Field-E ect (FET) transistors

References: Barb ow (Chapter 8), Rizzoni (chapters 8 & 9)

In a eld-e ect transistor (FET), the width of a conducting channelin a semiconductorand,
therefore,its current-carrying capability, is varied by the application of an electric eld (thus,
the name eld-e ect transistor). As sud, a FET is a \v oltage-cortrolled" device. The most
widely used FETs are Metal-Oxide-SemiconductorFETs (or MOSFET). MOSFET can be
manufactured as enhancementype or depletion-type MOSFETs. Another type of FET is
the Junction Field-E ect Transistors(JFET) which is not basedon metal-axide fabrication
technique. FETs in ead of thesethree categoriescan be fabricated either as a n-channel
device or a p-channel device. As transistors in these6 FET categoriesbehase in a very
similar fashion, we will focus belonv on the operation of enhancemen MOSFETSs that are
the most popular.

n-Channel Enhancemen t-T ype MOSFET (NMOS)

The physical structure of a n-Channel EnhancemetrType MOSFET (NMOS) is shawvn.
The deviceis fabricated on a p-type substrate (or Body). Two heavily doped n-type re-
gions (Sourceand Drain) are created in the substrate. A thin (fraction of micron) layer
of SiO,, which is an excellen electrical insulator, is deposited between sourceand drain
region. Metal is deposited on the insulator to form the Gate of the device(thus, metal-axide
semiconductor). Metal cortacts are alsomadeto the source,drain, and body region.
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To seethe operation of a NMOS, let's ground the sourceand the body and apply a voltage
Vgs between the gate and the source, as is shovn above. This voltage repels the holes
in the p-type substrate near the gate region, lowering the conceiration of the holes. As
Vgs increaseshole concertration decreasesand the region near gate behaves progressiely
morelike intrinsic semiconductommaterial (when excessole concetration is zero)and then,
nally , like a n-type material as electronsfrom n* electrodes (sourceand drain) erter this
region. As a result, when vgs becomelarger than a threshold voltage, V;, a narrow layer
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betweensourceand drain regionsis createdthat is populatedwith n-type charges(see gure).
The thicknessof this channelis cortrolled by the appliedvgs (it is proportional to vgs \).

As can be seen,this device works as a channel is induced in the semiconductorand this
channel contains n-type charges(thus, n-channel MOSFET). In addition, increasingvgs
increaseschannel width (enhancesit). Therefore, this is an n-channel Enhancemetitype
MOSFET or Enhancemetit ype NMOS.

Now for a given valuesof vgs > V; (so »™
that the channel is formed), let's apply
a small and positive voltage vps between
drain and source. Then, electronsfrom n*

04 vos =V, + 4V

sourceregion erter the channel and readh v A
the drain. If vpg is increased,currert ip
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fectively, the deviceacts like a resistor; its N .

resistanceis set by the dimension of the
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tion. In this regime, plot of ip versus 0 50 100 150 200 ups (V)

Vps is a straight line (for a given values

of vgs > V) asis shown.

The slope of ip versusvps line is the conductanceof the channel. For vgs Vi nho channel
exists (zero conductance). As value of vgs  V; increases,channel becomeswider and its
conductivity increases(becauseits n-type charge concenration increases). Therefore, the
channel conductance(slope of ip versusvps line) increaseswith any increasein vgs V; as
is shovn above.

The above description is correct for small
valuesof vps asin that case,vgp = Vas
Vbs Vgs and the induced channel is
fairly uniform (i.e., has the same width
near the drain asit has near the source).
For a given vgs > V4, if we now increase
Vbs, Vep = Ves Vps becomessmaller
than vgs. As sud the sizeof channelnear
drain becomessmallercomparedto its size p-type substrate
near the source,as is shovn. As the size
of channel becomesmaller, its resistance
increasesand the curve of ip versusvps
starts to roll over, asis shovn below.
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For valuesof vgp = W, (Or vps = Vgs V), width of the channel approadeszeronear the
drain (channelis \pinched" o ). Increasingvps beyond this value haslittle e ect (no e ect
in our simple picture) on the channel shape, and the current through the channel remains
constart at the value reathedwhenvps = vgs V. Sowhenthe channelis pinchedo, ip
only dependson vgs (right gure below).
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NMOS CharacteristicCurves ip Versusvgs in the active (or saturation) regime

In sum,a FET can operatein three regimes:
1) Cut-0 regimein which no channel exists (vgs < V; for NMOS) and ip = O for any vps.

