of MOS inverters will be carried out rigorously, and in detail. While analytic
techniques constitute most of the material presented in this chapter, numerical
comparisons with circuit simulation using SPICE will also be emphasized, since
computer-aided techniques are integral components of the analysis and design
processes for digital circuits. '

5.1. Introduction

The logic symbol and the truth table of the ideal inverter are shown in Fig. 5.1.InMOS
inverter circuits, both the input variable A and the output variable B are represented
by node voltages, referenced to the ground potential. Using positive logic convention,
the Boolean (or logic) value of "1" can be represented by a high voltage of V5, and
the Boolean (or logic) value of "0" can be represented by a low voltage of 0. The DC
voltage transfer characteristic (VTC) of the ideal inverter circuit is shown in Fig. 5.2.
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The voltage V,, is called the inverter threshold voltage. Note that for any input voitage
between Oand V,, = Vp,p/2, the output voltage is equal to Vp, (logic "1"). The output
switches from Vpp, to O when the input is equal to V. For any input voltage between
V,,and V), the output voltage assumes a value of O (logic "0"). Thus, an input voltage
0<V,, <V, is interpreted by this ideal inverter as a logic "0," while an input voltage

' <Vin < Vpp is interpreted as a logic "1." The DC characteristics of actual inverter
circuits will obviously differ in various degrees from the ideal characteristic shown in
Fig.5.2. The accurate estimation and the manipulation of the shape of VTC for various
inverter types are actually important parts of the design process.

A| B
- 1
A B=A
1 0
Symbol Truth Table
Figure 5.1. Logic syrr;bol and truth table of the inverter.
Vout
A
Vop
e E—
Logic "1" output
Logic "0" output
i i Vin
0 Vpp/2 Vbp
Figure 5.2. Voltage transfer characteristic (VTC) of the ideal inverter.

Figure 5.3 shows the generalized circuit structure of an nMOS inverter. The
input voltage of the inverter circuit is also the gate-to-source voltage of the nMOS
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transistor (V;, = V), while the output voltage of the circuit is equal to the drain-to-
source voitage (V,,,, = Vpg). The source and the substrate terminals of the nMOS
transistor, also called the driver transistor, are connected to ground potential; hence,
the source-to-substrate voltage is V5 = 0. In this generalized representation, the load
device is represented as a two-terminal circuit element with terminal current /; and
terminal voltage V;(/; ). One terminal of the load device is connected to the drain of
the n-channel MOSFET, while the other terminal is connected to Vpp, the power
supply voltage. We will see shortly that the characteristics of the imverter circuit

actually depend very strongly upon the type and the characteristics of the load device.

Voo
[ +
Loap | V.

0

I Vour=Vos
+ H Cwl
Vin=Vgs

B
re—
-

Figure 5.3. General circuit structure of an nMOS inverter.

The output terminal of the inverter shown in Fig. 5.3 is connected to the input of another
MOS inverter. Consequently, the next circuit seen by the output node can be
represented as a lumped capacitance, C, . Since the DC gate current of an MOS
transistor is negligible for all practical purposes, there will be no current flow into or
out of the input and output terminals of the inverter in DC steady state.

Voltage Transfer Characteristic (VTC)

Applying Kirchhoff's Current Law (KCL) to this simple circuit, we see that
the load current is always equal to the nMOS drain current.

ID(VEMKJNI):]L(VL) (51)
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The voltage transfer characteristic describing V, , as a function of V; under DC
conditions can then be found by analytically solving (5.1) for various input voltage
values. The typical VTC of a realistic nMOS inverter is shown in Fig. 5.4. Upon
examination, we can identify a number of important properties of this DC transfer
characteristic.

out
dVv
VOH _ out _ -1
dVi,
» Vout=Vin
-
//'l
J'{’
dvout .
dVi,
VoL —- R
ol Vin
Vi Vin Vi Von
Figure 5.4. Typical voltage transfer characteristic (VTC) of arealistic nMOS inverter.

The general shape of the VTC in Fig. 5.4 is qualitatively similar to that of the
ideal inverter transfer characteristic shown in Fig. 5.2. There are, however, several
significant differences that deserve special attention. For very low input voltage levels,
the output voltage V,, is equal to the high value of V,, (output high voltage). In this
case, the driver nMOS transistor is in cut-off, and hence, does not conduct any current.
Consequently, the voltage drop across the load device is very small in magnitude, and
the output voltage level is high. As the input voltage V; increases, the driver transistor
starts conducting a certain drain current, and the output voltage eventually starts to
decrease. Notice that this drop in the output voltage level does not occur abruptly, such
as the vertical drop assumed for the ideal inverter VTC, but rather gradually and with
a finite slope. We identify two critical voltage points on this curve, where the slope
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Qf the V,(V;,) characteristic becomes equal to -1, i.e.,

dv,

ot e 1
_dl/},, (5.2)

The smaller input voltage value satisfying this condition is called the input low voltage
V1, andthe larger input voltage satisfying this condition s called the input highvoltage
V- Both of these voltages play significant roles in determining the noise margins of
the inverter circuit, as we will discuss in the following sections. The physical
justification for selecting these voltage points will also be examined in the context of
noise immunity.

As the input voltage is further increased, the output voltage continues to drop
and reaches a value of V5, (output low voltage) when the input voltage isequal to V.
The inverter threshold voltage V,, which is considered as the transition voltage, is
defined as the point where V, =V, on the VTC. Thus, atotal of five critical voltages,
Vors Vous Virs Vg and Vy, characterize the DC input-output voltage behavior of the
mverter circuit. The functional definitions for the first four of these critical voltages are

given below.

Vog: Maximum output voltage when the output level is logic "1."
Vor: Minimum output voltage when the output level is logic "0."
Vy,:  Maximum input voltage which can be interpreted as logic "0."
Viy+  Minimum input voltage which can be interpreted as logic "1."

These definitions obviously imply that logic levels in digital circuits are not
represented by quantized voltage values, but rather by voltage ranges corresponding
to these logic levels. According to the definitions above, any input voltage level
between the lowest available voltage in the system (usually the ground potential) and
V), isinterpreted as alogic "0" input, while any input voltage level between the highest
available voltage in the system (usually the power supply voltage) and Vi, is
interpreted as a logic "1" input. Any output voltage level between the lowest available
voltage in the system and V), is interpreted as a logic "0" output, while any output
voltage level between the highest available voltage in the systemand Vs interpreted
as a logic "1" output. These voltage ranges are also shown on the inverter voltage
transfer characteristic shown in Fig. 5.4.

The ability of an inverter to interpret an input signal within a voltage range as
either a logic "0" or as a logic "1" allows digital circuits to operate with a certain
tolerance to external signal perturbations. This tolerance to variations in the signal
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Jevel is especially valuable in environments in which circuit noise can significantly
corrupt the signals. Here the circuit noise corresponds to unwanted signals that are
coupled to some part of the circuit from neighboring lines (usually. interconnection
lines) by capacitive or inductive coupling, or from outside of the system. The result
of this interference is that the signal level at one end of an interconnection line may be
significantly different from the signal level at the other end.

Maximum Minimum
allowable allowable
voltage: voltage:

Vo Vo Vie Vou Vin Vou
i } i ] i i
i
1
}

Noise Noise
Figure 5.5. Propagation of digital signals under the influence of noise.
Noise Immunity and Noise Margins

To illustrate the effect of noise on the circuit reliability, we will consider the
circuit consisting of three cascaded inverters, as shown in Fig. 5.5. Assume that all
inverters are identical, and that the input voltage of the first inverter is equal to V5,
i.e., a logic "1." By definition, the output voltage of the first inverter will be equal to
Vorr corresponding to a logic "0" level. Now, this output signal is being transmitted
to the next inverter input viaan interconnect, which could be ametal or polysilicon line
connecting the two gates. Since on-chip interconnects are generally prone to signal
noise, the output signal of the first inverter will be perturbed during transmission.
Consequently, the voltage level at the input of the second inverter will be different from
Vo 1., either larger or smaller. If the input voltage of the second inverter is smaller
than V,,,,, this signal will be interpreted correctly as a logic "0" input by the second
inverter. On the other hand, if the input voltage becomes larger than V;; as a result of
noise, then it may not be interpreted correctly by the inverter. Thus, we conclude that
V,; is the maximum allowable voltage at the input of the second inverter, which is low
enough to ensure a logic "1" output.

Now consider the signal transmission from the output of the second inverter
to the input of the third inverter, assuming that the second inverter produces an output
voltage level of V5. As in the previous case, this output signal will be perturbed
because of noise interference, and the voltage level at the input of the third inverter will
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be different from V. If the input voltage of the third inverter is larger than V,, this
signal will be interpreted correctly as a logic "1” input by the third inverter. If the
voltage level drops below V, due to noise, however, the input cannot be interpreted
as alogic "1."” Consequently, V; is the minimum allowable voltage at the input of the
third inverter which is high enough to ensure a logic "0" output.

These observations lead us to the definition of noise tolerances for digital
circuits, called noise margins and denoted by NM. The noise immunity of the circuit
increases with NM. Two noise margins will be defined: the noise margin for low signal
levels (VM) and the noise margin for high signal levels (NMp).

NMp =V ~Vor (5.3)

NMy =Vor = Viy 54
Figure 5.6 shows a graphical illustration of the noise margins. Here, the shaded areas
indicate the valid regions of the input and output voltages, and the noise margins are

shown as the amount of variation in the signal levels that can be allowed while the
signal is transmitted from the output of one gate to the input of the next gate.

Vin Vout
A Jr

Vig o E

Transition
} Region

ViL -

Figure 5.6. Definition of noise margins NM; and NM,. Note that the shaded regions
indicate valid high and low levels for the input and output signals.

The selection of the two critical voltage points, V;, and Vy, using the slope
condition (5.2) can now be justified based on noise considerations. We know that the
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output voltage Vom‘ of an inverter under noise-free, steady-state conditions is a
nonlinear function of the input voltage, V, . The shape of this function is described by
the voltage transfer characteristic (VTC).

Vour =f(Vin) (5.5)

If the input signal is perturbed from its nominal value because of external influences,
such as noise, the output voltage will also deviate from its nominal level. Here, AV, .
represents the voltage perturbation that is assumed to affect the input voltage of the
inverter.

Vaurjz f(vbi + AVnm'se] (56)

By using a simple first-order Taylor series expansion and by neglecting higher-order
terms, we can express the perturbed output voltage V" as follows.

)+ dv;m.r LAV

Vour'=f ( vin av. noise
h m

+higher orderterms(neglected ) (5.7

Notice that here, f(V,,) represents the nominal (non-perturbed) output signal, and the
term ( dV,,,,/dV,, ) represents the voltage gain of the inverter at the nominal input
voltage value V; . Thus, the equation (5.7) can also be expressed as:

Perturbed Output = Nominal Output + Gain X External Perturbation  (5.8)

If the magnitude of the voltage gain at the nominal input voltage V; is smaller than
unity, then the input perturbation is not amplified and, consequently, the output
perturbation remains relatively small. Otherwise, with the voltage gain larger than
unity, a small perturbation in the input voltage level will cause a rather large
perturbation in the output voltage. Hence, we define the boundaries of the valid input
signal regions as the voltage points where the magnitude of the inverter voltage gain
is equal to unity.

