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2.3 THE COMPLEMENTARY CMOS INVERTER- DC CHARACTERISTICS 61 

renr. Ids• and the input voltage, Vg.ro and is defined by 

dlds 
g 111 = dV IVds = constant 

gs 
(2.17) 

It is used to measure the gain of an MOS device. In the linear region g111 is 
given by 

(2.18) 

and in the saturation region by 

gm(sat ) = ~(Vgs- V,). (2.19) 

Since transconductance must have a positive value. the absolute value is 
used for voltages applied to p-type devices. 

2.3 The Complementary CMOS Inverter
De Characteristics 

A complementary CMOS inverter is realized by the series connection of a 
p- and ann-device, as shown in Fig. 2.1l.ln order to derive the DC-transfer 
characteristics for the inverter (output vo ltage, V0111 , as a function of the 
inverter, V;11), we start with Table 2.1 , which outlines various regions of oper
ation for the n- and p-transistors. In this table, V111 is the threshold voltage of 
the n-channel device, and V1P is the threshold voltage of the p-channel 

Vss 

FIGURE 2.11 A CMOS 
inverter (with substrate con
nections) 
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TABLE2.2 Relations Between Voltages for the Three 
Regions of Operation of a CMOS Inverter 

CUTOFF NONSATlfRJ\TED SATURATED 

s 
Vgsp< V,P Vgsp< V1p ~ 

Vgsp> V1P Vj, < Vtp + VDD ~,_,,...,r :'I Vfn < Vtp + VDD 
p·device c···~ 

Vfn > Vtp + VDD v dsp > vgsp - vlp V dsp < Vgsp - V1P 
Vout > \';,. - Vtp Vout < V;, - V,P 

Vgsn> V,,. Vgsn> Vtn 
Vgsn < Vm V;,> v,, V;,.>Vm 

n-device 

V;,. < v,JI V dsn < Vgs - V, V dsn > Vgs - Vm 
Your < Vin - V,,. Vout > V;,. - Vtn 

device. The objective is to find the variation in output voltage (V0 uz) for 
changes in the input voltage (Vi11). 

We begin with the graphical representation of the simple algebraic equa
tions described by Eq. (2.5) for the two inverter transistors shown in Fig. 
2. 12(a).20 The absolute value of the p-transistor drain current Ids inverts this 
characteristic. This allows the VI characteristics for the p-device to be 
reflected about the x-axis (Fig. 2.12b). This step is followed by taking the 
absolute value of the p-device, Vds• and superimposing the two characteris
tics yielding the resultant curves shown in Fig. 2.12(c). The input/output 
transfer curve may now be determined by the points of common V

8
s intersec

tion in Fig. 2.12(c). Thus, solving for V;1111 = ""fnp and Idsn == ldsp gives the 
desired transfer characteristics of a CMOS inverter as illustrated in Fig. 2.13. 
The switching point is typically designed to be 50 percent of the magnitude 
of the supply voltage:"' Vvv/2. During transition, both transistors in the 
CMOS inverter are momentarily "ON," resulting in a short pulse of current 
drawn from the power supply. This is shown by the dotted line in Fig. 2.13. 

The operation of the CMOS inverter can be divided into five regions (Fig. 
2.13). The behavior of n- and p-devices in each of the regions may be found 
by using Table 2.2. 

Region A. This region is defi ned by 0 ~ V;11 ~ V m in which the n-device is 
cut off (ldsn = 0), and the p-device is in the linear region. Since Ids11 = -Idsp• 
the drain-to-source current Idsp for the p-device is also zero. But for V dsp = 
Vout - VDD• with Vdsp = 0, the output voltage is 

(2.20) 
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- - ----- Vgsns 

--- --- -- Vgsn• 

--------- Vgsn3 

_..---- - - - - - - Vgsru 

- Voo 
-Vgsp, =~====------::~~-==--======~:= Vgsm 
- V gsp2 Vdsn Voo 

- VgSP3 

- Vgsp< - - -----

- Vgsps ------

(a) 

- Vgsp 

-V 

(b) 
---- - Vdsp 

... .... ......... 