2) Ohmic or Triode regimein which the channel is formed and not pinchedo (vgs > W
andvps Ves V for NMOS) and FET beharesasa \v oltage-cortrolled” resistor.

3) Active or Saturation regimein which the channelis pinchedo (vgs WV and vps >
Ves VW for NMOS) and ip doesnot changewith vps.

Seeral important point should be noted:
1) No current ows into the gate,ig = 0 (note the insulator betweengate and the body).

2) FET actsasa \v oltage-cortrolled” resistorin the ohmic region. In addition, whenvpg
Vgs, FET would act asa linear resistor.

3) When FET isin cut-o, ip = 0. Howewer, if ip = 0, this doesnot meanthat FET is
in cut-o. FET isin cut-o only when a channel does not exist (vgs < V;) andip = 0
for any applied vps. On the other hand, FET can be in ohmic region, i.e., a channel is
formed, but ip = 0 becausevps = 0.
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4) The third regimeis called\saturation" in most electronicbooksbecausép is \saturated"
in this regimeand doesnot increasefurther. This is a rather unfortunate name as \satura-
tion" regimein a FET meansvery di erent thing than it doesin a BJT. Somenewer books
call this regime\activ e" (asit equivalert to \activ e-linear" regime of a BJT).

5) The transition betweenohmic and active regionis clearly de ned by vps = vgs V; the
point wherethe channelis pinchedo .

The ip versusvps characteristic curvesof a FET look very similar to ic versusvce char-
acteristics curves of a BJT. In fact, asthere is a unique relationship betweenig and vgg,
the ic versusvce characteristic curves of a BJT can be \lab eled" with di erent values of
vge Instead of ig, making the characteristic curves of the two deviceseven more similar.
In FET vgs cortrol devicebehavior and in BJT vge. Both devicesare in cut-o when the
\input" voltageis belowv athresholdvalue: vge < v for BJT andvgs < V; for NMOS. They
exhibit an \activ e" regimein which the \output" currert (i¢ orip) is roughly constant as
the \output" voltage (vcg or vps) is changed. There are, howewver, major di erences. Most
importantly, a BJT requiresig to operatebut in a FET ig = 0 (actually very small). These
di erences becomecleareraswe explore FETs.

As can be seenfrom NMOS physical structure,
the deviceis symmetric, that is position of drain
and sourcecan be replacedwithout any changein _T
deviceproperties. The circuit symbol for aNMOS GO_| ~———B
is shavn on the right. For mostapplications, how- 1
ewer, the body is connectedto the source,leading S
to a 3-terminal elemen. In that case,sourceand
. . o o D . D
drain are not interchangeable.A simpli ed circuit ¢ i ¢ i
synbol for this con guration is usually used. By _T
convertion, current ip ows into the drain for a GO—| — GO—|
NMOS (see gure). Asig = 0, the samecurrert i
will ow out of the source. S S

Direction of \arrows" usedto identify semiconductortypesin a transistor may appear con-
fusing. The arrows do NOT represen the direction of currert ow in the device. Rather,
they denotethe direction of the underlying pn junction. For a NMOS, the arrow is placed
on the body and pointing inward as the body is made of p-type material. (Arrow is not
on sourceor drain asthey are interchangeable.)In the simpli ed symbol for the casewhen
body and sourceis connected,arrow is on the source(deviceis not symmetric now) and is
pointing outward asthe sourceis madeof n-type materials. (i.,e. arrow pointing inward for
p-type, arrow pointing outward for n-type).
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NMOS ip versus Vps Characteristics Equations

Like BJT, a NMOS (with sourceconnectedto body) hassix parameters(three voltagesand
three currerts), two of which (is and vgp) can be found in terms of the other four by KVL

and KCL. NMOS is simpler than BJT becauseic = 0 (and is = ip). Therefore, three
parametersdescribe behavior of a NMOS (vgs, ip, and vps). NMOS hasone characteristics
equationthat relatesthesethree parameters. Again, situation is simplerthan BJT assimple
but accuratecharacteristics equationsexist.