Finally, note that there is a voltage range between V;; and V,y (Fig. 5.6),
corresponding to input voltage values that may not be processed correctly either as a
logic "0" input orasa logic "1" input by the inverter. This region is called the uncertain
region or, alternatively, the transition region. Ideally, the slope of the voltage transfer
characteristic should be very large between V;; and V;,, because a narrow uncertain
(transition) region obviously allows for larger noise margins. We will see that reducing
the width of the uncertain region is one of the most important design objectives.
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The preceding discussion of inverter static (DC) characteristics shows that the
shape of the VTC in general and the noise immunity properties, in particular, are very
significant criteria that ultimately dictate the design priorities. For any inverter circuit,
thefivecritical voltage points V,, Vo Vi, Ve and V, fully determine the DC input-
output voltage behavior, the noise margins, and the width and location of the transition
region. Accurate estimation of these critical voltage points for different inverter
designs will be an important task throughout this chapter.

Power and Area Considerations

In addition to these concerns, we can identify two other issues that play
significant roles in inverter design: power consumption and the chip area occupied by
the inverter circuit. About one million logic gates can be accommodated on a very-
large-scale integrated (VLSI) chip using 0.5 pm MOS technology, and the circuit
density is expected to increase even further in future-generation chips. Since each gate
on the chip dissipates power and thus generates heat, the removal of this thermal
energy, i.e., cooling of the chip, becomes an essential and usually very expensive task
(note that the junction temperature is givenas T;= T + © P, where T, is the ambient
temperature, @ is the thermal resistance, and P] 1s the amount of power dissipated).
Also, most portable systems, such as cellular communication devices and laptop and
palmtop computers, operate from a limited power supply, and the extension of battery-
based operation time is a significant design goal. Therefore, it is very important to
reduce the amount of power dissipated by the circuit in both DC and dynamic
operation.

The DC power dissipation of an inverter circuit can be calculated as the
product of its power supply voltage and the amount of current drawn from the power
supply during steady state.

Poc=VYppIpc (5.9)

Notice that the DC current drawn by the inverter circuit may vary depending on the
input and output voltage levels. Assuming that the input voltage level corresponds to
logic "0" during 50% of the operation time and to logic "1" during the other 50%, the
overall DC power consumption of the circuit can be estimated as follows.

Vo ;
PDC“T [7nc(Vin=low)+ Ipc(Viy =high)] (5.10)

It will be seen in the following sections that the DC power dissipation of different
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inverter designs varies significantly from each other, and that these differences may
become a very important factor in the selection of a particular circuit type, e.g., CMOS
vs. depletion-load NMOS, for a given design task.

To reduce the chip area occupied by the inverter circuit, it is necessary to
reduce the area of the MOS transistors used in the circuit. As a practical measure, we
use the gate area of the MOS transistor, i.e., the product of W and L. Thus, an MOS
transistor has minimum area when both of the gate (channel) dimensions are made as
small as possible within the constraints of the particular technology. It follows that the
ratio of the gate width to gate length (W/L) should also be as close to unity as possible,
in order to achieve minimum transistor area. This requirement, however, usually
contradicts other design criteria, such as the noise margins, the output current driving
capability,and the dynamic switching speed. We will observe in the following sections
that the design of inverter circuits involves a detailed consideration and a trade-off of
these criteria.

Our examination of different MOS inverter structures will begin with the
resistive-load MOS inverter. The analysis of this simple circuit will help illustrate some
of the basic aspects encountered in inverter design. We will briefly examine the
enhancement-load inverter, and then devote most of our attention throughout the
remainder of this chapter to two very important inverter structures: the depletion-load
NMOS inverter and the CMOS inverter.

0o +
i| VoLl:VDS
o

Vin=Ves

Figure 5.7. Resistive-load inverter circuit.
5.2. Resistive-Load Inverter

The basic structure of the resistive-load inverter circuit is shown in Fig. 5.7. As in the
general inverter circuit already examined in Fig. 5.3, an enhancement-type nMOS
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transistor acts as the driverdevice. The load consists of a simple linear resistor, R, . The
power supply voltage of this circuit is V). Since the following analysis concentrates
on the static behavior of the circuit, the output load capacitance is not shown in this
figure.

As already noted in Section 3.1, the drain current / of the driver MOSFET
is equal to the load current /p, in DC steady-state operation. To simplify the
calculations, the channel-length modulation effect will be neglected in the following,
i.e., A=0. Also, note that the source and the substrate terminals of the driver transistor
are both connected to the ground; hence, V5 =0. Consequently, the threshold voltage
of the driver transistor is always equal to V. We start our analysis by identifying the
various operating regions of the driver transistor under steady-state conditions.

For input voltages smaller than the threshold voltage V., the transistor is in
cut-off, and does not conduct any drain current. Since the voltage drop across the load
resistor is equal to zero, the output voltage must be equal to the power supply voltage,
Vpp- As the input voltage is increased beyond Vi, the driver transistor starts
conducting a nonzero drain current. Note that the driver MOSFET is initially in
saturation, since its drain-to-source voltage (Vjs=V, ) islargerthan (V, — V). Thus,

Ky
IR=‘2“‘(‘4:=—VI0)2 (5.11)

With increasing input voltage, the drain current of the driver also increases, and the
output voltage V,  starts to drop. Eventually, for input voltages largerthan V,,, + Vo,
the driver transistor enters the linear operation region. At larger input voltages, the

transistor remains in linear mode, as the output voltage continues to decrease.

k
1327"-[2-(%“-%-0)'KM—V{MZ] (5.12)

The various operating regions of the driver transistor and the corresponding input-
output conditions are listed in the following table.

Input Voltage Range | Operating Mode

Vin <Vro cut-off
Vro SV, <V, + Vpo | saturation
Viu2V, + Vro linear
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Figure 5.8 shows the voltage transfer characteristic of a typical resistive-load inverter
circuit, indicating the operating modes of the driver transistor and the critical voltage
points on the VTC. Now, we start with the calculation of the five critical voltage points,
which determine the steady-state input-output behavior of the inverter.

6
Vor=Vop
5
VDD=5V
; VTO=1V
W F K, =40 X105 AN2

R =10kQ

Output Voltage (V)
w
1

e

ViL : :
R ST T \
S T L S e L P .
0 1 2 3 4 5 6
V1o Vou
Input Voltage (V)
Figure 5.8. Typical VTC of a resistive-load inverter circuit. Important design param-

eters of the circuit are shown in the inset.
Calculation of V

First, we note that the output voltage V

¢ 18 given by

Vour=Vpp =Ry, IR (5.13)
When the input voltage V;, is low, i.e., smaller than the threshold voltage of the driver
MOSFET, the driver transistor is cut-off. Since the drain current of the driver transistor
is equal to the load current, I, =1, =0. It follows that the output voltage of the inverter
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under these conditions is:
Voru=Vpp (5.14)
Calculation of V5,
To calculate the output low voltage V,,;, we assume that the input voltage is

equal to Vg, ie., V,, = Vo = Vpp. Since V, = Viy >V, in this case, the driver
transistor operates in the linear region. Also note that the load current I, is

Y, "'Vau
1R=D—DH,L—’ (5.15)

Using KCL for the output node, i.e., [ = /5, we can write the following equation.

Voo —Vor _k,
DDR;, 2= [2:(Vop = Vo) Vor = Vor'] (3.10)

This equation yields a simple quadratic in V,,, , which is solved to find the value of the
output Jow voltage.

1 2
Vior2 =2 Vpp=Veg+—— | Vo bV =0
oL [DD TO k. RL] oL k R, DD (5.17)

Note that of the two possible solutions of (5.17), we must choose the one that is
physically correct, i.e., the value of the output low voltage mustbe between Oand V.
The solution of (5.17) is given below. It can be seen that the product (k, R;) is one of
the important design parameters that determine the value of V), .

2
1 1 2V,
Vi =Voarn—You# = M VooV P
oL=VYpp ~VT0 kR, \}[ DD~ ¥YT0 k, RLJ kR, (5.18)

Calculation of Vi

By definition, V}; is the smaller of the two input voltage values at which the
slope of the VTC becomes equal to (-1), i.e..dV,,,/dV,, =—1.Simple inspection of

out
Fig. 5.8 shows that when the input is equal to V;, the output voltage (V) is only



MOS Inverters: Static Characteristics 147

slightly smaller than V. Consequently, V, >V, — Vi, and the driver transistor

operates in saturation. We start our analysis by writing the KCL for the output node.

Vop=Vour _k 2
ﬂR_&zaL(vm—vm) (5.19)
L

To satisfy the derivative condition, we differentiate both sides of (5.19) with respect

to V,,, which results in the following equation.
I ¥
ot o (V. —
R v (Vin=Vro) (5.20)

Since the derivative of the output voltage with respect to the input voltage is equal to
(-1) at V;;, we can substitute dV,,,/ dV;, =~ 1 in (5.20).

1
"F'H):k” (Vi = Vo) (5.21)
L

Solving (5.21) for V,;, we obtain

Vy, =V +
L=YTo Ty R, (5.22)

n

The value of the output voltage when the input is equal to V;; can also be found by
substituting (5.22) into (5.19), as follows:

2

k R 1
Vour(Vie=Viz) =Vpp——2 L'[VTOJF——'*“VTUJ
aut n 2 kn RL

" 1 (5.23)
T PPk R,

Calculation of Vg

Vy is the larger of the two voltage points on VTC at which the slope is equal
to(~1).Itcanbe seen fromFig. 5.8 that when the input voltage isequal to V,, the output

voltage V, is only slightly larger than the output low voltage V,,, . Hence, in this case,
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Voue < Vin = Vyp» and the driver transistor operates in the linear region. The KCL

equation for the output node is given below.

Voo —Vour Kk
DD """=?"'[2'(Vm—VTO)‘Vom_Vou:Z] (5.24)

Differentiating both sides of (5.24) with respect to V,,,, we obtain

1 dV,, k, [ dv v
—p— o, S A o 2 V _VTO)_ our +2V _2V . ot ‘0
(Vin = ou=2Vou | (525)

n

Next, we can substitutedV,, ,/dV;, =-1into(5.25), since the slope of the VTC is equal
to (~1)alsoat V,, = V.

_RLL.(_”:;CH (Vi = Vo) (1) +2V, ] (5.26)

Solving (5.26) for V;, yields the following expression.

|

Vi =Vro+2 Vo —m (527
"

Thus, we obtain two algebraic equations, (5.24) and (5.27), for two unknowns, V;,, and
V. To determine the unknown variables, we substitute (5.26) into the current
equation given by (5.24) above.

Voo =V 1
DRL ouf =-2’l-|i2{VTO +2V, _k,., R, = Vro)'vpu; —Vosz (5.28)

The positive solution of this second-order equation gives the output voltage V_  when
the input is equal to V.

