
THE VERSATILE 4007
Need a versatile CMOS building block for a one-of-a-kind application ? Then the 4007 is for
you. Find out how to use it here.

FIG. 1-THE 4007 IS COMPOSED OF three pairs of complementary enhancement-mode MOSFET's.
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FIG. 3- A DIGITAL INVERTER can be built from
either an n-(a) or a p-channel MOSFET (b).

In both n- and p-channel inverters. the
amount of current that tlows through the
device is limited by the value of Rl. And
both circuits draw a finite quiescent cur
rent in the on state . However. quiescent
current drain ca n be reduced to almost
zero by co nnect ing a pair of comp lemen
tary MOSFET's as shown in Fig. 4 .

ance decreases as the potential app lied to
the gate becom es negati ve with respect to
the source . So a p-channel MOSFET can
be used as a digital inverter by wiring it as
shown in Fig. 3-b .

As you reca ll, the term CMOS is an
acronym for Co mpleme ntary Metal Ox ide
Se miconductor; it is fair to say that most
CMOS Ie's are designed aro und CMOS
devices like those that co mpose the 4007 .
The refore it is wort hw hile to ge t a good
un derstand ing of how those ele ments
work. Let's look first at th e ir di g ital
characteristics; later we' ll exa mine them
in light of their ana log capabi lities.

The two fundamenta l characteristics of
a MOSFET are as follows . First. the gate.
or input terminal. of a MOSFET has a
nea r-i nfini te im pedance . Second, the
magn itude of the voltage applied to the
gate controls the magnitude of drain-to
so urce current flow.

In an enha nce me nt-mode n-ch ann el
MOSFET the dra in-to-so urce circuit is a
high impedan ce when the gate is at the
same potential as the source . However.
that impedance decreases as the poten tial
applied to the ga te becomes pos itive with
respect to the source. So an n-channe l
MOSFET can be used as a digital inverte r
by wiring it as shown in Fig . 3-a. With a
low app lied to its input the MOS FET is
cut off, so the output goes high . With a
high applied to its input the MOSFET
saturates. so the output goes low.

In a p- ch annel enhance me nt- mo de
MOSFET the dra in-to-so urce circuit is
also a high impedance when the ga te is at
the same poten tial as the so urce. But.
unlike the n-chann el device. that imped-
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T HE .j007 IS TH E SIMPLEST IC IN T H E C M OS

line . It co ntains ju st two pairs of comple
mentary MOSFET's and a CMOS inver
ter. However. eac h e leme nt is indepen
dently accessible, so the elements can be
combined in a grea t variety of ways . In
fact, the 4007 is sometimes known as the
" desig n- it-yourself" CMOS IC , as it can
function as a digital inverter. a NAND or a
NOR gate . or an analog sw itch. It can also
function as a linear dev ice.

Therefore , not on ly is the 4007 the sim
plest CMOS IC, but it is also the most
versatile . And that makes it an idea l de
vice for demonstrating the prin ciples by
which CMOS devices operate to students.
technicians , and engi nee rs . In this articl e
we' ll examine the 4007 from bot h the
oretica l and practic al poi nts of view, and
we' ll include many circ uits that you can
use as-is in your next des ign .

Basic digital operation
The guts of the 4007 are shown in Fig .

I. All MOSFET's in the 4007 are enhan
cement-mode dev ices; Q I. Q3. and Q5
are p-channel , and Q2, Q4. and Q6 are n
channel types. The dra ins and sources of
MOSFET's Q I-Q4 are independent ; the
drain of Q6 is conn ected to the drain of
Q5, so tho se two MOSFET's co mpose the
inverter ment ioned above. Each pair of
trans istors is protected by a network like
the one shown in Fig . 2 .

FIG . 2-INPUT PROTECTION CIRCUITRY
R1,D1-D3) of each pa ir of MOSFET's is shown
here.