Cut-0: Ves <V, Iip=0 foranyvps
Ohmic: Ves > Vi, ip = K[2vps(Ves W) V3s] forvps<ves WM
Activ e: Ves > V4, iD = K(VGS \/t)Z for Vps > Vgs Vi

In the above, K and V; are constarts that depend on manufacturing of the NMOS (givenin
manufacturer spec sheets). As mertioned above, for small valuesof vps (\os  Ves W),
NMOS beharesasresistor, rps, and the value of rp 5 is cortrolled by vgs ;. This canbe
seenby dropping V3 in ip equation of ohmic regime:

Vps 1
ip 2K (vgs W)

bs =

How to Solve NMOS Circuits:

Solution method is very similar to BJT circuit (actually simpler becauseig = 0). To solwe,
we assumethat NMOS is in a particular state, use NMOS model for that state to solwe the
circuit and ched the validity of our assumptionby chedking the inequalities in the model
for that state. A formal procedureis:

1) Write down a KVL including GS terminals (call it GS-KVL).

2) Write down a KVL including DS terminals (call it DS-KVL).

3) From GS-KVL, computevgs (usingig = 0)

3a) If vgs < V;, NMOSisin cut-o. Letip = 0, solwe for vps from DS-KVL. We are done.
3b) If vgs > V;, NMOS is not in cut-o. Go to step4.

4) AssumeNMOS is in active region. Compute ip from ip = K(vgs V)2 Then, use
DS-KVL to computevps. If vps > vgs  V;, we are done. Otherwise go to step 5.

5) NMOS hasto bein ohmic region. Substitute for ip fromip = K[2vps(Ves W) V3]
in DS-KVL. You will geta quadratic equationin vps. Find vps (one of the two roots of the
equation will be unphysical). Chedk to make surethat vps < vgs V;. Substitute vps in
DS-KVL to nd ip.
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Example: Consider NMOS circuit belov with K = 0:25 mA/V 2 and V; = 2 V. Find v,
whenv; = 0,6,and 12V for Rp = 1K and Vpp = 12V.

GS-KVL: Ves = Vi

DS-KVL: Vbp = RDiD + Vps

A)vi=0V. From GS-KVL, wegetvgs = vV, = 0. Asvgs < V; =
2V, NMOSisin cut-0, ip = 0, and vps is found from DS-KVL:

DS-KVL: Vo = Vps = Vbp RDiD =12V

B) v =6V. From GS-KVL, we getvgs = v, = 6 V. Sincevgs = 6> V; = 2, NMOS is
not in cut-o. AssumeNMOS in active region. Then:
ib=K(ves W)?=025 1036 2)°=4mA
DS-KVL:  Vps=Vop Rpip=12 4 10° 103=8V
Sincevps = 8 > vgs VWV, = 2, NMOS is indeedin active regionand ip = 4 mA and
Vo = Vps = 8 V.

C)v,=12V. From GS-KVL, we get vgs = 12 V. Sincevgs > V;, NMOS is not in
cut-o. AssumeNMOS in active region. Then:

iop = K(ves W)?= 025 10312 2)’2= 25mA
DS-KVL: Vps= Vpop Rpip=12 25 10° 103= 13V

Sincevps = 13<vgs V=12 2= 10,NMOS is NOT in active region.

AssumeNMOS in ohmic region. Then:

K[2ws(Ves M) Vis]= 025 10 32vps(12 2) V3]
0:25 10 320vps V3s]

ip

i
Substituting for ip in DS-KVL, we get:

DS-KVL:  Vpp = Rpip+Vps ! 12=10° 025 10 °[20vps V3s]+ Vps
Vis 24vps+ 48=10
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This is a quadratic equationin vps. The two roots are: vps = 2.2V andvps = 21:8 V. The
secondroot is not physicalasthe circuit is poweredby a 12V supply. Therefore,vps = 2:2V.
Asvps = 22< vgs V; = 10,NMOS is indeedin ohmic regionwith v, = vp5 = 2.2V and

12 22
~1:000

DS-KVL: Vpbs = Vpp RDiD ! iD = 9.8 mA

Load Line: Operation of NMOS circuits can be better understood using the concept of
load line. Similar to BJT, load line is basically the line represeting DS-KVL in ip versus
Vps Space.Load line of the examplecircuit is shovn here.