2
Vom(vinzvlﬁ)z Sﬁk';RDLD (5.29)
n

Finally, V,,, can be found by substituting (5.29) into (5.27), as follows.
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8 V |
IR, | e /_.WQ;L__
H=YT0T4[3 kR, kR, (5.30)

The four critical voltage points V., Vo, V)p. Vyy can now be used to determine the
noise margins, NM, and NM , of the resistive-load inverter circuit. In addition to these
voltage points, which characterize the static input-output behavior, the inverter
threshold voltage V,, may also be calculated in a straightforward manner. Note that the
driver transistor operates in saturation mode at this point. Thus, the inverter threshold
voltage can be found simply by substituting V; =V, =V, into(5.19), and by solving
the resulting quadratic for V.

It can be seen from the preceding discussion that the term (k, R;) plays an
important role in determining the shape of the voltage transfer characteristic, and that
it appears as a critical parameter in expressions for V), (5.18), V;; (5.22), and V,
(5.30). Assuming that parameters such as the power supply voltage Vj,, and the driver
MOSFET threshold voltage Vo, are dictated by system- and processing-related
constraints, the term (k, R;) remains as the only design parameter which can be
adjusted by the circuit designer to achieve certain design goals.

Output Voltage (V)
a3

Input Voltage (V)

Figure 5.9. Voltage transfer characteristics of the resistive-load inverter, for different
values of the parameter (k, R, ).
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The output high voltage V,,; is determined primarily by the power supply voltage,
Vpp- Among the other three critical voltage points, the adjustment of V), receives
primary attention, while V;; and V,; are usually treated as secondary design variables.
Figure 5.9 shows the VTC of a resistive-load inverter for different values of (k, R ).
Note that for larger (k, R;) values, the output low voltage V51, becomes smaller and
that the shape of the VTC approaches that of the ideal inverter, with very large
transition slope. Achieving larger (k, R;) values in a design, however, may involve
other trade-offs with the area and the power consumption of the circuit.

Power Consumption and Chip Area

The average DC power consumption of the resistive-load inverter circuit is
found by considering two cases, V; =V, (low)and V,, =V, (high). When the input
voltage is equal to V,y,, the driver transistor is in cut-off. Consequently, there is no
steady-state current flow in the circuit (/, = [ = 0), and the DC power dissipation is
equal to zero. When the input voltage is equal to V, on the other hand, both the driver
MOSFET and the load resistor conduct a nonzero current. Since the output voltage in
this case is equal to V), , the current drawn from the power supply can be found as

Voo = Vor

Ip=lz=—P2
L

(531

Assuming that the input voltage is "low" during 50% of the operation time, and "high"
during the remaining 50%, the average DC power consumption of the inverter can be
estimated as follows:

Voo Vop=Vor

Ppc(average)= - T (5.32)

Example 5.1

Considerthe following inverter design problem: Given Vj,, =5V, &, '=30pA/V 2 and
Vo =1V, design a resistive-load inverter circuit with V,,, = 0.2 V. Specifically,
determine the (W/L) ratio of the driver transistor and the value of the load resistor R,
that achieve the required V), .

In order to satisfy the design specification on the output low voltage V,,;, we start our
design by writing the relevant current equation. Note that the driver transistor is
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operating in the linear region when the output voltage' is equal to VO ; and the mput
voltage is equal to Vo = V.

Vo=V, k' W
DDRL oL =?"‘I'[2'(VOH_VTO)'VOL_VOLZ]

Assuming V5, = 0.2 V and using the given values for the power supply voltage, the
driver threshold voltage and the driver transconductance k', we obtain the following
equation:

» -6
3020 JARI0" W o w.0:20-5:20%)
R, 2 L

This equation can be rewritten as:

%-RL=2.05><105 Q

At this point, we recognize that the designer has a choice of different (W/L) and R,
values, all of which satisfy the given design specification, V,; =0.2 V. The selection
of the pair of values to use for (W/L) and R, in the final design ultimately depends on
other considerations, such as the power consumption of the circuit and the silicon area.
The table below lists some of the design possibilities, along with the average DC power
consumption estimated for each design.

[E)_ Ratio Load Resistor | DC Power Consumption
R, [kQ] Poc,average [FW]
1 205.0 58.5
2 102.5 EL#]
3 68.4 175.4
4 51.3 233.9
5 41.0 292.7
6 34.2 350.8

It is seen that the power consumption increases significantly as the value of the load
resistor R; is decreased, and the (W/L) ratio is increased. If lowering the DC power
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consumption is the overriding concern, we may choose a small (W/L) ratio and a large
load resistor. On the other hand, if the fabrication of the large load resistor requires a
large silicon area, a clear trade-off exists between the DC power dissipation and the
area occupied by the inverter circuit.

The chip area occupied by the resistive-load inverter circuit depends on two
parameters, the (W/L) ratio of the driver transistor and the value of the resistor R, . The
area of the driver transistor can be approximated by the gate area, (W X L). Assuming
that the gate length L is kept at its smallest possible value for the given technology, the
gate area will be proportional to the (W/L) ratio of the transistor. The resistor area, on
the other hand, depends very strongly on the technology which is used to fabricate the
resistor on chip.

We will briefly consider two possibilities for fabricating resistors using the
standard MOS process: diffused resistor and polysilicon (undoped) resistor. The
diffused resistor is fabricated, as the name implies, as an isolated n-type (or p-type)
diffusion region with one contact on each end. The resistance is determined by the
doping density of the diffusion region and the dimensions, i.e., the length-to-width
ratio, of the resistor. Practical values of the diffusion-region sheet resistance range
between 20 to 100 {¥square. Consequently, very large length-to-width ratios would
be required to achieve resistor values on the order of tens to hundreds of k€.

VoD [ ] l

ey ]
e

Resistor ‘.j__r_'_f:;‘_']]

(@) (b)

Figure 5.10. Sample layout of resistive-load inverter circuits with (a) diffused resistor
and (b) undoped polysilicon resistor.
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The placement of these resistor structures on chip, commonly in a serpentine shape for
compactness, requires significantly more area than the driver MOSFET, as illustrated
in Fig. 5.10(a). A resistive inverter with a large diffused load resistor is, therefore, not
a practical component for VLSI applications.

An alternative approach to save silicon area is to fabricate the load resistor
usingundoped polysilicon. Inconventional poly-gate MOS technology, the polysilicon
structures forming the gates of transistors and the interconnect lines are heavily doped
in order to reduce resistivity. The sheet resistivity of doped polysilicon interconnects
and gates is about 20 to 40 {/square. If sections of the polysilicon are masked off from
this doping step, on the other hand, the resulting undoped polysilicon layer has a very
high sheet resistivity, in the order of 10 MC/square. Thus, very compact and very high-
valued resistors can be fabricated using undoped poly layers (Fig. 5.10(b)). One
drawback of this approach is that the resistance value can not be controlled very
accurately, which results in large variations of the VTC. Consequently, resistive-load
inverters with undoped poly resistors are not commonly used in logic gate circuits
where certain design criteria, such as noise margins, are expected to be met. Simple
inverter structures with large, undoped poly load resistors are used primarily in low-
power Static Random Access Memory (SRAM) cells, where the primary emphasis is
on the reduction of steady-state (DC) power consumption, and the operation of the
memory circuit is not significantly affected by the variations of the inverter VTCs. This
issue will be discussed in further detail in Chapter 10.

Example 5.2

Consider a resistive-load inverter circuit with Vj, , =5 V, k"= 20 uA/V2, V. =0.8 V,
R, = 200kQ, and W/L = 2. Calculate the critical voltages (V1. Voy, Vip. Vi) on the
VTC and find the noise margins of the circuit.

When the input voltage is low, i.e., when the driver nMOS transistor is cut-off, the
output high voltage can be found as

Note that in this resistive-load inverter example, the transconductance of the driver
transistor is k, =k, ' (W/L) =40 WA/VZ and, hence, (k,R;)=8 V-

The output low voltage V5 1s calculated by using (5.18):
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[ 2
1 | 2V,
el o W -=op
ko Ry \’( i RLJ ky Ry,
] 1% 9.5
=508+~ (5—0.8-1-—-) -2

=0.147V

The critical voltage V;; is found using (5.22), as follows.

: =0.8+l=0.925V
R 8

i R £

Vie=Vro+

Finally, the critical voltage V), can be calculated by using (5.30).

Now, the noise margins can be found, according to (5.3) and (5.4).
NML=VIL* VOL :093""0']5:0 78 V

At this point, we can comment on the quality of this particular inverter design for DC
operation. Notice that the noise margin NM, found here is quite low, and it may
eventually lead to misinterpretation of input signal levels. For better noise immunity,
the noise margin for "low" signals should be at least about 25% of the power supply
voltage V), i.e., about 1.25 V.

5.3. Inverter with Enhancement-Type MOSFET Load

The simple resistive-load inverter circuit examined in the previous section is not a
suitable candidate for most digital VLSI system applications, primarily because of the
large area occupied by the load resistor. In this section, we will introduce inverter
circuits, which use an enhancement-type nMOS transistor as the active load device,
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instead of the linear load resistor. The main advantage of using a MOSFET as the load
device is that the silicon area occupied by the transistor is usually smaller than that
occupied by a comparable resistive load. Moreover, inverter circuits with active loads
can be designed to have better overall performance compared to that of passive-load
inverters, In a chronological view, the development of inverters with an enhancement-
type MOSFET load actually precedes other active-load inverter types, since the
enhancement-type MOSFET fabrication process was perfected earlier than others.

Depending on the bias voltage applied to its gate terminal, the load transistor
can be operated either in the saturation region or in the linear region. The ability to set
the operation mode of the load device, regardless of the input and output voltage levels,
allows us to design two different types of inverters with an enhancement MOSFET
load. Both types of inverters have some distinct advantages and disadvantages from
the circuit design point of view. In the following, we will consider the basic DC
characteristics of the saturated enhancement load inverter circuit.

Saturated Enhancement-Load Inverter

The circuit configuration of an inverter with a saturated enhancement-type
load is shown in Fig. 5.1 1. Note that both the driver and the load nMOS transistors are
fabricated using the same process; hence, we can assume that the device parameters
k, and Vo, are identical for both devices. As in the previous case, the channel-length
modulation effect is being neglected for simplicity, i.e., A= 0. The substrate terminals

Voo

.
+ |

Vs joad = Vs joad ¢ I

i, o +
¢ I Vout = Vos griver
S
Vin = VGS,driver

Figure 5.11. Inverter circuit with saturated enhancement-type MOSFET load.
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of the driver and the load transistor are both connected to ground. Consequently, the
drivertransistor, with Vsp ;... =0, willnotbe subject to the substrate-bias effect; thus,
VT. driver = Vo The source terminal of the load transistor, however, is at a higher
potential, with Vp ;> 0. As a result, the threshold voltage of the load device is a
function of the source-to-substrate voltage, because of the substrate-bias effect.

