
Chapter 7

METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTOR
(MOSFET)

The MOSFET is the most important device used in realizing complex digital integrated circuits
such as microprocessors and high capacity semiconductor memonies. MOSFET stands for Metal Oxide
Semiconductor Field Effect Transistor. It is a dewice in which an extemally applied electric field -in a
direction nomal to current path - controls the value of that current. MOSFET is a unipolar transistor,
since the current is transported by carriers of one type only (electrons in n-channel transistors and holes
in p-channel transistors.). ln MOSFET, the majority dominates since the mechanism of current fow is
drift, hence called majority dominated devices. ln junction devices, the diffusion plays a central role,
hence called injected minority carriers. BTT and other junction devices are called minorty dominated
devices. ln MOSFET diffusion plays no part in device operation.

7.1 Enhancement MOSFET (E-MOSFET)
The stnucture of an n-channel transistor - called NMOS transistor or NMOST - is illustrated in Fig.

(7.1). lt is a four temminal device consisting of a p-type semiconductor substrate (body or bulk) into which
two n' (heavily doped n) regions (the source and the drain) are fomed. The gate electrode is the metal
electrode on the insulating oxide. The basic device parameters which detemmine the transistor
characteristics are the channel length L, (which is the distance between the two n regions under the
oxide), the channel width (the insulator thickness) d, and the substrate doping N,. The source
electrode wil be used as the voltage reference and is usualy connected to the body then to ground.
When no voltage is applied to the gate, the source-to-drain electrodes fomm two pn junctions connected
back to back and n curent fows between the drain and the source (the transistor is non-conducting Or
OFF). When a suffciently large positive bias is applied to the gate, a surface inversion layer (or n­
channel) is fommed between the two n" regions. The minimum gate voltage required to obtain suffcient
inversion is called the threshold voltage V. The source and the drain are now connected by a
conducting n-channel, through which a large curent can fow and the transistor becomes conducting.
The cunent is enhanced, hence the name "enhancement MOSFET". The conductance of the channel
can be controlled by the gate voltage. The transistor action occurs through the modulating effect of the
gate voltage. Let us consider that a voltage Y>Y, is applied to the gate (Fig. 7.2a), creating a channel
at the semiconductor surface (Fig. 7.2b). As curent increases a voltage drop develops across the
channel which decreases the gate drain voltage V =K , ل مج]- and hence the width of the channel
narow at the drain. lf a smal drain to source voltage Kمم is applied, a drain curent l, will flow from
the drain to the source through the conducting channel. Thus, the channel acts as a resistance, and l,
is linearty proportional to Vفج . This is the linear region of operation.
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When the drain voltage V increases sufficienty, it will reach a value high enough to the extent that
the difference in potential between the gate and the drain W =kه -kه is not sufficient to invert the
surface at the drain. This is called channel pinch- off (Fig. 7.2c). For higher drain voltages beyond the
pinch-off, the drain curent remains essentially the same, and I, saturates to a value l, (Fig.7.2d).

٥
This is the saturation region of operation. lt may be argued then that since the channel is pinched off
curent should cease. However, if the curent tends to cease the pinch off is removed and curent flows
freely, but then pinch off exists again. Thus a dynamic condition prevails in which curent remains
constant regardless of k. ln the saturation region, the dynamic resistance is very high. A very high
dynamic resistance means that an incremental increase in k causesم a negligible increase in lم, . Since
the channel under saturation can be regarded as a low field resistance in serkes with a high feld drain
depketion region, any incremental increase in Y isم dropped across the small depletion region, leaving
essentialy a constant potential (Vه٧- ,)=k_ across the resistance of the low feld channel, and

hence keading to a constant drain curent. The difference between Yم and appears !م across the

high feekd resistance of the small pinched off depketion region near the drain. As Y increasesم this high
fekd resistance increases as well to keep the curent constant.

Since Y, is the minimum difference in potential k across the oxide required to create an
inversion layer kcally at the drain sie, we shoukd have

kمج =k ,V< ا- (hinear and tniode) region) (7-1)
For the saturation region, where the channel is pinched-off at the drain, the difference in potential

across the gate oxide at the drain is insufficient to fom the channel there, so we have k locally at the
drain skde gien by

k=!-٧ كن٧, (saturation region), Y >k-٧, (7-2)
Lsualy, on the drain characteristics (l, vs with فم! V as a parameter) one plots a locus separating
the linear anwd triode regions from the saturation region. The equation of this locus is

Yم =k -k=٧, (onset of the saturation locus) (7-3)
Note that this kocus passes through the onigin when V =k =Y, where V,0م= and, therefore,

indicating <م7, that the transistor is OFF. This cutoff region is obtained if W,0=1 م
An overall characteristc is shown (Fig. 7.3) and the family of characteristics showing the laws
K-٧=٧, o٢ V=k-٧, are depicted in Fig. (7.4) for NMOS and Fig. (7.5).