Exercise: Mark the Q-points of the previousexamplefor v; = 0, 6, and 12V on the load
line gure below.

ip (mA)

30 4 P
vos = 12V

251

20 -+

vgs =10V

load line
154 R=1kQ
7/ active region

ohmic region y

10 + Vgs =8V

Vs =6V

vgs =4V
—f GS Vps (V)

Body E ect

In deriving NMOS (and other MOS) ip versusvps characteristics, we had assumedthat

the body and sourceare connected. This is not possiblein an integrated chip which has
a commonbody and a large number of MOS devices(connection of body to sourcefor all

devicesmeansthat all sourcesare connected). The common practice is to attach the body

of the chip to the smallestvoltage available from the power supply (zero or negatiw). In

this case,the pn junction betweenthe body and sourceof all deviceswill be reversedbiased.
The impact of this to lower threshold voltage for the MOS devicesslightly and its calledthe

body e ect. Body e ect can degradedeviceperformance.For analysishere,we will assume
that body e ect is negligible.
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p-Channel Enhancemen t-T ype MOSFET (PMOS)

The physical structure of a PMOS is identical to a
NMOS exceptthat the semiconductortypes are in-
terchanged, i.e., body and gate are made of n-type GO—|
material and sourceand drain are madeof p-type ma-
terial and a p-type channelis formed. As the sign of
the charge carriers are reversed,all voltagesand cur-
rents in a PMOS are reversed. By corvention, the
drain current is owing out of the drain asis shawvn.
With this, all of the NMOS discussionabove applies GO—|
to PMOS as long as we multiply all voltageshby a

|~

o8]

no—HL 6o o

minus sign: S
Cut-o: Ves >V, Ip =0 foranyvps

Ohmic: Ves < Vi,  ip = K[2wps(ves W) VBs] forvps > ves W

Activ e: Vas <V, ip=K(ves W)? forvps<ves W

Note that V, is negative for a PMOS.

Complemen tary MOS (CMOS)

Complemenmary MOS technology employs MOS transistors of both polarites as is shovn
belov. CMOS devicesare more di cult to fabricate than NMOS, but many more powerful
circuits are possiblewith CMOS con guration. As sud, most of MOS circuits today employ
CMOS con guration and CMOS technology is rapildy taking over many applications that
were possibleonly with bipolar devicesa few yearsago.
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Depletion-T ype MOSFET

The depletion-type MOSFET has a structure similar to the enhancementype MOSFET
with only one important di erence; depletion-type MOSFET has a physically implanted
channel. Thus, a n-type depletion-type MOSFET has already a n-type channel between
drain and source. When a voltage vp s is applied to the device,a current ip = Ipss OWS
ewven for vgs = 0. (Show Ipps = K\/tz.) Similar to NMOS, if vgs IS increased,the channel
becomewider and ip increases.Howeer, in a n-type depletion-type MOSFET, a negative
Vs can also be applied to the device, which makes the channel smaller and reducesip.
As sud, negative vgs \depletes" the channelsfrom n-type carriers leading to the name
depletion-type MOSFET. If vgs is reducedfurther, at somethreshold value V; (which is
negative), the channel disappearsand ip = 0, asis seenin the gure. It should be obvious
that a depletion-type MOSFET canbe operated either in enhancemenmode or in depletion
mode. p-type depletion MOSFET operate similarly to p-type enhancemenMOSFET expect
that V; > 0O for depletion type and V; < O for the enhancementype. Figure belov shawvs
ip versusvgs of four typesof MOSFET devicesin the active region. Circuit symbols for
depletion-type MOSFET devicesare also shavn.

D D
Go—{%—OB Go—{%ws
S

' ?