First, consider the operating region of the load device shown in Fig. 5.11.
Since both the gate and the drain terminals of the load transistor are connected to Vp
we have Vg 1000 = Vps.ioas- The condition Viyg 100 > Vs oad = Vrioad 15 alWays
satisfied; hence, the load transistor operates in the saturation region as long as it is on,
1.8, Vs10ad > V7 10ag The load current can be expressed as

k' (W 2
Ip.toad=—" (—] (Viss.toad = Vir.toad) (5.33)
2 L load

Forinput voltages smaller than V;,, the driver transistor is cut-off and does not conduct
adrain current. In this case, the output (high) voltage level is determined by the load
transistor. As the input voltage is increased beyond V', the driver transistor starts
conducting a nonzero drain current, initially in saturation mode. Since the driver
current is equal to the load current in steady-state, i.e., Ip, 4o = Ip jpads

k' [W) " 2 k' (w] 2
Tni] o -V =V s et ] e V. -V
7 (T ), 20 Vou~Vesta) =5\ ) (Va=Vro)” (5:34)

Note that the gate-to-source voltage of the load device is Vi ,00= Vpp = Vipur AlsO,
it can be seen from Fig. 5.11 that Vg 4.0, = V;, and Vg 4., = V., The output
voltage level starts to decrease with increasing input voltage, and the driver transistor
enters the linear operating region.

k' (W
= = (_) (VDD 2 Vnm = VT.!oad )2
load

2 &
k' (W " (5.35)
et | AV e s -
2 ( L)dﬂ'ver[z ( in VTO) Vnnr mu]

The current equations (5.34) and (5.35) describe the DC input-output characteristics
of the saturated enhancement-load inverter circuit. In the following, we will briefly
examine the critical voltage points which characterize the VTC of this inverter.
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Calculation of Vo

When the input voltage V;, is smaller than the threshold voltage V., the driver
transistor is cut-off. Since Iy ;... =1 15,4=01n this case, we can solve (5.33) to find
the gate-to-source voltage of the load device as Vg 1,.0= Vop = Vour = V7 1paa THIS
equation yields the output high voltage as follows:

Vop =V oad(Vorr)
Voo “[Vro c Y(\HZ O |+ Vou —J|2 ¢F|)] (5.36)

VOH

Il

Note that the threshold voltage of the load transistor V., ;is actually a function of the
output voltage because of the substrate-bias effect. To find V,,;, we reorganize (5.36),
and square both sides.

Viu "[2("/09 =V + 742 ¢p|)+ 1’2] Vou

‘ —\2 53
+[(VDD“VT0+?\/|2¢F|) "?’2[2¢FI]=0 —

The solution of this quadratic equation yields the output high voltage V. The
important result here is that the output high voltage V,,, cannotexceed Vi~ Vo 0
a limitation which significantly reduces the noise margin NM, for high signal levels.

Calculation of V5,

For calculating the output low level V,,,, we assume that V, = V. In this
case, the driver transistor is operating in the linear region, and the load transistor is
operating in the saturation region. Using KCL for the output node, we obtain

k, (W ¢
—2 " (-—L J{M[VDD i VOL = VTJoad (VOL )]
(5.38)

{5 2
=fn [ Z 2: (s =Via Y Vag =V
& 13 dm"[ (Vor = Vo) Vou OLI

Here, the value of V;;; must be found from (5.37) first. Also, we note that the threshold
voltage of the load transistor V7., ,,is a function of the output low voltage, as follows.
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Vr toad = Vo + Y(\[ 2|+ VoL —wf 2 ‘Prl) (5.39)

The numerical value of the output low voltage V,,, can be found by simultaneously
solving (5.38) and (5.39). Alternatively, V,;, can be calculated through a simple
technique based on numerical iteration, as follows. We start our calculation by
assuming that V,; isasmall number; hence, we initially assume Vo, = Vg . Solving
(5.38) with this assumption yields the first estimate for V,,,, which can now be
substituted into (5.39) to find a better estimate for V7, . The threshold voltage value
found in this step is in turn used to solve (5.38) again, to obtain a more accurate estimate
for V. This cycle can be repeated several times, until subsequent iterations do not
cause a significant change in the V,y; value. Figure 5.12 illustrates the iterative
procedure used to calculate V,,, . Since the actual numerical value of V,, is relatively
small, only a few iterations are usually sufficient for an accurate result.

[ Assume : V1 j5ad= V1o J

\
Calculate Vg
using (5.38)

Calculate V7 joaqd
using (5.39)

Yes

Continue
Iteration 7

No

Vou

Figure 5.12. Calculation of V,, through numerical iterations.

This simple iterative method can also be implemented as a short program on a
computer or ona programmable calculator. The same approach will be used on several
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occasions, where the iterative technique may offer a more convenient alternative to
tedious analytical calculations.

Calculation of V.

AtV;, =V, weexpect that the slope of the inverter VTC is equal to (-1), i.e.,
av,,,/dv,;,=—1. Since the corresponding output voltage is expected to be very close
to Vo We can assume that the driver transistor is turned on, and that it is operating
in the saturation region. Hence, writing KCL for the output node at steady-state yields
the following current equation.

k 2 kg 2
—Jg&' (VDD =™ VT,(oad) = ‘d—;ﬁ (Vin=Vro) (5.40)

Differentiating both sides of (5.40) with respect to V, , we obtain :

AV, AV s dV.
kioad *\ VoD = Yout = V1.100d '[‘i——'—‘&
( b =Vrtud) dVy, AV, 4V,

v (5.41)
=ka‘river (Vm *VTO)'[ o )

v,
This equation can be rewritten as follows.

dVam o kdn'ver ( in— VTO)

dv, AVr joad
’ (1 ’ d‘/ ; i kfmd '(VDD = Vtm.' . VTJ”“d)

our

(5.42)

Assuming that the magnitude of (dVr,,.,/dV,,,) is negligible compared to 1, we
obtain the following relationship.

A _ '\(2 “Kariver * I p,driver i
dVin \/ 2. k.‘md k D.load ( ' )

Since Iy 104 = I, driver» this equation yields
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v,
=il (5.44)

in

with

Z)

Kyri L iv eyt '

kR:ﬁ:_‘t_ﬁ;’jﬁ_ﬁ. If kn,driverzkn.hmd (545)
L load

This result implies that the siope of the VTC will be equal to a negative constant,
determined by the transconductances of the driver and the load devices, after the driver
transistor is turned on and as long as both devices are in saturation. Hence, in this case,
V,;, 1s not defined as the point at which the slope of the VTC is equal to -1 as defined
by Eq. (5.2). For practical purposes, the voltage V;; is taken as the point at which the
driver transistor starts conducting, i.e., Vj; = V.

Calculation of Vi

When the input voltage is equal to V, the output voltage V, , is expected to
be slightly larger than V,,. Assuming that V, <V}, — Vi, the driver transistor

our
operates in the linear region, while the load transistor is still in saturation.

k 2 kg
{(;ad .(VDD = Vour— VT,{aad) :i?zg[- . [2 ( in~ VTO)' Vour = v‘i"] (5.46)

Here, we will define V/;; as the voltage point at which the slope of the VTC becomes
equal to (~1). We differentiate both sides of (5.46) with respect to V, , substitute V,,
for the input voltage, and let @V, /dV;, =~1 to obtain the following expression.

k k
Vi =VYro— load . (VDD 1 VT.Imd ) + [2 T _#"&J “Vour (547

driver driver

We cannow substitute thisexpression into the KCL equation givenby (5.46), and solve

for the output voitage V,, .

f k
V. = load AV
out T T ( DD T.!aad) (5.48)
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Note that the threshold voltage of the load device isalsoa function of the output voltage.
Therefore, as in the case of ¥V, equations (5.47) and (5.48) must be solved together
with equation (5.39), using numerical iterations. Since the output voltage is relatively
small, a few iterations usually produce a sufficiently accurate result.

5
v
../ OH VDD =5 V
. ; Vrg =1V
= :I kg = (kyrver/ Kigag) = 10
s I
,g.- ‘ slope=—jkg
5 2 r :
© [
1 f~
vou b
oL |---- {
0 .‘i ) ! P g L W
0 1 2 3 4 5 6
Input Voltage (V)
Figure 5.13. Typical VTC of a saturated enhancement-load inverter circuit.

The typical DC voltage transfer characteristic (VTC) of the saturated en-
hancement-load inverter circuit is shown in Fig. 5.13. Obviously, the most significant
performance deficiency of this circuit is that the output high voltage V., is lower than
the power supply voltage Vi, i.e., Vo = Vpp— V7,00 Thus, the noise margin for
high signal levels (NM}) is greatly reduced for this inverter.

Linear Enhancement-Load Inverter

One possible solution to this problem is to apply the gate bias of the
enhancement-type load device from another voltage source V4, so that the load
device operates in the linear region instead of the saturation region. This circuit
configuration, illustrated in Fig. 5.14, is called the linear enhancement-load inverter.
To ensure that the load transistor operates in the linear region regardless of input and
output voltage levels, we must set the gate bias voltage as V55> Vpp + Vi s Upon
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examination, we can see that the output voltage reachesahighlevel of V5 =V, n when
the input is low, i.e., when the driver transistor is cut off. Hence, this circuit does not
suffer from the limitations imposed on the noise margin NM, by the lower V,,; value,
as in the saturated enhancement-load inverter case. The price for this improvement is
paid, however, by using two separate power supplies, Vyy and V5. To supply each
circuit block designed in this fashion with three power connections (two for supply
voltages, one ground) is a costly and complicated proposition in terms of area and
routing requirements; this circuit configuration is not widely used in large-scale
applications.

Vee Voo
+
I
Vs oad l -
- o +
¢ Iy Vout = Vos grver
+ o~ ]| =
Vie= VGS,driver
Figure 5.14. Inverter circuit with linear enhancement-type MOSFET load.

In addition, both the saturated enhancement-load inverter and the linear
enhancement-load inverter circuits require a relatively large driver-to-load ratio k, to
achieve a sharp VTC transition, lower V,,,, and larger noise margins. A large driver-
to-load ratio, on the other hand, increases the total area occupied by the inverter circuit
and, hence, is not well-suited for large-scale integration.

5.4. Inverter with Depletion-Type MOSFET Load

Several of the disadvantages of the enhancement-type load inverter can be avoided by
using a depletion-type nMOS traunsistor as the load device. Obviously, the fabrication
process for producing an inverter with an enhancement-type nMOS driver and a
depletion-type nMOS load is slightly more complicated and requires additional
processing steps, especially for the channel implant to adjust the threshold voltage of
the load device. The resulting improvement of circuit performance and integration
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possibilities, however, easily justify the additional processing effort required for the
fabrication of depletion-load inverters. The immediate advantages of implementing
this circuit configuration are: (1) sharp VTC transition and better noise margins, (ii)
single power supply, and (iii) smaller overall layout area.

Vour = Vs, griver

Via=Vas griver

—

Figure 5.15. Inverter circuit with depletion-type nMOS load.