V;np 

(c) 

Vdsn - - -• 

., - .-.J!- - 1 

' ' ' 
• Equal Current Points 

• - --- Vout 

Region B. This region is characterized by Vrn S:: V;n < V DD/2 in which the 
p-device is in its nonsaturated region (Vds -:;:. 0) while the n-device is in satu
ration. The equivalent circuit for tbe inverter in this region can be repre
sented by a resistor for the p-transistor a?d a current source for the n-

FIGURE 2.12 Graphical 
derivation of CMOS inverter 
characterist ic 
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FIGURE 2.13 CMOS 
inverter DC transfer charac
teristic and operating regions 

FIGURE 2.14 Equivalent 
circuits for operating regions 
of a CMOS inverter 

p 'ON' n 'OFF' p ·oFF' n ·o w -- ---- p 'ON' n'ON' -
V00 ® ® I I 

I I I 

I 

Vout .5Voo 

transis tor as shown by Fig. 2.14(a). The saturation current ldsn for then
device is obtained by setting vgs = ~II' This results in 

[V;n- Vm]2 
1dsn = ~n 2 

where 

and 

(a} 

v,n = threshold voltage of n-device 

lln== mobility of electrons 

Wn = channel width of n-device 

L11 = channel length of n-device. 

(b) 

(2.21) 

Region D 

(c) 
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The current for the p-device can be obtained by noting that 

and 

and therefore 

where 

and 

Vrp = threshold voltage of p-device 

J.lp = mobility of holes 

wp = channel width of p-device 

Lp = channel length of p-device. 

Substituting 

the output voltage Vout can be expressed as 

(2.23) 

Region C. In this region both the n- and p-devices are in saturation. This is 
represented by the schematic in Fig. 2.14(b) which shows two current 
sources in series. 

The saturation currents for the two devices are given by 
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with 

This yields 

(2.24) 

By setting 

i3n = J3p and V1n = -Vtp, 

we obtain 

(2.25) 

which implies that region C exists only for one value of ~n· The possible 
values of Vout in this region can be deduced as follows: 

n-channel: Vin - V0 ur < V1n 

Vout > Vin - Vrn 

p-channel: Vin - Vout > V tp 

Vout < ~n - Vtp· 

Combining the two inequalities results in 

vin- vtn < vout < vin- vtp. (2.26) 

v 
This indicates that with Vin = ~D , V0 ut varies within the range shown. Of 
course, we have assumed that an MOS device in saturation behaves like an 
ideal current source with drain-to-source current being independent of V ds· 

In reality, as Vds increases, Ids also increases slightly; thus region C has a 
finite slope. The significant factor to be noted is that in region C we have two 
current sources in series, which is an "unstable" condition. Thus a small 
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111pu1 \Oitage hac, a large l!ffec1 at the ou1puL. Thts make., the ou1pul Lranc;iuon 
"cry sleep. wh1ch comra:.l!> wnh the cqu1valent nMO~ 1nvener characleri!.
uc. (See Sec1ion 2.4.) The relation defined by Eq. (2.24) il> particularly u eful 
-,ince it provide~ the basis for defining the gate thre. hold V;111• which corre
sponds to the slate where V0 w =Vi,. This region also defines the "gain'' of the 
CMOS inverter when used as a sma ll signal amplifier. 

Region D. This region is described by V0012 < V;, ::;; V00 + v,r The 
p-device is in saturation while then-device i operating in ils nonsaturated 
region. This condition is represented by the equivalent circuit shown in Fig. 
2.14(c). The two currents may be wrinen a~ 

I 2 
I = --13 ( V - V - V ) dsp 2 p 111 DD tp 

and 

I = A [ ( V - V ) V - V 01112] 
dsn ~-'n in 111 0111 2 

with 

I I = - 1 t sp drn · 

The output voltage becomes 

v out = < v"' - v,,> -
2 l3 p 2 

( V - V) - - (V -V - V) 
111 111 j3 in DD tp 

n 
(2.27) 

Region E. This region is defined by 1he input condition V;, ~ V 00 - V,11, in 
which the p-device is cui off Uusp = 0), and then-device is in the linear mode. 
Here. Vgsp = V, - V00. which is more po itive than v,,. The outpul in this 
region is 

(2.28) 