For PMOS we note that all values are negative and for saturation
k<774)و٧- )
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7.2١-٧ Characteristics of N MOSFET (NMOST-NMOS)
We want here to fnd 1,-Y characteristics as a function of bias (gate) voltage V considering

the source to be grounded, and hence find the conductance of the channel. From eqns. (3-33), (3-34)
we have

V=٧+4,
 ج2 و,

c٠
(7-5)

where 4, is the potential at the surface of the semiconductor. The induced negative charge g, in the
semiconductor is composed of a mobile charge g, and a fxed charge in the depletion region . ر9
Substituting g, +9, for g, we have

٥-cأ؟و-م»٥ <
From eqn. (3-39) at threshold , =24. Substituting in eqn. (7-5), for ,,Y= م% G,=9, at the start of
inversion

v-±+2 (7٥)c
Assuming g, will not change much with V i.e., Y, remains constant

٥.--C-[٧-٤٨] (7-9)
with a voltage Vم applied there is a voltage drop Y, (the voltage in the bulk under current at point r)
from each point x in the channel to the source. Thus, the potential ((x) required to achieve a strong
inversion is 24, (eqn. 3-24) plus the voltage Y, according to the condition

4,(2)=Y(+)+24

4e--c /٠/٠-٨-٧ ي%-
 ته

(7-10)

(7-1)

We note from egn. (3-38) and under V(r)

66- aaW.=MA (7-12),-ا

lf we neglect the variation of g,(r) with the voltage V,(r), and assuming that Y, is constant and 4 will
not change much with V then en. (7-9) becomes

£(٤)--C-[٧-٧,-٧٠(٤)] (7-13)
This equation describes the mobile charge in the channel at point r. The vertical potential drop across
the oxide layer V-(x)- م7 must ahways exceed the threshold voltage V, for channel inversion to 0ccur.
Noting
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where ,_ ج is the feld in the oxide, and e€, is the displacement vector which is numerically equal to
the charge density at the surface of the metal surface which is also equal to the charge density on the
semiconductor side.

<4e,=C-[!-4] (7-15)
Noting from egn. (7-10)

4, =Y(٢)+24,
From egn. (7-15)

1٤=-C[Y-٧,(٢)+24,]<4
Noting from eqn. (7-8)

v, ،» ,&ي1 و
٢ c e

 rه

2=v,  ن يا

٤ 1 ٥
 rه

Eqn. (7-16) reduces to

٨> ،•. ا,م-٢٠-٧٠ أ%-% C,

C ءd {%-.-+-ا.

(7-16)

(7-17)

The charge in the semiconductor g,+9, must equal in magnitude the charge on the gate.
Gauss's law tells us that the total fux leaving the gate nomal to the surface is numerically equal to the
surface charge density.
Thus

(r) <4 (,؟=7-18)
were G,(ج ) is the surface charge density Clcm"
Combining eqns. (7-17), (7-18), neglecting g,/C, since g, exceeds the fxed charges 9,

(7-1٥)]٧(-٢٤-e)-=3[Vي,@ 
dم 

The thickness of the channel is y(r) (Fig. 7.6). The gate area is A,. The volume charge density G,(r)
can now be expressed as

٤ ٢ )(,؟ر«._s )ض((20-7) ، ، ،

y(#)4, y()
where g,(r) is caused by trapped negative ions and mobile electrons but we will assume that the
density of trapped ions is small compared to the mobile electron density. The conductivity of the channel
at point r is given by

2  =)«(.هA).s ي"؟=.(2-7)
y(»)
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But

]٧-(٧-s[v(-±و nه,) 
,xhdر) 

(7-22)

(٢a3ه-«ء.)د٠.6٩ الا(بكارد.)- d
We are assuming a variation in the canrel woltage only in the 1 direction due to the IR drop in the
chanrel

l,(2)=J.(2)A(٣)
wtere A(r) is the cross sectional area of te canrel

A=Wy(٢)
The curent must be constant (caled drain cument l,)