Thecircuitdiagram of the depletion-load inverter circuitis shownin Fig. 5.15.
The driver device is an enhancement-type nMOS transistor, with Vg 4. > 0,
whereas the load is a depletion-type nMOS transistor, with Vo ;4 < 0. The current-
voltage equations to be used for the depletion-type load transistor are identical to those
of the enhancement-type device, with the exception of the negative threshold voltage
(cf. Section 3.3). The gate and the source nodes of the load transistor are connected,
hence, V6s.ioad= 0 always. Since the threshold voltage of the depletion-type load is
negative, the condition VGS, toad > VT 10ad 18 satisfied, and the load device always has
a conducting channel regardless of the input and output voltage levels. Also note that
both the driver transistor and the load transistor are built on the same p-type substrate,
which is connected to the ground. Consequently, the load device is subject to the
substrate-biaseffect, so that its threshold voltage is a function of its source-to-substrate

V{)ltage, VSB,!C’adz Vom.

Vf.fmd = vTOJoaa‘ # },( |2 ¢F|+ V;PHI . \|||2 ¢FI] (549)

The operating mode of the load transistor is determined by the output voltage level.
When the output voltage is small, i.e., when V_ < Vpp+ VT, loact» the load transistor

out
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is in saturation. Note that this condition corresponds t0 Vs 100> Vs 10ad = V7 l0ad
Then, the load current is given by the following equation.

k 2 Kk 2
Buloed '[_ VTJoad(Vour )] = "";’M 'IVT"W(V"“‘ )l (5:50)

I D.load =

For larger output voltage levels, i.e., for V> Vp, + V. the depletion-type load
transistor operates in the linear region. The load current in this case is

k
Jr.D,Joad = "ig_ai - [ZIVT.fﬂRd (Vaur )I i (VDD = Vom ) = (VDD = Vour )2 } (5.51)

The voltage transfer characteristic (VTC) of this inverter can be constructed by setting

/ D,driver™= I D,load" VGS.driver" Vm’ and V, DS, driver™ " our and by solving the correspond-
ing current equations for V, , = f(V ). F;gure 5.16 shows the VTC of a typical
depletion-load inverter, with kn_ driver = ®it0ad”

6 3
/ Vou
5
i Vpp =5V
e LI V1o .diver=1V
jol + H
g i . V10 joag=-3V
S 5L = Kq'= 40 pAN2
- [
2 3 kg =K grver/ K ioag) =5
e} I
2T
1r i
L ik 0 Vim S
Vou | : '
{?L "f",":".'"1"\?"._"."f".'\\:'.""'- """ AT N e
0 1 2 3 4 5 6

Input Voltage (V)

Figure 5.16. Typical VTC of a depletion-load inverter circuit.
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Next, we will consider the critical voltage points Vi, Vi, Vyy, and Vyy for this
inverter circuit. The operating regions and the voltage levels of the driver and the load
transistors at these critical points are listed below.

Vi | Vou | Driveroperatingregion | Load operating region

Vor | Vou cur-off linear

Vie | =Vou saturation linear

Vig | small linear saturation

Vou | Vo linear saturation
Calculation of Vo

When the input voltage V,,, is smaller than the driver threshold voltage Vo,
the driver transistor is turned off and does not conduct any drain current. Consequently,
the load device, which operates in the linear region, also has zero drain current.

Substituting V,,, for V,, . in (5.51), and letting the load current /) ;,,, =0, we obtain

Ky
Ip,10ad =_ém“'g" [ZIVT.Ioad (Vo )| (Voo = VYor )~ (Voo — Vou '] ]=0 (5.52)

The only valid solution in the linear region is Vo, = Vpp.
Calculation of Vo
To calculate the output low voltage V), , we assume that the input voltage V,

of the inverter is equal to V5, = V5. Note that in this case, the driver transistor
operates in the linear region while the depletion-type load is in saturation.

k. k y
d;v . '[2 “(Vor=Vro)- VoL - ng,] =—”25"'i 1= Vr.1oaa(Vor)] (5.53)

This second-order equation in V,,, can be solved by temporarily neglecting the
dependence of V.., on V), , as follows.

k 2
Vo =Von = Vro "ﬁ Vo =Vro)’ - [ k;o_ad ]‘]VTJoad (Vo) (5.54)
river
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The actual value of the output low voltage can be found by solving the two equations
(5.54) and (5.49) using numerical iterations, as illustrated in Fig. 5.12. The iterative
method converges rapidly because the actual value of V,, is relatively small.

Calculation of V.
By definition, the slope of the VTC isequal to(-1),i.e.,dV,,,, /dV;, =1 when
the input voltage is V;, = V;. Note that in this case, the driver transistor operates in

saturation while the Joad transistor operates in the linear region. Applying KCL for the
output node, we obtain the following current equation.

kgriver k
dzm d ir:_VTO)Z=_%'ai'[2lVT.hmd(Vaw)1'(VDD"Vﬂw)—(VDD"VnnI)Z} (5.55)

To satisfy the derivative condition at V;;, we differentiate both sides of (5.55) with
respectto V, .

k dv,
kdﬁwr : ( Vin— VTO ]= _-*__znai i [ZIVTJM (Vauf )|[_ d‘;:.w ]
m

AV 1oa dav (5.56)
+2(Vop=VYour )(“%J“Z(Vm = Vour)(__d"";__w'}:t
m

in

In general, we can assume that the term (V7. ,/dV;,) s negligible with respect to the
others. Substituting V), for V; ,and lettingdV,  /dV;, =1, we obtain V;; asafunction
of the output voltage V.

ViL=VYro +( kkfvad J.["’,m; Voo +’VTde (Vo )” (5.57)

driver

To account for the substrate-bias effect on Vy,,» this equation must be solved
together with (5.49) and (5.55) using successive iterations.

Calculation of Vyy
V/; is the larger of the two voltage points on the VTC at which the slope is

equalto(-1).Since the output voltage corresponding to this operating point is relatively
small, the driver transistor is in the linear region and the load transistor is in saturation.
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ki & 5
di;v" '[2' (Vm == VTO)' Vaur = "':ﬁ:r =_hiﬂ'[— VT.!uad(Vam )] (5.58)

Differentiating both sides of (5.58) with respect to V; , we obtain :

n*

dv,, dY,,
ka’rh-er ’I:Vam +(v£rr - VT(} )( dVl-,: J_ Vuur ( de,: ):I
dvy. av. (5.59)
=ktoad *| = Vr toad(You .[____?-fmd].[___ow} :
load [ T.load f)] d‘{'ur dvlm

Now, substitute @V, ,/ dV, =-1 into (5.59), and solve for V, = V.

out mn

dVT.!de
(5.60)

Kioa
VIH=VT0+2KMI+(&! 4 ]l[_vr'!m'd(%m)]-( dp:;u:

driver

Note that the derivative of the load threshold voltage with respect to the output voltage
cannot be neglected in this case.

dVT,u'rmd = 7
AV 2-\[;2 ¢F{+ Vaia (5.61)

The actual values of V; and the corresponding output voltage V , , are determined by
solving (5.61) together with the current equation (5.58) and with the threshold voltage
expression (5.49), using numerical iterations. A relatively accurate first-order estimate
for V;, can be obtained by assuming that the output voltage in this case is approxi-

mately equal to V), .

Itis seen from this discussion that the critical voltage points, the general shape
of the inverter VTC, and ultimately, the noise margins, are determined essentially by
the threshold voltages of the driver and the load devices, and by the driver-to-load ratio
(Kariver'Kioaq)- Since the threshold voltages are usually set by the fabrication process,
the driver-to-load ratio emerges as a primary design parameter which can be adjusted
toachieve the desired VTC shape. Notice that withk', ;... =K', /544 thedriver-to-load
ratio is solely determined by the (W/L) ratios of the driver and the load transistors, i.e.,
by the device geometries. Figure 5.17 shows the VTCs of depletion-load inverter

circuits with different driver-to-load ratios kg = (k1 i.0r/Kjoad)-
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Figure 5.17. Voltage transfer characteristics of depletion-load inverters, with different

driver-to-load ratios.

One important observation is that, unlike in the enhancement-load inverter
case, a sharp VTC transition and larger noise margins can be obtained with relatively
small driver-to-load ratios. Thus, the total area occupied by a depletion-load inverter
circuit with an acceptable circuit performance is expected to be much smaller than the
area occupied by a comparable resistive-load or enhancement-load inverter.

Design of Depletion-Load Inverters

Based onthe VTC analysis given in the previous section, we can now consider
the design of depletion-load inverters to satisfy certain DC performance criteria. In the
broadest sense, the designable parameters in an inverter circuitare: (i) the power supply
voltage V. (ii) the threshold voltages of the driver and the load transistors, and (iii)
the (W/L) ratios of the driverand the load transistors. In most practical cases, however,
the power supply voltage and the device threshold voltages are dictated by other
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external constraints and by the fabrication process; thus, they cannot be adjusted for
every individual inverter circuit to satisfy performance requirements. This leaves the
(W/L) ratio of the transistors, and more specifically, the driver-to-load ratio kp, as the
primary design parameter.

Note that the power supply voltage V, , of the inverter circuit also determines
the level of the output high voltage V,,,,, since V,,p; = V. Of the remaining three
critical voltages on the VTC, the output low voltage V,, is usually the most significant
design constraint. Designing the inverter to achieve a certain ¥, value will automati-
cally set the other two critical voltages, V;; and V,,, as well. Equation (5.53) can be
rearranged to calculate the driver-to-load ratio that achieves a target V,, value,
assuming that the power supply voltage and the threshold voltage values are set
previously by independent design and processing constraints.

2
k. = Kariver _ Vi toad(VoL)
R

(5.62)
koaa  2(Vor =Vro)Vor=VaL

Here, the driver-to-load ratio is given by

; W
kﬂ.dn‘ver ! 'E 9
river

== W (5.63)
kntoad '\ T

load
Since the channel doping densities and, consequently, the channel electron mobilities
of the enhancement-type driver transistorand the depletion-type load transistor are not
equal, we shall expectthatk,, ..., %k, 14> in general. Only ifk, 4., '=k, ;.4 can
the driver-to-load ratio be reduced to

()
L driver

<in (W) (5.64)
load

L

Finally, note that the design procedure summarized above determines the ratio of the
driver and the load transconductances, but not the specific (W/L) ratio of each
transistor. As aresult, one can propose a number of designs with different (W/L) ratios
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for the driver (and for the load) device, each of which satisfies the driver-to-load ratio
condition stated above. The actual sizes of the driverand the load transistors are usually
determined by other design constraints, such as the current-drive capability, the steady-
state power dissipation, and the transient switching speed.

Power and Area Considerations

The steady-state DC power consumption of the depletion-load inverter circuit
can be easily found by calculating the amount of current being drawn from the power
supply, during the input-low state and the input-high state. When the input voltage is
low, i.e., when the driver transistor is cut-off and V. = V5 = Vpyp, there is no
significant current flow through the driver and the load transistors. Consequently, the
inverter does not dissipate DC powerunder this condition. Whenthe inputis atthe high
state with V; = Vypand V=V, on the other hand, both the driver and the load
transistors conduct a significant current, given by

k 2
Inc(Vip =Vpp) = I(;d '[— VT.Imd(VOL]]

S P (5.65)
=_%L'[2'(VOH”VTO)'VOL-V3L]

Assuming that the input voltage level is low during 50% of the operation time and high
during the other 50%, the overall average DC power consumption of this circuit can
be estimated as follows.