RAY MARSTON

63



155 10

VOS -VO LTS

I

TRIODE V ,' GS - ' 0
REGIO N I I

I I SATURA EO
I REG ION

/ I '
I

/ I
.J.- , n,

/// ' [;~

/1/
~VGS = 5\o
o

10

<:
F 20
CJ

FIG. 7-AN N-CHANNEL MOSFET operates lin
early in the ohmic reg ion above the dashed line
and digitally in the pinch-off reg ion below the
das hed lin e.
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FIG. 8-VOLTAGE-TRANSFER characteri st ic of
the CMOS inverter (Fig. 4) reveals that , for in
puts near ground and VD D , output ch ange s very
little.

Fig ure 8 sho ws typica l voltage-trans fer
c haracte ristics o f th e standard CMOS in
verter at d ifferent supply voltages . Note
that whe n V[)[) is 15 volts , the o utp ut volt 
age changes a very small amount whe n
the input vo ltage is near e ither ze ro or
VJ)J). Howeve r, w he n the input vo ltage is
biased at rou ghl y V[)[)I2 , a small cha nge
in input voltag e produces a large ch ange
in o utput vo ltage . Typically. the inverter
has a voltage gai n of about 30 db w he n
used w ith a IS- vol t supply, and 40 db at 5
vo lts . Figure 9 shows how to co nnect the
C MO S inverter for use as a linear amp li
fier; the c irc uit has a bandwidth of 710
kH z at 5 volt s, and 2 .5 Mh z at 15 volts.

We ca n w ire three simple C MOS inver
tel's (like the o ne shown in Fig . 4) in series

FIG. 9- L1NEAR OPERATION of the invert er (Fig.
4) is possible, as shown here .

wit h a low applied to the inpu t. Q I is o n,
so the ou tput is hig h. However. Q2 is o ff,
so no quiescent c urre nt ca n flow. With a
h igh ap plied to the inp ut. Q2 is on , so the
ou tput is low. In that case Q I is off , so
qu iescent current flow is st ill n il . Of
course , there is no req ui remen t tha t the
MOSFET"s be opera ted so lely in th e d igi
ta l mode : let's find o ut how they can be
used otherw ise .

Basic linear operation
To understand th e operation of CMOS

circui try. it is essentia l to under stand th e
l inear ch a r ac te r is t ic s of th e basic
MOSFET. Fig ure 5 shows th e typi ca l
gate-voltage (V GS) to drai n-curren t (10)
curve of an n-ch an nel enha nce ment-mode
MOSFET. Note th at negligible drain cur
rent flows until the gate vo tage rises to a
threshold va lue . VT H • of about 1.5 to 2 .5
volts. A fter tha t point , ho wever. d rain cur
ren t increases a lmost linearl y wi th furth er
increases in ga te vo ltage .

Figure 6-a shows ho w to con nect an n
ch ann el MOSFET as a linear inve rt ing
amplifier. Res isto r Rl is the drain load ,
and R2 an d R3 bias the gate so that the
device op erates in the linear ra nge. The
value of R3 mu st be se lected to give the
de sired q uiesce nt d rain c ur ren t; it no r
mally ra nges fro m 18-100K . To provide
the linear amplifier w ith a very high inpu t
im pedance , wire a 10- megohm resistor
(R4 ) as sh own in Fig. 6-b.

Figure 7 shows typ ic al V I c harac 
teri st ics of an n-channel MOSFET at var i
ou s fixe d values of VCiS ' To understa nd
th at graph , imagine th at , for each curve,
VCiS is fixed at V 0 0 ' but th at V os can be
varied by alt erin g the value of the drai n
load resistor. Th e gra ph can then be d iv id
ed into two c ha rac teristic reg ions, as indi
ca ted by the dotted lin e : th e ohmic region
and the pinch-off region . .