4 :ك.م.««- dr
Iهج =Wy(2)G.(rWdY,(r)

Substitting egn. (7-19) in eqn. (7-24) we hawe

Iع±=ف S=[v-٧,(٤-)٧,]d,()d,

«»١-vً[أ'ءكا[- 
 ة ءه ة

H < 4 /.ج-.٢%-«-٧ اذ,1  .ما2
Since

 ع4ي
 ي ،

at d-
We may defire C' as the oxide capacitarce per unit area

c  ع م5
-d له

(7-24)

(7-25)

(7-26)

(7-27)

(7-28)

(7-29)

(7-30)

(7-31)

(7-32)

٣ 1 ١ »امر"=ه-r«٠%-٧ ا٢33 L 2
This i be characteristic euation fr device operation in the so cked triode region. lt is valid ony for

the region of 'operation in wtich an inversion byer exHsts from source to drain. ln oter words it is valid for
thre regkn oerwi V >Y, and K =-(٧>K,) or (V-٧)>Y or Ka <(-٧) (F6. 7.3)

Note that wen V0=1,0ه= in egn. (7-33). For wery small value of Y}, i.e., -٢2} <(V-٧)l or
2

1-hه <K-٧,
2

ln this case we have
W

، ، (C(  =ا6-4
L

(7-34)

(7-35)
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with V constant I is a linear function of V. We call this the linear region (Fig. 7-3), where the

MOSFET behaves as a linear resistor. When Yم =(K-٧,)<4k where AY represents the excess

of Vي over V,, (caled overdrive). The channel disappears near the drain since the gate-channel
voltage is not sufficient to maintain strong inversion near the drain. This is called pinch off.

For Vمخ >Ak the MOSFET is operating in the saturation region with the channel pinched off.
Mobile charges are swept across the depletion region by the lateral electric feld from the point where
the channel is pinched off to the n drain region. The narrowing of the channel compensates for the
tendency of the current to increase with increasing Kمج . It results in a constant lم . lf lم drops due to
namowing, pinch off is eliminated which tends to increase Iم . This is why l, is saturated beyond pinch
off. The saturation drain voltage is given by

K36-7)د( ء-(=٧,=)٥٧ 
The saturation curent is given from eqn. (7-33) by

٥-٤ هم'ء"2 سه'س/ر د د هر ، ، ر ٤.٣-٢)٣ {ا@(37
This is the square law characteristic for MOSFET operating in the saturation region. lt tells us that with
Kم constant, l, will be constant and no longer dependent on V.

The curent voltage characteristics for n-channel MOSFET are shown in Fig. (7.4). The dashed
line represents the transition between the triode and saturation region.

7.3 Channel Conductance and Transconuctance
For N MOSFET we may defne channel conductance gلA as

1_ ai,
8A=· 8،#

lt is a measure of the slope of the ١V characteristic curves with constant gate voltage (Fig. 7.3b). It is
also the reciprocal of the channel resistance rم . We find from eqns. (7-38) and (7-33)

1 ٣8 ==-AC,(-٧٢-h) (7-39)
' ا

ln the linear case when Yم is very small, the linear conductance g is given by

&«. =A.C(-K)=A.C.4k (74٥)
We note that the lV curves are flat in the saturation region eqn. (7-37). Application of eqn. (7-38) will
yiekd gA0=ف . However, we find that as Vمم is increased in the saturation region the depletion region

around n drain becomes wider. The channel length L decreases. But the curent l, increases to
maintain the fow, thus, keeping g. ata non zero value (Fig. 7-7).

We may also define transconductance g, as

 ,ة
&٠ ز-  اة
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lt is a measure of the spacing between constant Y lines for a fxed value of .V (Figم 7.4) or the slope
of thwe 1, - crwe !ج (Fi. 7.8).
Appying egn. (741) in egn. (7-33)

٣ ,8.=-A.Ck742)ه )
L

This is valid for both linear and triode regions.
Apphyin7g en. (741) in the saturation region

W ٣.. =-A,C-٧,)=-A,C4k (7-43)- L L
This K shd in Fig. (7.9)
We note that in all expressions in thKs section, Aي C, is a constant-detemined by the process
technology used to fabricate the n-channel MOSFET. It is knoun as prcess transconductance
parameter'denoted by k'