Vop k 2
Ppc =—‘[2)£ : % : [“ Vi toad( Voz.)] (5.66)

Figure 5.18(a) showsa simplified layout of the depletion-load inverter circuit.
Note that the drain of the enhancement-type driverand the source of the depletion-type
load transistor share acommon n* diffusion region, which saves silicon area compared
to two separate diffusion regions. The threshold voltage of the depletion-type load
device isadjusted by adonorimplant into the channel region. The width-to-length ratio
of the driver transistor is seen to be larger than the width-to-length ratio of the load,
which vields a driver-to-load ratio of about 4. Overall, this inverter circuit configura-
tion is relatively compact, and it occupies a significantly smaller area compared to
those for resistive-load or enhancement-load inverters with similar performance.

The area requirements of the depletion-load inverter circuit can be reduced
even further by using a buried contact for connecting the gate and the source of the
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Figure 5.18. Sample layout of depletion-load inverter circuits (a) with output contact on

diffusion, and (b) with buried contact.

load transistor, as shown in Figure 5.18(b). In this case, the polysilicon gate of the
depletion-mode transistor makes a direct ohmic contact with the n* source diffusion.
The contact window on the intermediate diffusion area can be omitted, which results

in a further reduction of the total area occupied by the inverter.
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Example 5.3

Consider a depletion-load inverter circuit with the following parameters:

v,

| B VTU,a’river= 1.0V
[}
$|

Viosad=-30V
5 s (WIL) yiver = 20 (WIL)1p0q = 113
Veue = Vos arver kn,driver' = kn.ioad, =25 LLANZ

s
+ °_|F y=04 V"

Vin=Yas drver

L

Viss josa = 0

— ——

Calculate the critical voltages Vor Vow VIL' V{H) on the VTC and find the noise
margins of the circuit. -

First, the output high voltage is simply found according to (5.52) as V5 ;= V=5 V.

To calculate the output low voltage VO > We must solve (5.49) and (5.54) simulta-
neously, using numerical iterations, since the threshold voltage of the load transistor
is alsoa function of the inverter output voltage. We start the iterations by assuming that
the output voltage is equal to zero; thus, letting Vi = Vrp 1,04=—3 V. Solving (5.54)
with this assumption yields a first-order estimate for V.

k 2
Voo  =Vou—Vro _J (Vor = Vro )2 _[ L o ] '|VTJ"“" (Vo )|

driver

=5-1- (5-1)2—[%)3]2:0.192\2

Now, the threshold voltage of the depletion-load device can be updated by substituting
this output voltage into (5.49).

Vrtoad =Vro.40aa + ?’(wf 20+ VoL “\{ 2 ¢'F|J
=—3+0.4(W—M)=~2-95 ¥
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Using this new value for V., ., we now recalculate V), , again according to (5.54).

vT.!'ﬂdd - 2. 95 V

At this point, we can stop the iteration process since the threshold voltage of the load
device has not changed in the two significant digits after the decimal point. Continuing
the iteration would not produce a perceptible improvement of V5, .

The calculation of V;; involves simultaneous solution of (5.49), (5.55), and (5.57),
using numerical iterations. When the input voltage is equal to V;;, we expect that the
output voltage is slightly lower than the output high voltage, V,y. As a first-order
approximation, assumethat V, =V, =5V forV, =V, . Then, the threshold voltage
of the load device can be estimated as V-, ,(V,,,,=5 V) =-2.36 V. Substituting this

value into (5.57) gives V;; as a function of the output voltage V..

k
V.’L ( thr )= VTO + L [v;mf i VDD +‘vT,;‘uad ( V;mr )”

driver

:1+[é)(‘./m—5+2.36):{}.16?‘/ +0.56

out

This expression can be rearranged as
Vour =6 V!L -3.35

Now, substitute this into the KCL equation (5.55) to obtain the following quadratic
equation for V; :

k. 2k
dzw (Vi = Vo)’ z‘h;:—w'[2’Vr..'md(vfmr)|'(VDD'6 Vi +3.35)

~(Vop =6V +3.35)2]

2-(1/}L-—1)2=%-[2»2.36-(5—6V,L +3.35)-(5-6 V. +3.35)'|

The solution of this second-order equation yields two possible values for V.
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0.98 V
Vi = 136V

Note that V;; must be larger than the threshold voltage Vi of the driver transistor,
hence, V;; =1.36 V is the physically correct solution. The output voltage level at this

point can also be found as
Ve =0-1.36-3.35=4.81V

which significantly improves our initial assumption of V, out = =5 V. At this point, the
threshold voltage of the load transistor must be recalculated, in order to update its value.
Substituting V,,,, = 4.81 V into (5.49) yields V7., =—2.38 V. We observe that this
value is only slightly higher (by 20 mV) than the threshold voltage value used in the
previous calculations. For practical purposes, we can terminate the numerical iteration

at this stage and accept V;; = 1.36 V as a fairly accurate estimate.

Tocalculate V,, we have to find the numerical value of (d VT, load' Voup) first, according
to (5.61). When the input voltage is equal to V,,, the output voltage is expected to be
relatively low. As a first-order approximation, assume that the output voltage level is
Voue=Yor =02V whenV, =V, The threshold voltage of the load device can also

L]

be estimated as Vrp,.4(V,,,=02V)= -2.95 V. Thus,

d VT load _ __ 04
‘JW 2\/5¢F‘+ out 2“’!06‘}-02

This value can now be used in (5.60) to find V;, as a function of the output voltage.

k av.
Vi (Vour )= Vro +2 Vo + z 29[ V1t (Vo)) {‘—"__d;{md }

driver out

out

=142V +( )295 0.22=2V,,+1.1
6

This expression is rearranged as:
Vour =0.5V)y —0.55

Next, substitute V. in the KCL equation (5.58), to obtain
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2{2(mw-4}015WH-asﬂ-{asmﬂ—ojsf}=%(zgsf

The solution of this simple quadratic equation yields two values for V,, :
o 0.10V
H=1.96 v

where V,;;=1.96 V is the physically correct solution, since V;; must be larger than the
driver threshold voltage. The output voltage level at this point is calculated as

Vu=0.5-196-0.55=0.43 V
With this updated output voltage value, we can now reevaluate the load threshold
voltage as Vo), (V,,, =043 V) =-29V, and the (d‘/rmmdf V.. value as

it

AVT oad _
- Ty =0.19

out

Note both of these values are fairly close to those used at the beginning of this iteration
process. Repeating the iterative calculation will provide only a marginal improvement
of accuracy, thus, we may accept V= 1.96 V as a good estimate.

In conclusion, the noise margins for high signal levels and for low signal levels can be
found as follows:

5.5. CMOS Inverter

All of the inverter circuits considered so far had the general circuit structure shown in
Fig. 5.3, consisting of an enhancement-type nMOS driver transistor, and a load device
which can be a resistor, an enhancement-type nMOS transistor, or a depletion-type
nMOS transistor acting as a nonlinear resistor. In this general configuration, the input
signal is always applied to the gate of the driver transistor, and the operation of the
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inverter is controlled primarily by switching the driver. Now, we will turn ourattention
to a radically different inverter structure, which consists of an enhancement-type
nMOS transistor and an enhancement-type pMOS transistor, operating in comple-
mentary mode (Fig. 5.19). This configuration is called Complementary MOS, or
CMOS. The circuit topology is complementary push-pull in the sense that for high
input, the nMOS transistor drives (pulls down) the output node while the pMOS
transistor acts as the load, and for low input the pMOS transistor drives (pulls up) the
output node while the nMOS transistor acts as the load. Consequently, both devices
contribute equally to the circuit operation characteristics.

Voo

Vasp

MO
+ | pMOS VDS,p
l Ioe +

Vio=Vasa l o Vet = Vos.n

| nMOS

Figure 5.19. CMOQOS inverter circuit.

The CMOS inverter has two important advantages over the other inverter
configurations. The first and perhaps the most important advantage is that the steady-
state power dissipation of the CMOS inverter circuit is virtually negligible, except for
small power dissipation due to leakage currents. In all other inverter structures
examined so far, a nonzero steady-state current is drawn from the power source when
the driver transistor is turned on, which results in asignificant DC power consumption.
The other advantages of the CMOS configuration are that the voltage transfer
characteristic (VTC) exhibits a full output voltage swing between 0 V and V,,, and
that the VTC transition is usually very sharp. Thus, the VTC of the CMOS inverter
resembles that of an ideal inverter.

Since nMOS and pMOS transistors must be fabricated on the same chip side-
by-side, the CMOS process is more complex than the standard nMOS-only process.
In particular, the CMOS process must provide an n-type substrate for the pMOS
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transistors and a p-type substrate for the nMOS transistors. This can be achieved by
building either n-type rubs (wells) on a p-type wafer, or by building p-type tubs on an
n-type wafer (cf. Chapter 2). In addition, the close proximity of an nMOS and a pMOS
transistor may lead to the formation of two parasitic bipolar transistors, causing a larch-
up condition. In order to prevent this undesirable effect, additional guard rings must
be built around the nMOS and the pMOS transistors as well. The increased process
complexity of CMOS fabrication may be considered as the price being paid for the
improvements achieved in power consumption and noise margins.

Circuit Operation

In Fig. 5.19, note that the input voltage is connected to the gate terminals of
both the nMOS and the pMOS transistors. Thus, both transistors are driven directly by
the input signal, V;, . The substrate of the nMOS transistor is connected to the ground,
while the substrate of the pMOS transistor is connected to the power supply voltage,
Vpp» in order to reverse-bias the source and drain junctions. Since Vg = 0 for both
devices, there will be no substrate-bias effect for either device. It can be seen from the

circuit diagram in Fig. 5.19 that

l":Gs.u =V &
Vosa=V. 81

our

and also,
Vos.p ="(VDD 5 "En)

5.68
VDS.p =_(VDD_ Vnm) ( )

We will start our analysis by considering two simple cases. When the input
voltage is smaller than the nMOS threshold voltage, i.e., when V,, < VTU, »» thenMOS
transistor is cut-off. At the same time, the pMOS transistor is on, operating in the linear

region. Since the drain currents of both transistors are approximately equal to zero
(except for small leakage currents), i.e.,

Ippn=1p,=0 (5.69)

the drain-to-source voltage of the pMOS transistor is also equal to zero, and the output
voltage V,,, is equal to the power supply voltage.

Vour =Vou=Vop (5.70)
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On the other hand, when the input voltage exceeds (Vj, + Vi ), the pMOS transistor
is turned off. In this case, the nMOS transistor is operating in the linear region, but its
drain-to-source voltage is equal to zero because condition (5.69) is satisfied. Conse-
quently, the output voltage of the circuit is
Ve =Vor =0 (5.71)

Next, we examine the operating modes of the nMOS and the pMOS transistors as
functions of the input and output voltages. The nMOS transistor operates in saturation
if V;, > Vi, and if the following condition is satisfied.