D D

S
D tip tip tip
GolF = Go | Go—{% ~ Go |
S

S S S
n-type Depletion MOSFET p-type Depletion MOSFET
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NMOS Inverter and Switc h

The basic NMOS inverter circuit is shown; the circuit is
very similar to a BJT inverter. This circuit was solved
in page65for Vpp = 12and Rp = 1 k. We found that
if vi = 0 (in fact v; < V), NMOS will bein cut-o with
ip = 0andv, = Vpp. Whenyv, = 12V, NMOS will
be in ohmic regionwith ip = 10 mA and vps = 22 V.
Therefore, the circuit is an inverter gate. It can also be
usedas switch.

There are someimportant di erence between NMOS and BJT inverter gates. First, BJT
needsaresistorRg . This resistor\converts” the input voltagesinto anig andkeepvgg Vv .
NMOS does not need a resistor between the sourceand the input voltage asic = 0 and
Vi = Vgs canbedirectly appliedto the gate. Second,if the input voltageis \high," the BJT
will gointo saturation with v, = Vcg = Vst = 0:2V. In the NMOS gate, if the input voltage
is \high,” NMOS is in the ohmic region. In this case,vps canhave any value between0O and
Ves W, the value of v, = vps is set by the value of the resistor Rp. This e ect is shovn
in the transfer function of the inverter gate for two di erent valuesof Rp.

Exercise: Computev, for the above circuit with Vpp = 12andRp = 10k wheny; = 12V.
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CMOS Inverter

The CMOS inverter, the building block of CMOS logic gates, is shavn belon. The \low"
and \high"states for this circuit correspnd to 0 and Vpp, respectively. CMOS gatesare
built on the samechip sud that both NMOS and PMOS have the samethreshold voltage
Vin =V, Vp = V; and sameK (one needsdi erent channel length and width to get the
sameK for PMOS and NMOS). In this case,the CMOS will have a \symmetric" transfer
characteristics, i.e., v, = 0:5Vpp whenv; = 0:5Vpp asis shavn below. This circuit works
only if Vpp > 2V, by a comfortable margin.

vi=0 Sincevgs: = Vi = 0 < V,, NMOS will bein cut-o. Therefore,ip; = 0. But
Ves2=Vi Vop = Vpop < V,, thus,PMOSwill be ON. Recallip versusvpg characteristic
curvesof a NMOS (page63), eat labeledwith avaluesof Vgs. Asvgs, = Vpp IS a constart,
operating point of PMOS will be on oneof the curves. But ip; = ip, = 0 andthe only point
that satis es this condition is vps, = 0. Note that PMOS is NOT in cut-o, it isin ohmic
regionand acts like a resistor. vps, = 0 becausdp, = 0. Output voltage can now be found
by KVL: Vo = Vpbp Vps2 = Vpp. So,whenv; = 0,V, = Vpp.

Vi = Vpp  Sincevgs: = Vi = Vpp > V;, NMOS will be ON. But sincevgs, = Vi Vpp =
0> V,;, PMOS will bein cut-o andip, = 0. Sinceip; = ipy, ip1 = 0. SinceNMOS is
onandip; = 0, NMOS should be in ohmic regionwith vps; = 0. Then v, = vps; = 0. So,
whenv, = Vpp, Vo= 0

Vi = 0:5Vpp In this case,vgs;1 = Vi = 0:5Vpp andvgso = Vi Vpp = 0:5Vpp. Since,
Ves:t > W and vgs, < V4, both transistors will be ON. Furthermore, as transistors have
samethreshold voltage, sameK , ip; = ip,, and vgs1 = jVgszj, both transistor will be in
the samestate (either ohmic or active) and will have idertical vps: Vps1 = Vps2. Since
Vbs1  Vps2 = Vop, then vpsy = 0:5Vpp, Vps2 =  0:5Vpp, and v, = 0:5Vpp. Note that
sinceVpp > 2V;, both transistors are in the active region.

The transfer function of the CMOS inverter is shovn below.