For ea ch curve shown in Fig . 7, the
beginn ing of the pin ch -o ff region-the
point w he re the dashed line crosses the
so lid line-is ca lled the p inch-off vo lt
age , or V r- whic h is the va lue of V [)S

above w hich I[) increases little . if at all,
fo r furthe r increases in VDS'

When the MOSFET is in th e pin ch -off
reg ion a nd VDS is more tha n 50% ofV(iS'
the drai n func tions as a co nstant-c urren t
so urce. The amo unt of curre nt tha t flows
is controlled by Vc;s ' A low value of V( iS
gives a low c urre nt flow. a nd a h igh va lue
of V(is g ives a high current flow. Th ose
sa turated constan t-c urre nt characte rist ics
pro tect C MO S devices from sho rt -c irc uit
fa i lure a nd a ls o dete rmin e o perat ing
speed at vario us supply vo ltages . Both
current-d rive an d ope ra t ing s peed in
crea se in pro po rtion to th e supply vo ltage .

When the MOSFET is in the o hmic
reg io n a nd V[)S is less th an 50% of V(i S'
the drain functio ns as a vo ltage-contro lled
resi stance . Tha t res istan ce increases ap 
pro xi mately as the sq uare of V(iS '
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In th at co nfig urat ion , w hich is standard
for m any CMOS in vert ers and buff e rs ,

FIG . 6-L1NEAR OPERATION OF A 4007
MOSFET requires simple biasing (a); very high
input imp edance is achieved by the addi ti on of
R4 (b) .

FIG. 4- THE STANDARD CMOS INVERTER is
buill from two stacked MOSFET's.
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FIG. 5- THE N-CHA NNEL MOSFET conduct s al
most no current until VG S exceeds about z volts.
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so urce-c urre nt inve rte r. Last , Fig . 17
shows how to co nnect all the elements of a
4007 in parall el to produce a sing le inver
ter that wi ll both sink and source three
times the curre nt of a standard in vert er,

Logic circuits
The 4007 is well-suited for de mo nstrat

ing the basic prin ciples of CMOS log ic

FIG. 15-SINK CURRENT may be inc reased by
connecting the n-channel MOSFET's in parallel.

FIG. 14-A NON-INVERTING BUFFER is com
posed of two inverte rs connected in series
(Q1-Q4). The other inverter (Q5 and Q6) can be
used independentl y.

Bas ic rules
There are a few basic rules to follow in

order to use the 4007 successfu lly. First ,
you must ensure that all unused elements
of the devices are disabled . A pa ir of
MOSFET's can be disab led by con
nec ting them as an inverter and grounding
their inputs . As shown in Fig . 12-a. to
disable the QI-Q2 pa ir, j ust gro und pin 6 .
To di sable the other pairs , in addi tion to
grounding the inputs , the so urces and
drains mu st be connected to gro und and
+ Vas shown in Fig. 12-b and Fig . 12-1'.

In use, the inp ut termina ls mu st not be
allowed to rise above V00 (the supp ly
voltage) or below gro und . To use an n
channel MOSFET, the source must be
tied to gro und, either directly or thro ugh a
current-limiting resistor. To use a p-chan
nel MOSFET, the source must be tied to
V[)[), either directly or through a current
limit ing resistor.

Dig ita l circuits
A sing le 4007 can be configured as

three independent inve rte rs, as show n in
Fig . 13 . In that figure , and in others tha t
follow, we won' t necessari ly show all de
ta ils of how to wire the circuit under dis
cussion . A lso , multiple pin connections
that term inate in a sing le func tion wi ll be
shown as in Fig. 13 . For example , the
output of the Q I-Q 2 inve rter in that figure
is obtained by connecting p ins 13 and 8
together.

Figure 14 shows how to connect the
4007 as one invert ing and one non-invert
ing buffer. In the non-inverting circuit ,
the Q I-Q2 and Q3 -Q4 inverters are sim
ply w ired in se ries to prov ide two stages of
invers ion-which prov ides a non-in vert
ing buffer.