VosanZVosn—Vron = Vou2Vin—Vron (5.72)
The pMOS transistor operates in saturation if V;, < ( Voo + Vo, p), and if :

VDS.p S VGS. p VTO.p = Vm: < V:'a N VTD.p (5.73)

Vou=Vin 'VTD.p

Output Voltage (V)

[ | pMOS in saturation

V1o Voo

Input Voltage (V)

Figure 5.20. Operating regions of the nMOS and the pMOS transistors.
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Both of these conditions for device saturation are illustrated graphically as shaded
areas on the Vow - V., plane in Fig. 5.20. A typical CMOS inverter voltage transfer
characteristic is also superimposed for easy reference. Here, we identify five distinct
regions, labeled A through E, each corresponding to a different set of operating
conditions. The table below lists these regions and the corresponding critical input and

output voltage levels.

Region Vi, Vour nMOS pMOS
A < Vion Vou cut-off linear
B Vi high=Vpy | saturation | linear
& Vi Vi saturation | saturation
D Vig low= Vg linear | saturation
E >(VDD + Vo, p) Vor linear cut-off

InRegion A, where V, <V w the nMOS transistor is cut-off and the output
voltage is equal to V= V. As the input voltage is increased beyond Vi, | (into
Region B), the nMOS transistor starts conducting in saturation mode and the output
voltage begins to decrease. Also note that the critical voltage V;; which corresponds
to (dV,,/dV,) = -1 is located within Region B. As the output voltage further
decreases, the pMOS transistor enters saturation at the boundary of Region C. It is seen
from Fig. 5.20 that the inverter threshold voltage, where V; =V, ,islocated inRegion
C. When the output voltage V,, falls below (V;, -V, ) the nMOS transistor starts
to operate in linear mode. This corresponds to Reglon D inFig. 5.20, where the critical
voltage point V;, with (dV/,,,/dV;,) =-1isalso located. Finally, in Region E, with the
input voltage V;, >(Vp+ Vry ), the pMOS transistoris cut-off, and the output voltage
isVp;=0.

In a simplistic analogy, the nMOS and the pMOS transistors can be seen as
nearly ideal switches— controlled by the input voltage— that connect the output node
to the power supply voltage or to the ground potential, depending on the input voltage
level. The qualitative overview of circuit operation, illustrated in Fig. 5.20 and
discussed above, also highlights the complementary nature of the CMOS inverter. The
most significant feature of this circuit is that the current drawn from the power supply
in both of these steady-state operating points, i.e., in Region A and in Region E, is
nearly equal to zero. The only current that flows in either case is the very small leakage
current of the reverse-biased source and drain junctions. The CMOS inverter can drive
any load, such as interconnect capacitance or fanout logic gates which are connected
to its output node, either by supplying current to, or by sinking current from, the load.
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The steady-state input-output voltage characteristics of the CMOS inverter
can be better visualized by considering the interaction of individual nMOS and pMOS
transistor characteristics in the current-voltage space. We already know that the drain
current ID, , of thenMOS transistoris a function of the voltages Vis.nand ‘VDS',,. Hence,
the nMOS drain current is also a function of the inverter input and output voltages V,
and V,, , according to (5.67).

!D,n =f(p;n t] vnur)

This two-variable function, which is essentially described by the current equations
(3.54)—(3.56), can be represented as a surface in the three-dimensional current-voltage
space. Figure 5.21 shows this / DnVin > V.. surface for the nMOS transistor.
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Figure 5.21. Current-voltage surface representing the nMOS transistor characteristics.

Similarly, the drain current I , of the pMOS transistor is also a function of
the inverter input and output voltages V;, and V, , according to (5.68).

ID.p=f(%n’Vauf)
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This two-variable function, described by the current equations (3.57)—(3.59), can be
represented as another surface in the three-dimensional current-voltage space. Figure
5.22 shows the corresponding I, pVin » Voup) surface for the pMOS transistor.

Drain Current {x 0.1 mA)

Figure 5.22. Current-voltage surface representing the pMOS transistor characteristics.

Remember thatinaCMOS inverter operating in steady-state, the drain current
of the nMOS transistor is always equal to the drain current of the pMOS transistor,
according to KCL:

!D,n:]D,p

Thus, the intersection of the two current-voltage surfaces shownin Figs. 5.21 and 5.22
will give the operating curve of the CMOS inverter circuit in the three-dimensional
current-voltage space. The intersection of the two characteristic surfaces is shown in
Fig. 5.23. The intersecting surfaces are shown from a different viewing angle in Fig.
5.24, with the intersection curve highlighted in bold.

It is clear that the vertical projection of the intersection curve on the V, -V
plane produces the typical CMOS inverter voltage transfer characteristic already
shown in Fig. 5.20. Similarly, the horizontal projection of the intersection curve on the
Ip - V;, plane givesthe steady-state current drawn by the inverter fromthe power supply
voltage as a function of the input voltage.
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In the following, we will present an in-depth analysis of the CMOS inverter
static characteristics, by calculating the critical voltage points on the VTC. It has I
already been established that V=V and V,, =0 for this inverter; thus, we will |
devote our attention to V,;, V;;; and the inverter switching threshold, V.

Calculation of Vy;

By definition, the slope of the VTC isequal to(-1),i.e.,dV,,,/dV,, =—1 when
the input voltage is V;, =V, . Note that in this case, the nMOS transistor operates in
saturation while the pMOS transistor operates in the linear region. From/, , =1, pWe
obtain the following current equation,

k 2k
ok (Vos.a=Vron) =3&' [2 (Vos.p=Vro,p) Vos.p = VDS-I’Z] (.74)
Using equations (5.67) and (5.68), this expression can be rewritten as

k
"‘?".(v;ﬂ-_Vm,,)z=—2”--[2-(%3-Vno“’ro.p)

5.75
( Vour = VDD)_(V:JM - VDD)z] { )

To satisfy the derivative condition at V/;, we differentiate both sides of (5.75) with
respectto V.

dv,

kn ( in _VTO.R) =kp {(Vm - VDD_VTO,p){ d‘;‘ur J+(Vou! "VDD)
in
dav

(5.76)
_(er _VDD)'[ dt;z:r J

Substituting V;, = V;; and (dV,,/dV,,) =1 in (5.76), we obtain

kn (Vi = Vron ) =k, (2 Vour = ViL +Vyo,p— VDD) (5.77)

The critical voltage V;; can now be found as a function of the output voltage V,, , as
follows.
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v = 2Vou+Vro.p~ Voo +kr Vron o
it [+ kg 575
where kp, is defined as
kﬁ=k_ﬂ
kp

This equation must be solved together with the KCL equation (5.75) to obtain the
numerical value of V; and the corresponding output voltage, V. Note that the
solution is fairly straightforward and does not require numerical iterations as in the
previous cases, since none of the transistors is subject to substrate-bias effects.
Calculation of Vg
When the input voltage is equal to V/, the nMOS transistor operates in the

linear region, and the pMOS transistor operates in saturation. Applying KCL to the
output node, we obtain

b 1. (Vos.a=Yron): Vosin = Vs> ]= 2. (Vos.p ~Vro,p )2 (5.79)
2 2

Using equations (5.67) and (5.68), this expression can be rewritten as

k
% (2 (Via Vo) Vour = Vous® ]____za (V=Yoo =Vros) (3.80)

Now, differentiate both sides of (5.80) with respect to V.

dv,, dVy,
kn ':( in~ vTO.n)’(Ei?]*‘ Vour = Vour [ d; L Il

=kp '(Vm—VDD_VTO.p)

(5.81)

Substituting V,,, = V,, and (dV

out

/dV;,) =-1 in (5.81), we obtain

ky ‘(" Vi + Vro.n +2 VYou )= kp : (V;H -Vop—- Vro,p) (5.82)
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The critical voltage V; can now be found as a function of V , as follows.

_ VDD + VTO,p +kR '(2 Vuuf + VTO,;:)
IH=

(5.83)

1+kp

Again, this equation must be solved simultaneously with the KCL equation (5.80) to
obtain the numerical values of V;;and V.

Calculation of Vy,

The inverter threshold voltage is definedas V,, =V, =V _ . Since the CMOS
inverter exhibits large noise margins and a very sharp VTC transition, the inverter
threshold voltage emerges as an important parameter characterizing the DC perfor-
mance of the inverter. For Vm = VM, both transistors are expected to be in saturation;
hence, we can write the following KCL equation.

ky

k 2 .
B (VGS,‘n ~Vronm )2 =L. (VCS,p = VTD‘p)" (5.84)

2

Replacing Vasn and VGS, 5 in (5.84) according to (5.67) and (5.68), we obtain

k k
2 (V= Voo F= %+ (Via =Yoo~ Vro) (5.83)

The correct solution for V; for this equation is

n ]

k, F
Vino| 14+ T =VTO.H+\?‘(VDD+VT‘G,;}) (5.86)

Finally, the inverter threshold (switching threshold) voltage V,, is found as

' 1
VTO,H+ k_”(VDD+%‘O,p)
Vie= £
[ E J (5.87)
. Vo =
kR
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Note that the inverter threshold voltage is defined as V,, =V, =V, . When
the input voltage is equal to V,,, however, we find that the output voltage can actually
attain any value between (V,, — Vg ) and (V, — Vg X without violating the voltage
conditions used in this analysis. This is due to the fact that the VTC segment
corresponding to Region C in Fig. 5.20 becomes completely vertical if the channel-
length modulation effect is neglected, i.e., if A= 0. In more realistic cases with >0,
the VTC segment in Region C exhibits a finite, but very large, slope.

It has already been established that the CMOS inverter does not draw any
significant current from the power source, except for small leakage and subthreshold
currents, when the input voltage is either smaller than VronOr larger than (Vpp+ VTO. p).
The nMOS and the pMOS transistors conduct a nonzero current, on the other hand,
during low-to-high and high-to-low transitions, i.e., in Regions B, C, and D. It can be
shown that the current being drawn from the power source during transition reaches
its peak value when V;, = V. In other words, the maximum current is drawn when both
transistors are operating in saturation. Figure 5.25 shows the voltage transfer charac-
teristic of a typical CMOS inverter circuit and the power supply current, as a function
of the input voltage.

6 8.0
[
L Van=5V
5 oD
\ =10V
TO,n . 6.0
g 4 VTU,D =-10V g
% kp=k P ?‘)
= =
2 3 1 4.0 g
= =
g 3
=
o 2 Drain o
Current =
1 20
1 -
0 : o 0.0
0 1 2 3 4 - 6

Input Voltage (V)

Figure 5.25 Typical VTC and the power supply current of a CMOS inverter circuit.