NMOS Off

Y / PMQOS Ohmic
NMOS Active

/ PMOS Ohmic

NMOS Active

/ PMOS Active
NMOS Ohmic
PMOS Active
/ NMOS Ohmic

/ PMOS Off

V
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CMOS inverter has many advantagescomparedto the NMOS inverter. Its transfer function
is much closerto an ideal inverter transfer function. The \low" and high" statesare clearly
de ned (low state of NMOS dependedon the value of Rp). It doesnot include any resistors
and thustakeslessareaon the chip. Lastly, ip; = ip, = 0for both casesf output beinglow
or high. This meansthat the gate consumesvery little power (theoretically zero)in either
state. A non-zeroip; = ip,, howewer, owsin the circuit whenthe gateis transitioning from
onestate to another asis seenin the gure.

The maximum value of ip that o ws through the gate during the transition can be easily
calculated as this maximum currert owswhenv; = 0:5Vpp and v, = 0:5Vpp.

For example,considerthe CMOS inverter with Vpp = 12V, V; = 2V, andK = 0:25mA/V 2.
Maximum ip owswhenv; = vgs; = 0:5Vpp = 6 V. At this point, vps; = Vo = 0:5Vpp =
6V. AS,Vps1 = 6> Vvgs: V¢ = 4V, NMOS is in active regime. Then:

ip1= K(Ves1 W)?=025 1036 2)>=4mA
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CMOS NAND Gate

As mertioned before CMOS logic gates have VDD
\low" and \high" states of 0 and Vpp, respec- M TT
tively. We needto considerall possiblecasesto _Si l—: _ 4

showv that this a NAND gate. To start, we can

0,<

1) by KVL vgs1 = Vi, Vgs2 = V2 Vpsi, Ves3 =
Vi Vbp,andvgss= V2 Vpp, M

13 Hpg
seeral generalobsenations: l_{ o Vo

2) by KCL ipy = ip2=ip3+ ipa

0,<

|
°
3) by KVL Vo = Vpsi+ Vpsz = Vpbp + Vpsz and M |

1

Vps3 = Vpsa.

The procedureto solwe/analyze CMOS gatesare asfollows: // A) For a given set of input
voltages,use KVLs (similar to 1 above) to nd vgs of all transistors and nd which ones
are ON or OFF.// B) Setip = 0 for all transistors that are OFF. Use KCLs (similar to
2 above) to nd ip for other transistors.// C) Look for transistors that are ON and have
ip = 0. Thesetransistors have to be in Ohmic regionwith vps = 0. D) UseKVLs (similar
to 3 above) to nd v, basedon vps.

V1:O,V2:O

We rst nd vgs and state of all transistors by using KVLS in no. 1 above.

VG51:V1:O<\/t ! M1 is OFF ! iD]_:O
Vgs2 = Vo Vps1 = Vps1 | M2 is ?

Vesz3=Vi Vobp= VWop< V! M3isON

Vgsg = V2 VDD = VDD < \/t | M4 is ON

Sinceip; = 0, by KCLs in no. 2 above, ip, = ip; = 0andips+ ips = ip1 = 0. Since
ip O for both PMOS and NMOS, the last equation can be only satis ed if ip3 = ips = 0.
We add the value of ip to the table above and look for transistors that are ON and have
ip = 0. Thesetransistors have to be in Ohmic regionwith vps = 0.

Vgs1 = V1 = 0< V, ! M1 is OFF ! iD1:0
Vgs2 = V2 Vpsi1i= Vps: ! M2 is ? ip2= 10
Vesa=Vi Vop= Vop< V! M3 is ON iD3: 0! Vpsz3 = 0
Vesa=Va Vop= Vopo< V! M4isON ipga=0 ! Vvpsy=0

Finally, from KVLs in no. 3. above, we have Vo = Vpp + Vps3z = Vpp. So,whenboth inputs
are low, the output is HIGH.
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If needed,we can go bak and nd the state of M2. AssumeM2 is ON. This requires
Vgs2 > V;. Sinceip, = 0 and M2 is ON, vps, = 0 (M2 in Ohmic). From KVLs in no. 3.
above, we have v, = Vps1 + Vps2 = Vpp. This giVGSVDSl = Vpp and Vgs> = Vo Vpsy =
Voo Vop = 0< V, acortradiction of our assumptionof M2 being ON. Therefore, M2
should be OFF.

vi=0,V, = Vpp

We rst nd vgs and state of all transistors by using KVLS in no. 1 above.