The maximum source (load-d riving)
and sink (load-absorbin g) curre nts of a
simple CMOS inverter are abo ut 10--20
mA when e ither output MOSFET is fully
on. To inc rease that sink current. several
n-channel MOSFET's can be connec ted
in para lle l in the output stage . Figure 15
shows how to co nfigure the 4007 as a high
sink-curre nt inverter, Similarly, Fig. 16
shows how to configure the IC as a high

abo ut 70 db of linear voltage gain , but it
tend s to be quite unstable when used in the
linear mode.

To finish up our di scu ssion of basic
operation, take a look at Fig . II. Shown
there is the drain-current transfer charac
teri st ics of the s imp le (no n-b uffered )
CMOS inverter. Not e tha t dra in cu rrent is
zero when inp ut voltage is zero or VDO '

However, in the midd le range, current
rises to a maximum value when the input
is at approximately VO[)/2, at which po int
bo th MOSFET's are on. That on current
can be reduced by 'wiring resi stors in se
ries with the source of eac h MOSFET.
We' ll use that techniqu e in the "micro 
powe r" ci rcuits discussed be low.
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to obtain the direct equiva lent of a modern
" buffered" B-seri es invert er, wh ich has
the overall voltage transfer curve shown in
Fig. 10 . A B-seri es invert er typi call y gives

FIG. 13-EACH PAIR OF TRANSISTORS may be
used independently as an inverter.

FIG. 12-DISABLE AN UNUSED INVERTER pair
as shown here; Q1 and Q2 are disabled as in a;
Q3 and Q4 as in b ; Q5 and Q6 as in c.

5 10
V1N-VOLTS

FIG.11-DRAIN CURRENT of the simple inverte r
peaks at an input voltage just over V00/2.

FIG. 1O-VOLTAGE-TRANSFER char acteristi c of
a B-series CMOS inverter is similar to that of the
simple inverter.
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figure the 4007 as a 2-i nput NAND ga te.
Whe n both inputs are high , Q2 and Q4
both turn on , so the output goes low. Oth
erwise Q I or Q3 pull the output high .

An important cleme nt of many digit al
c ircuits is ca lled an ana log sw itch . It is an
elec tro nica lly-co ntrolled SPST. SPDT. or
other sw itch. TIle principl e of the SPST
type is show n in Fig . 2 I-a . When the C O N 

T ROL input is high , s igna ls ca n flow be
tween points x and Y unimpeded . When
that input is low, no signal can flow.

TIle 40 07 analog sw itch has a near
infinite off resistance and an on resistanc e
of about 600 ohms. It can handl e signals
between zero volts and the po siti ve supply
voltage . And since the ga te is bi lateral ,
terminals x and y can function as either
input or output.

~-"""'--+- +V

C irc u itry to impl ement th e S PS T
sw itch is show n in Fig . 2 I-h . An n-chan
ne l and a p-ch ann el MOSFET are wired in
parall el (source-to- sou rce and dr ain-to
drain ), but thei r ga te s ignals arc applied
out of phase by mean s of the Q I-Q2 inver
ter. To turn the Q3 -Q6 pair of tran sistors
on . Q6's gate mu st be high . and Q3 's ga te

b
FIG. 21-AN SPST ANALOG SWITCH can be
built from a 4007.
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it is compose d of three series- and three
paral lel -connected MO SFE T's. and its
principle of ope ration is the same as the 2
input circuit. Figure 20 shows how to co n-
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FIG. 19-A THREE -INPUT NOR GATE can be
bui lt from a 4007.

( 3 II 6 J

~
INPUTS

FIG. 2G-A TWO-INPUT NAND GATE can be built
from a 4007.
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FIG. 17-BOTH SINK AND SOURCE CURRENT
may be increased by connecting all transistors
of each type in para llel.
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FIG. 18-A TWO-INPUT NOR GATE can be bu ilt
from a 4007.

gates. Figure IS shows how to co nfigure
the 4007 as a 2-input N O R gate. In that
circ u it two n-ch ann cl M OSFET's arc
wired in paral lel so that eithe r ca n pull the
output to ground w ith a high input. Also ,
two p-ch ann e l MOSFET 's are wired in
series so that. with low inputs . bo th mu st
turn on to pull the output high . Figure 19
shows how to wire up a 3-input N O R gate ;
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2.7 MHz
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300 kHz
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FIG. 23-FREQUENCY RESPONSE and vo ltage
gain of a linear-mode CMOS amplifier is depen
dent partially on supply voltage.
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low; to turn the switch 011 the opposite
conditions must be present.