MOS Inverters: Static Characteristics 187

Design of CMOS Inverters

The inverter threshold voltage V,, was identified as one of the most important
parameters that characterize the steady-state input-output behavior of the CMOS
inverter circuit. The CMOS inverter can, by virtue of its complementary push-pull
operating mode, provide a full output voltage swing between Oand Vp,, and therefore,
the noise margins are relatively wide. Thus, the problem of designing a CMOS inverter
can be reduced to setting the inverter threshold to a desired voltage value.

Given the power supply voltage Vp,p,, the nMOS and the pMOS transistor
threshold voltages, and the desired inverter threshold voltage V,;, the corresponding
ratio kg, can be found as follows. Reorganizing (5.87) yields

1 V:‘.‘I =N VTO,;:

e 5.88
ke Vopo+Vro,— Vi D)

Now solve for &p that is required to achieve the given V,,:

: 2
ko { Voot Vo=V
kR=k—”=[ e e (5.89)
P th— YTO,n
Recall that the switching threshold voltage of an ideal inverter is defined as
1
Vinideal = 5 Vop (5.90)

Substituting (5.90) in (5.89) gives

. 2
{& =[.0.5 vDD+vmp} son
kp ) o 0:3V0p= V70 :

for anear-ideal CMOS VTC that satisfies the condition (5.90). Since the operations of
the nMOS and the pMOS transistors of the CMOS inverter are fully complementary,
we can achieve completely symmetric input-output characteristics by setting the
threshold voltages as Vi, = Vm n= iVm pl. This reduces (5.91) to:
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kp symmetric - (592)

mnverter

Note that the ratio & RIS defined as

W W
En__ H, Co.t .(_L—)n L Hy ('Z")H
- AN W
), m )

assuming that the gate oxide thickness 7, , and hence, the gate oxide capacitance C,,
have the same value for both nMOS and pMOS transistors. The unity-ratio condition
(5.92) for the ideal symmetric inverter requires that

)
L)y _Hp_230 cm? Vs
(E} i, 580cm%V-s (5.94)
L 7
Hence,
|14 14
[ZL s (f) (5.95)

It should be noted that the numerical values used in (5.94) for electron and hole
mobilities are typical values, and that exact 4, and 1 values will vary with surface
doping concentration of the substrate and the tub. The VTCs of three CMOS inverter
circuits with different kp ratios are shown in Fig. 5.26. It can be seen clearly that the
inverter threshold voltage V,, shifts to lower values with increasing kj ratio.

For a symmetric CMOS inverter with Vo=Vl and kp = 1, the critical
voltage V;; can be found, using (5.78), as follows.

1
Vie Ny (3Vop+2Vro.n) (5.96)
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Von=5V
5 DD
Vign=1.0V
2 o | VTD_p='-1‘0V
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Figure 5.26. Voltage transfer characteristics of three CMOS inverters, with different
nMOS-to-pMOS ratios.

Also, the critical voltage V, is found as

1
Vin = % (5Vop—-2 Vron) (5.97)

Note that the sum of Vj; and Vy, is always equal to Vpp, in a symmetric inverter:
Vi + Vi =Vop (5.98)

The noise margins NM; and NM; for this symmetric CMOS inverter are now
calculated using (5.3) and (5.4):
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NM =V, ~VoL=Vy

5.99
NMy =VYor =Vin =Vpp=Vin o=
which are equal to each other, and also to V..

Example 5.4

Consider a CMOS inverter circuit with the following parameters :

V=5V
Vipa=10V
Vygp=-12V
k,= 100 pA/V?
k,= 40 uA/V?

Calculate the noise margins of the circuit. Notice that the CMOS inverter being
considered here has kR =2.5and Vm n? IVm pl; hence, it is not a symmetric inverter.

First, the output low voltage V/y; and the output high voltage VOH are found, using
(5.70) and (5.71),as V5, =0and V=5 V.

To calculate V;; in terms of the output voltage, we use (5.78):

2V +V70.p = Vop +kg Vron
1+kg
2V, ~12-5+2.5

=0 —— — ——=(0,57V,,-1.06
1+2.5 -

Vi =

Now substitute this expression into the KCL equation (5.75).

2.5(0.57V,,, ~1.06—1)" =2(0.57V,,, ~1.06=5+1.2)(V,,, - 5)- (m 5)?

aur
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This expression yields a second-order polynomial in V,, , as follows.

0.66V,, 2 —-0.46

out outr ~

13=0

Only one root of this quadratic equation corresponds to a physically correct solution
forV,, (e, V,,>0).

out

V=48V
From this value, we can calculate the critical voltage V), as:
Vp=0.57-4.8-1.06=168 V
To calculate V;y, in terms of the outpat voltage, use (5.83):

_Yoo+Vro,p the 2V +Vro)
1+kp
. 5124252V, +1

s s )=1.43Vm,+1.8

H

Next, substitute this expression into the KCL equation (5.80) to obtain a second-order
polynomial in V.

2.5[2(1.43V,, +1.8~ 1)V, = Vo 2 |=(1.43V,,, ~ 2)°

2.61V,

out

249.72V,,,~4=0

Again, only one root of this quadratic equation corresponds to the physically correct

solution for V,, at this operating point, i.e., when V, = V.

V=037V

out

From this value, we can calculate the critical voltage V/;; as :

Vi =1.43-0.37+1.8=233 V
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Finally, we find the noise margins for low voltage levels and for high voltage levels
using (5.3) and (5.4).

Power and Area Considerations

Since the CMOS inverter does not draw any significant current from the
power source in both of its steady-state operating points (V,,,= Voyand V.= V),
the DC power dissipation of this circuit is almost negligible. The drain current that
flows through the nMOS and the pMOS transistors in both cases is essentially limited
to the reverse leakage current of the source and drain pn-junctions, and in short-channel
MOSFETs, the relatively small subthreshold current. This unique property of the
CMOS inverter was already identified as one of the most important advantages of this
configuration. In many applications requiring a low overall power consumption,
CMOS is preferred over other circuit alternatives for this reason. It must be noted,
however, that the CMOS inverter does conduct a significant amount of current during
aswitching event, i.e., whenthe output voltage changes fromalow to high state, or from
ahigh to low state. The detailed calculation of this dynamic power dissipation will be
examined in Chapter 6.

il GND aNo

Figure 5.27. Sample layouts of CMOS inverter circuits (for p-type substrate).
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Figure 5.27 shows two layoutexamples for the simple CMOS inverter circuit.
In both cases, it is assumed that the circuit is being built on a p-type wafer, which aiso
provides the substrate forthe nMOS transistor. The pMOS transistor, on the other hand,
must be placed in an n-well (dotted lines), which becomes the substrate for this device.
Alsonote that in Fig. 5.27 the channel width of the pMOS transistor is larger than that
of the nMOS transistor. This is typical for symmetric inverter configurations, in which
the kg ratio is set approximately equal to umity.

Compared to otherinverter layouts examined in previous sections, the CMOS
inverters shown in Fig. 5.27 do not occupy significantly more area. The added
complexity of the fabrication process (creating n-well diffusion, separate p-type and
n-type source and drain diffusions, etc.) appears to be the only drawback forthe inverter
example. Because of the complementary nature of this circuit configuration, however,
CMOS random logic circuits require significantly more transistors for the same
function than their ntMOS counterparts. Consequently, CMOS logic circuits tend to
occupy more area than comparable nMOS logic circuits, which apparently affects the
integration density of pure-CMOS logic. The actual integration density of nMOS
logic, on the other hand, is limited by power dissipation and heat generation problems.
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Exercise Problems

5.1 Consider an inverter with an enhancement-type nMOS driver transistor and
an enhancement-type saturated nMOS load transistor with its gate and drain
terminalstied. For the following parameters, calculate the noise margin, NM,,
i.e., the noise margin corresponding to the “0” level signal.

kdriwr /kfom‘ = 100
V,=08V,V, =50V
’}/ :A = O

52 For the saturated enhancement-load inverter in exercise problem (5.1),
determine the highest output voltage V,, when the input gate voltage is less
than the threshold voltage by using the following device parameters:

u-C =20pA/NV?

V=10V, y=04V"

channel length modulation factor (4) = 0.0 V*!
surface potential [2¢,1 = 0.64 V

53 Determine the steady-state voltage across the load capacitor shown in Fig.
P5.3 below. You must include the body effect of both transistors. Use the
following device parameters:

V=10V

v (body effect coefficient) = 0.2 V'2
¢,=-03V

% ,oe FiguEPs3

54 Consider a resistive-load inverter circuit with a 100 kQ 1oad resistor, where
the input terminal (gate terminal of the nMOS transistor) is connected to its
output (drain terminal of the nMOS transistor).
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5.5

5.6

5.7

(a) Sketch the load line for this circuit.
(b) Is the transistor operating in the linear or saturation region?
(c) ForV.=1V,k'=40pA/V? and V. =2.5V, solve for W/L.

Refer to the CMOS fabrication process described in Chapter 2. Draw cross-
sections of the following device along the lines A-A' and B-B'.

%

S .
V Active Area

A
AR
N

o

Metal

Contact

Polysilicon
]

w-

Design a resistive-load inverter with R = 1 kQ such that V,,, =0.6 V when the
enhancement-type nMOS driver transistor has the following parameters:

V=50V
V,=10V
y=02 VP
A=00V
k'=22.0 pA/V?

(a) Determine the required aspect ratio, W/L.
(b) Determine V, and V.
(c) Determine noise margins NM, and NM,,.

Layout of the resistive-load inverter design.

(a) Draw the layout of the R-load inverter designed in exercise problem
(5.6) using a polysilicon resistor with sheet resistivity of 25 {/square
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and the minimum feature size of 2 um. It should be noted that L stands
for the effective channel length which is related to the mask channel
lengthas L=L, + 6—2 L, where we assume 6 (process error) =0 and
L,=0.25 tm. To save chip area, one should use the minimum sizes
for Land W. Also, the resistorareacan be reduced by using the folded
layout (snake pattern) of the resistor.

Perform circuit extraction to obtain the SPICE input list from the
layout.

Run the SPICE simulation of the circuit to obtain the DC voltage
transfer characteristic (VT'C) curve. Plot the VTC and check whether

the calculated values in Problem 5.6 match with the SPICE results.

The nMOS and pMOS transistors in a CMOS inverter have the following
parameters:

IV, I = 1.0V for both nMOS and pMOS transistors
A=00V"!

k' =50.0 uA/V?

k', =200 HA/V?

The CMOS inverter is designed with ( W/L)p: 20 and (W/L) =10, and its
capacitive load is 2 pF. It is assumed that the load capacitance includes all
paragitic capacitances connected to the drain node.

(a)

(b)

(c)

(d)

Calculate the average power dissipation in the inverter when its input
signal is a rectangular pulse with 100 ns period which swings
between S Vand 0 V.

Repeat part (a) for the case when each transistor channel width is
exactly twice as that used in (a), but the load capacitance and input
signal remain the same.

What observations can you make from the results of part (b)?
Can you explain the results?

Verify yaur answer using the power meter with SPICE simulation.
For SPICE simulation, you can set the parasitic capacitances in drain-
and source regions to zero by setting AD, AS, PD, PS to zero.
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