Vgs:1 = V1 = 0< V, ! M1 is OFF ! iD1:O
Ves2= V2 Vps1i=Vop Vps1 ! M2is?

Vesa=V:i Vop= Vop< V! M3 is ON

Vogsa=Vo Vpp=0> V; ! M4 is OFF ! iD4:O

Sinceip; = 0, by KCLs in no. 2 above, ip, = ip1 = 0. Also, ips + ips = ipy = 0 leading
to ips = 0. We add the value of ip to the table above and look for transistors that are ON
and have ip = 0. Thesetransistors have to be in Ohmic regionwith vps = 0.

Vgs1 = V1= 0< V, ! M1 is OFF ! iD1:O
Ves2= V2 Vps1=Vop Vps1 ! M2is? ip2=10
Vesz3= Vi Vop= Vop< V ! M3 is ON iD3 =0 ! Vpsz3 =0
Vogsa=Vo Vpp=0> VW, ! M4 is OFF ! iD4: 0

Finally, from KVLs in no. 3. above, we have v, = Vpp + Vpsz = Vpp. So,whenv; is LOW
and v, is HIGH, the output is HIGH.

We cangobadk and nd the state of M2. We will nd M2 to be ON (left for studerts).

Vi=Vpp,V2=0

We rst nd vgs and state of all transistors by using KVLS in no. 1 above.

Ves1 = V1= Vpp > Vi I M1isON
Ves2= V2 Vpsi= Vps1<V ! M2IiSOFF ! ip,=0
Ves3= Vi Vpp =0> VW I M3isOFF ! ip3=0
Vesa=Vo Vop= Vop< VI M4isON

In the above, we usedthe fact that vps; 0. Sinceip, = 0, by KCLs in no. 2 above ,
ip1 = ip2 = 0. Also, ip3 + ips = ipp, = Oleadingto ip4 = 0. We add the value of ip to the
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table above and look for transistorsthat are ON and have ip = 0. Thesetransistors have to
be in Ohmic regionwith vpg = 0.

Ves1= V1= Vbp > V; I M1lisON
Ves2 = Vo Vpsi = Vpsi < V; ! M2 is OFF ! ip=0 ! Vps2 =0
Vgsz = V1 VDD =0> \/t ! M3 is OFF ! iD3: 0 ! Vps3 = 0
Vgsg = V2 VDD = VDD < Vt ! M4 is ON

Finally, from KVLs in no. 3. above, we have v, = Vpp + Vps3z = Vpp. So,whenv; is HIGH
and v, is LOW, the output is HIGH.

Vi = Vbp, V2= Vpp

We rst nd vgs and state of all transistors by using KVLS in no. 1 above.

Vgs1 = Vi1 = Vpop > V, ! M1 is ON

Ves2= V2 Vpsi= Vpp Vps1 ! M2is?

Vgsz = Vi  Vpp = 0> \"A ! M3 is OFF ! iD3 =0
Vgsa= Vo Vpp=0> ! M4 is OFF ! iD4 =0

From KCLs in no. 2 above, ip, = ip1 = ip3+ ips = 0. We add the value of ip to the table
above and look for transistors that are ON and have ip = 0. Thesetransistors have to be
in Ohmic regionwith vps = 0.

Vos1 = Vi = Vpp > I M1lisON iptr=0 ! wvpg1=0
Ves2= V2 Vpsi= Vpp Vps1=Vpop >V, ! M2isON ip2=0 ! WVvps2=0
Vesa=V: Vpp=0> ! M3 is OFF ! iD3: 0
Vgsa=Vo Vpp=0> V, ! M4 is OFF ! iD4: 0

In the above, we usedvps; = 0to nd the state of M2 leadingto vps, = 0. Finally, from
KVLs in no. 3. above, we have v, = Vps1+ Vps1 = 0. So,whenv; is HIGH and v, is HIGH,
the output is LOW.

From the \truth table," the output of this gateis LOW only if both input statesare HIGH.
Therefore, this is a NAND gate.

CMOS NOR Gate
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Exercise: Shaw that this is a NOR gate.
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