From the Iran<; fer curve of 1-'ig. ~ I I. il may be een I hat the transition 
h~ 1v.een the l\\o -.tate' 1s ,·er) \tecp Thi characten~IIL 1, \'Cr~ desirable 
because the no1-.L lmmunll) ~~ maxim11ed. This is covered in more detail in 
Section 2.3.2. For convenience. the characteristics associated with the five 
regions are summarized in Table 2.3. 
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FIGURE 2.15 Influence of 

~ .. 
jf" on inverter DC transfer 

p 

characteristic 

TABLE2.3 Summary of CMOS Inverter Operation 

REGION CONDITION p-device n-device OUTPUT 

A 0SV;,.<V1,. nonsaturated cutoff Vout= VDD 

VDD 
B Vrn ~ V;,. <-2- nonsaturated saturated Eq. (2.23) 

VDD 
c v,,.=T saturated satllfl\ted Vout *flY;,.) 

VDD 
D - 2- < v," ~ v DD -1 vcpl saturated nonsaturated Eq. (2.27) 

E v,,.> VDD-lVzpl cutoff nonsaturated Vout = Vss 

2.3.1 ~,/~p Ratio 
In order to explore the variations of the transfer characteristic as a function 
of PniPP' the transfer curve for several values of J3n1PP are plotted in Fig. 
2.15(a). Here, we note the gate-threshold voltage, Vinv> where V;,. = Vour is 

Vout 

(b) 
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dependent on P,JPp· Thus. for a given process. if we want to change P,/Pw 
we need to change the channel dimensions, i .e., channel - length Land 
channel-width W. From Fig. 2. 15(a) it can be seen that as the ratio P,/Pp is 
decreased. lhe tran ition region shi fts from left to right: however. the output 
voltage transition remains sharp (compare to the inverter responses in Fig
ures 2. 19, 2.2 1, 2.23, and 2.24). For the CMOS mverter a ratio of 

(2.29) 

may be desirable ince it allows a capacitive load to charge and djscharge in 
equal times by providing equal current-source and -sink capabili t ies. This 
wi ll be di scussed further in Chapter 4 . For interest. the inverter transfer 
curve is also plotted ( Fi gure 2.1 5b) for W,IWP ( the w idth of the n- and 
p- transistors). This shows a relati ve shift to the left compared with the P 
ratioed case because lhe p-device has inherently lower gain. 

Temperature al so has an effect on the transfer characteri stic of an 
inverter. 21 As the temperawre of an MOS device is inc rea ed, the effective 
ca;-, :cr mobility. IJ.. decreases. This results in a decrease in p, which i!'> related 
to temperature T by 

PaT 1.s (2.30) 

Therefore 

(2.31) 

Since the voltage transfer characteristics depend on the ratio PniPp• and lhe 
mobility of both holes and electrons arc similarly affected, this ratio is inde
pendent of temperature to a good approximation. Both Vm and V1P decrease 
slightly as temperature increase , and the extent of region A is reduced while 
the extent of region E increases. Thus the overall transfer characteristics of 
Fig. 2. 15 hift to the left a temperature increase . Based on the figures given 
earl ier, if the temperature rise by 50°C , the thresholds drop by 200mV 
each. This wou ld cause a .2 V shift in the input thre hold of the inverter 
(although due to the idealized model, less shift i seen in practice). 

2.3.2 Noise Margin 

oise margin is a parameter closely related to the input-output voltage char
acteristics. Thi parameter allows us to determine the allowable noise volt
age on the input of a gate so that the output will not be affected. The 
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FIGURE 2.16 Noise margin 
definitions 

. ... ·--------

specification most commonly used to specify noise margin (or noise immu
nity) is in terms of two parameters- the LOW noise margin, NMv and the 
HIGH noise margin, NM H· With reference to Fig. 2.16, NM Lis defined as the 
difference in magnitude between the maximum LOW output voltage of the 
driving gate and the maximum input LOW voltage recognized by the driven 
gate. Thus 

NM L ::: I v!Lmax- v OLmaxl . (2.32) 

The value of NM H is the difference in magnitude between the minimum 
Hl GH output voltage of the driving gate and the minimum input IDGH volt
age recognized by the receiving gate. Thus 

where 

V!Hmin = minimum HIGH input voltage 

VILmliX == maximum LOW input voltage 

V OHmin = minimum HIGH output voltage 

Vounax = maximum LOW output voltage. 

These definitions are illustrated in Fig. 2.16. 