٢=A.C
Thus, we may rerite egns. (7-33), (7-35), (7-37), (7-39) and (740) as

W ٠٠١ tiode resion/٧»-%H/(-Kا,=" L 2
W ٠

l=-(- ٢, ل) Iinear
L

 .ر ج."٤ {)ا-
 د د

L'  مد2
1 W ٠٠triode region(٧ ي-{-٧')k==-&م 
' L

٠٣١ .linear region(,م٧- k'(Y==8 ء
'e.  ا

(744)

(745)

(746)

(747)

(748)

(749)

saturation

£.=H'!ل linear and triode region (7-50)
W . .

g, =k'(V-٧,) saturation region (7-51)L·د 
We may rewrite these equations with

"L"٤-٤(7 ة.2) ٠
lt is to be noted that te drain curent is proportional to the ratio of the chanrel width W to channel
kength L. THis is knon as the aspect ratio of the MOSFET. Thus,

١ . .&H =-=k,(٧ -ه٧,-k٨ع) triode region (7-53)
'a

١& ==k(٧-٧,)
'«

.=k,٧
8.. =k,(-٧,)

 ابد

linear region (7-54)

linear and triode region (7-55)
saturation region (7-56)
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Refeming to the characteristics (Fi. 7.4) we have four regions: cut off (V,, <V,), linear region

and tiode region V>آ, and Y=(-ج٧(< , or Yم <Ak for continuous channel. If V, is
sufkcienty small we obtah the linear region is which we have a linear vaniable resistor rمي, controlled by
Y . We may define r in tems of over drve voltage Akم =K-٢, as

1r, = (7-57)Ds k.A!
The four region is saturation. For satration V>Y, while K sY, or (-k7م(> , or V>&k for
pirched off chanrel.

THe boundary between the tiode region and the saturation region is k= A}م for which the
boundary is given fom eqn. (7-37)by

 م=,ا٤٧2(7-5٥)
2

١n this cae the drain chwannel is irdeperdent of drain voltage (eqn. 747). The structured MOSFET
behawes as an ideal curent source wtere curent is controlled by K (Fig. 7.11) as show by a large
signal crauiit model (Fig. 7.10).

The relative levels of teminal vottages for different regions are shown (Fig. 7.11)

Ex.7.1
Redrive characteristics مk- م1 of N MOSFET (NMOST) using charge control method.

Solution
Refering to Fig (7.12), consider the infnitesimal strip of thee gate of distance r, from the source.

The capaditance of tis stip is CWdr. The effective votage between the gate and the channel at point
r needed to irduce twe channel is  -؟٧(٢-)٧,)٠)
The electron charge dyg in this strip is

(7-59)]٧(٤-)٧-CWaV{إ= 
The voltage k produces an electric fekd akong the channel in the negative r direction

 )٤(»--رءء(760)
dr

، ٠٠. .. dThe eectric fekd causes the electron carge to drif toard the drain with velocity

٢٤ا-٤ "%#.ء-- ه
The resutting drif curent

dt اوال4ا-إإ.،»» dr dt
Using eqn. (7-59)

4,-4.C(-٤)4٧(٥-٧ ر٢٢ drتم 
(763)
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Fig. (7.12) Darivation of l-Yمج charactenstic for NMOST using charge control method
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L علا

(٩.)١٠Wr-٧6ا]٨-٥ Cهها-4م 
١٣,

I٥=٣.C-T-K)--K&2 اL
for tride regkon (764)

٣١ ،.l٨ =-Aي C-(-٧,) for satraton
= 2 L

Eqns. (784) and (765) coincide with egns. (7-33) and (7-37) respectivehy.

7.4 Charaptariotics of p Channel MOSFET (POST - PMOs)
The sybol for p channel enhancemet type is sho (Fi. 7.5a). The voltage and curent

polarities are show in Fig. (7.5b). Noting that te threshokd voltage is regative to induce a channel we
appty a gate woltage more regatve than Y, i.e., K<7, or . ا,اا>ا! Also V mustم be negative or L,
Ks positive wtich means that current [ fos out of the drain. To operate in the triode region
(continuous dhannel) Vفم >k-٧, were a walesلا are negative.

Nots taat in NMOS Vي >(K-٧,) fr satration, while in PMOS Vهم >k-٧, for triode
operation. Biiar to en. ( 54د7) but wth repkacgg the transconducto parameter, k' by k', we have for
PwOST

(765)

١,٣
،، ']٧--(I K:٠4ا2 =ا 

watwee

k;=4,C-
notinyg tat Y, and ا V, ae a negatiweال

(766)

(7٥7)
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 و•
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D

Fig. (7.14) Large signal equivalent circuit for P MOST at satration V <Y,, Y>7,
(V,, K, kو all negative)

+5٧

are all negative. Since A, <y, it is expected that k',<k'.