An SPDT analog switch is shown in
Fig. 22-(1; circuitry which accomplishes
that function is shown in Fig . 22-b. Here
two transmission elements are connected
in parallel , but their control voltages are
applied out of phase , so that one switch
opens when the other closes , and vice
versa.

Wesaw earlier that the 4007 can also be
used in a linear mode; now let's look at
how to do that, and at the sort of perfor
mance we can expect from a linearly-oper
ated 4007 .

<D
co
en

(f)
m
"U
--i
m
s:
OJ
m
JJ

not particularly impressive. Linearity is
good for small-amplitude signals. but dis
tortion increases progressively as the out
put swing approaches the upper and lower
limits of the power supply.

Figure 24 shows the typical drain-cur
rent versus supply-voltage charcteristic of
the basic CMOS linear amplifier. Note
that supply current typically varies from
0.5 mA at 5 volts to 12.5 mA at 15 volts.

As we mentioned above, in many ap
plications, the quiescent supply current of
a 4007 CMOS amplifier often can be re
duced (at the expense of reduced band
width) by wiring external resistor s in
series with the source terminals of the two'
MOSFET's. In Fig. 25 we show how a
micropower circuit would be configured .

It is important to understand that the
source resistors increase the output im
pedance of the amplifier; output imped
ance is roughly equal to the product of RI
and Av. That impedance, and the resis
tance and the capacitanc e of the load af
fect the circuit's gain and bandwidth .

Table I shows how supply current , volt
age gain, and bandwidth vary with the
value of those source resistors. As you can
see, with 10Ksource resistors, bandwidth
is about 15 kHz. However, by increasing
load capacit ance to 50 pF, bandwidth de
creases to about 4 kl-lz: by reduc ing ca
pacitance to 5 pF, bandwidth increases to
45 kHz. Similarly, reducing the resistive
load from 10 megohm s to 10 kilohms
causes voltage gain to fall to unity. The
conclusion is that, to obtain significant
gain, load resistance must be large rela
tive to the amplifier's output impedance.

An unbiased 4007 inverter has an input
capacitance of about 5 pF and an input
resistance near infinity. So. if the output of
the circuit in Fig. 25 is fed directly to the
input of another 4007 stage . the overall
voltage gain will be about 30 dB. and the
bandwidth will be about 3 kHz. Those
values will be obtained when RI has a
value of 1 megohm . For extremely low
current drain (.4 fLA!). RI could be in
creased to 10megohms.

Now you can see why we said that the
4007 is the most versatile CMOS Ie. With
the ideas we've present ed here. you
should have no trouble thinking of many
more applications for the 4007. R-E
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FIG. 25-S0URCE RESISTORS R1 AND R2 de
crease current consumption drastically.
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FIG. 24-VERY LITTLE CURRENT FLOWS until
Voo exceeds 5 vo lts .
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tance (15 pFJ scope probe . TIle output
impedance of the open-loop amplifier typ
ically varies from 3K (at 15volts) to 5K (at
10volts) to 22K (at 5 volts). The product
of the output impedance and the ouput
load capacitance determin es the circuit's
bandwidth. Increasing either load capaci
tance or output imp edance decreases
bandwidth .

As you can see in the voltage transfer
curve back in Fig. 8, the distortion charac
teristics of the CMOS linear amplifier are
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Linear circuits
Figure 23 shows how voltage gain and

frequency respon se vary according to sup
ply voltage. The curves shown in that fig
ure assume that the 4007 is driving a high
impeda nce (10 megohm), low-capaci -
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FIG. 22-AN SPOT ANALOG SWITCH can be
built from a 4007.
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