(2.33) 

Generally, it is desirable to have VIH::: V1L and for this to be a value that 
is midway in the "logic swing," VoL to VoH· This implies that the transfer 
characteristic should switch abruptly; that is, there should be high gain in the 

Output Characteristics Input Characteristics 

T 
Logical High Output Range 

..i 
T 
Logical Hlgh Input Range 

1 

T 
T 
Logical Low Input Range 

Logical Low Output Range 

..i 1 
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vOH s.---~ 

(5v) 

Unity Gain 
4 Point 

Slope~ -1 

transition region. For the purpose of calculating noise margins, the transfer 
characteristic of a typical inverter and the definition of voltage levels VIL, 
V OL• VIH, V OHare shown in Fig. 2.17. To determine V1v we note that the 
inverter is in region B of operation, where the p-device is in its linear region 
while the n-device is in saturation. The V1L is found by determining the unity 
gain point in the inverter transfer characteristic where the output transitions 
from VoH· Similarly, VIH is found by using the unity gain point at the VOL 
end of the characteristic. For the inverter shown the NM L is 2.3 volts while 
the NMH is 1.7 volts.22 

Note that if either NML or NMH for a gate are reduced (o:O.l VvD), then 
the gate may be susceptible to switching noise that may be present on the 
inputs. Apart from considering a single gate, one must consider the net effect 
of noise sources and noise margins on cascaded gates in assessing the overall 
noise immunity of a particular system. This is the reason to keep track of 
noise margins. Quite often noise margins are compromised to improve 
speed. Circuit examples later in this book will illustrate this trade-off. 

2.3.3 The CMOS Inverter As an Amplifier 

It should be noted that the CMOS inverter when used as a logic element is in 
reality an analog amplifier operated under saturating conditions. In region C 
in Fig. 2.14, the CMOS inverter acts as an inverting linear amplifier with a 
characteristic of 

(2.34) 

where A is the stage gain. 

FIGURE 2.17 CMOS 
inverter noise margins 
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FIGURE 2.18 The 
CMOS inverter as 
an amplifier 

This region may be further examined with a circuit simulator by using 
the circuit shown in Fig. 2.18, with a high-value resistor between input and 
output (10M Q). The input is DC isolated using a capacitor. The gain of this 
amplifier is estimated by using the small-signal model of the amplifier 
shown in Fig. 2.10. This circuit is valid for small signals around the linear 
operating point of the amplifier. The gain is approximately given by 

A= gmtotal Rdseffective 

= (gmn + gmp)(rdsn II rdsp) 

= gmrds (if gmn = gmp and r dsn = rsdp) (2.35) 

This gain is very dependent on the process and transistors used in the circuit 
but can be in the range from 100 to over 1000. The gain is enhanced by 
lengthening the transistors to improve the rds values. This improvement 
comes at the expense of speed and bandwidth of the amplifier. 

2.4 Static Load MOS Inverters 

Apart from the CMOS inverter, there are many other forms of MOS inverter 
that may be used to bu~ld logic gates. Figure 2.19(a) shows a generic nMOS 
inverter that uses either a resistive load or a constant current source. For the 
resistor case, if we superimpose the resistor-load line on the VI characteris
tics of the pull-down transistor (Fig. 2.19b), we can see that at a Vgs of 5 
volts, the output is some small V ds (V0 r) (Fig. 2.19c). When Vgs = 0 volts, 
V ds rises to 5 volts. As the resistor is made larger, the VOL decreases and the 
current flowing when the inverter is turned on decreases. Correspondingly, 
as the load resistor is decreased in value, the VOL rises and the on current 
rises. Selection of the resistor value would seek a compromise between VoL> 
the current drawn and the pull-up speed, which vary with the value of the 
load resistor. 

The resistor- and current-source-load inverters shown in Fig. 2.19 are 
normally implemented using transistors in CMOS processes. In some mem
ory processes, resistors are implemented using highly resistive undoped poly
silicon. When transistors are used the inverter is called a saturated load 
inverter if the load transistor is operated in saturation as a constant current 
source. If the load transistor is biased for use as a resistor, then it is called an 
unsaturated load inverter. 

In this section we will examine a number of static load inverters that one 
can implement in CMOS processes. Usually the reason for doing this is to 
reduce the number of transistors used for a gate to improve density and/or to 
lower dynamic power consumption. 