Now for saturation Y (,V- ه م(ك where all values are negative. ln this case, similar to eqn. (747)

٢٥e4ا±ا١"«- L2=س 
Fig. (7.13) shows relative voltage levels for enhancement PMOST, and Fig. (7.14) shows large signal
equivalent circuit for PMOST.

Ex.7.2
١n the circuit shown (NMOST) fnd R, Vمج at l,=100A,V,=IV,

AC =200A/V', L=lm, ٣ . هر4=

V

Solution
Since Y =0 since K =Vل , V >(V -Y,) and V>7,,

thus the transistor is in saturation
1 ,W ،2

=I ، ي ، د A٠C ( 6,)2 L
C,-(A7).٣-=٣1 ر

2 L
6

٨y 2xI00xI0  د25,

@ 200x10°x4

47 =0.5٧
Y =7 =15٧

 ر م5 ا-5 ه،su م
0.1
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E. 7.3
• ٠٠ . WAnahze the circuit shown to detemmine thwe voltage and curent. Let Y,=IV and K'=2mAV'.

• ٤
Find te cordition for te tansistor to be i satration if l,=lmA

Solution
For satmation V2(k-٧)

٧=5٧,
lR=لا, 

(١٨R-5ا=) 
(٢-٧,(=)٩-l٨٨)

١,!٤".٨, ،w I د ، ه ر « r٥ ·ج
=I0-٢)

Thus
(٩-١٨R)'=١٥١,

If 1= mA ا

(٩-١٨٨=)١
4-l٨٨=١
IR=3
R,=3k0

 ا=3-5=2٧
k k-٧,=2-1=١٧

kس must be >IV

7٧=I٨, +kم 
7-I٨R,>I٧
6٧212M,
1٨R, <6٧
R, =2R

191



2.5٧Ex.7.4

٧.,-
W W

The NMOS and PMOS transistors shown are matched k'=k'ع =ImA/,
L. 4,

٠Find the currents and voltages for V,=0V,+2.5V,-2.5V,5V,-5٧Iا٧=[,/= 

Solution
When V,=0V,[2.5إ= V,[ا =V,=0 due to symmetry. Then both g,, G, operate at

,and hence both transistors are in saturation. Thus0[ا= /,Y</2.5[ا= 

I=1, ١١-s.@ ا»إ±=
 ء2

=1.125mA
When V,=+2.5V, g, wil have Y=0 and thus wil be cut off. Note V, is negative. Thus V is positive

assuming K >Y then, g, is in the triode region (linear region for simplicity)

,%.,
، ،'-4-'« -K)L ٠

=(5-١)٢٧-(-2.5)]
=4(٧,+2.5)

Y,=-/٨xl0k0
! =4-/x10+2.5]

2.5x4 ،024mA٥ د ع

41x10'
Y=-2.44V, W =-2.44-(-2.5)=0.06V

Akso

Which is small.
The situation for V,=-2.5 is the complement of the situation V, =2.5V

١٤ V,=+5٧ g, wil remain OFF

,i.e., 9, is almost short circuited0=وج g, is ON, V, will stil almost be at -2.5V,L7.5ج!=٧ 

the output is almost -2.5V. When we go positive the opposite happens V, is almost fixed at +2.5V. For
Y,=-5V we have the complement of the situation at Y,=+5V.

7.5 The Transfar Characteristics
Fig. (7.15) shows the NMOS transistor as a common source amplifier with load line depicted. The g

point is detemmined by the biasing circuit. Operation around the g point entails amplification of a small
signal, while large excusion along the load line entails operation as a switch. Operation in the saturation
region renders the transistor as a current.source or transconductance amplifier.

Fig. (7.16) shows the transfer characteristic, a relation beteen V and V,.To operate as a voltage
amplifier the quiescent point g is in the middle of the nearly linear part of the curve where du,/du, at is
the gain. The correlation between points A, B, C, g in Fig. (7.15) and the corresponding points in Fig,
(7.16)is clear. To operate the transistor as a switch operation takes place between the two extreme points of
the transfer curve.
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Y.=%

٧-٧.
٥ مما

(a) (b)

'- g,-هه مة,ي 
 ز-لام! {نةدTHd عrونمو

 ا ه=

 ا

 ا
,٧+,/=7 ه,٧

(c)

٧,

Fig. (7.15) Common source NMOST amplifier
a) circuit b) output daracterkstics c) tansfer characteristic
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In Fig. (7.16) we can recognize these regions.
a) region A V,<Y,,Ysk .This is cutof
b) region A9B (the saturation region)

Y,=V>ا, and Yم =V2(Y,-Y,)=Ak. Since we are in saturation region.

،-}،.cا؟/ي -w١' «aL2ذ 

Y,=٧-4  الد,

V.- w١- ا؟٣.,٧٠/c.٧ إ- «o2 L
The voltage gain 4, is given by

١ر,du ءه4ا٠-w ا؟/يع.٠-٤١»3 L
b

٠٠. ،. WThe voltage gain is proportional to R,, the transconductance parameter k', = ,,") ير the aspect ratio
L

and the overdrive AY,=Y-Y,=k-٧,
Substituting egn. (7-71) into eqn. (7-70)

1  =اK -+م4(٧-٧)
2

From which

(7-72)

 ,)ما-/2.ر2T )ا-
 د ،

٧-٧٧٢-٧,
-2(V-٧) -2,

 ،ج د

AY AY
From egns. (7-71) and (7-51)

٨,-.-=٨٥
From eqns. (747) and (7-51)

1l =- ٤ ي Ak
= 2٦- (7-76)

If we consider _مlه =iر around g point, from eqn. ( د741) Akم =uي, is the small signal input voltage
 د

 =ر:4 ,,£=ر٧(77-7)
The end point of the satration region is

٧=,٧٨-٧, (7-78)

(7-73)

(7-74)

(7-75)

٥r V,=٧٨+٢,
c) The triode region Y,2Y,,7و =Y<(V,-Y,)

From eqn. (7-64)

.-±]w2 -ج"يحم-.اL
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(781)

(7-82)

Y,=٧ -Kl

]r./-!٧٠-.١٠ لإ.عه-٢-٠١ 2L

For smaلا V

(7-83)

(7-84)

W
;C.٧-٥٧=.V ن ، ٠(٧ W)
L

•٧ بدك= W
١+٨A.C-(٧-٧)

L
Fmom egns. (7-39), (740), for smal Y

١ » مه'٣,_ م=٢,=)-85(7
٣٠-C٠(٢٧)L

Comnbihwg egns. (7-84), (7-85)

y ( ه(v,,786 هكج
• D ١ علا,٢+8 م

For sma4 Y,, MOST a عB aعهحه resitane rي (detemmined by V,) wkch fomms a voltage diider acruss

K.l٢ t <M,

(٥7-H@  =.ن7)
R

7.6 Cument Mlmror
١n Fig. (7.16) the drai of g, K shorted to its gate, tus g, is in saturation

»a«2 إ-,ا٤ -()ج١٠١ L

٥s)2,٢ ا-و'±ا,= '٥ ٩٩ R

(7-91)

We hawet eguations and to unknOs k, R for a given l =lم 
Sikce g, K identical to g, ard has te same as !ج 9,, the reference curent I =l Ks gien by

١-٨ إ-,٤ ا؟/-(٢١ د» 2 L+

(٤ ر L ، ا  ؤ(ا·'،
L ٨

Hence,

This cici K cked curent miror and Ks used b biasi7g te MOST. A typial circuit K sh (Fj. 7.17)
wtwere poits K (Fig. 7.16) and X' (Fi. 7.17) ane connected togethwer and te cument source B lي .
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،R -.=و'لإ/٠
 ه'

'1٥١٥١

Fig. (7.16) Biasing MOSFET using a constant source (current mirror)

 ا

٨,

Fig. (7.17) Current mirror

7.8 Small Signal Model
Consider the situation when a small signal is ي,ن applied around the g point. The total gate

source voltage is v. A small signal current i, flows in addition to the biasing current i,, the total
curent is i,

u=k92-7),ل+٥ )
iر =lم +i93-7)ر )
. 1,٣iر =-kإي٧-) +u-٧,)

2 L

2I ا{ ا]) د ر[ "إ(٧١)(".٧,٧)!٤ م-(٥٨١  ه٣"٢6٤ ٥'2"٤ ٣'
The first temm is the dc value lم . Negkecting the third temm

for small u,

(7-95)u, <2(V-7)
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a)

b)

c)

G

G

uن,= 

+

٧ و

+

٥

٥

 ولا

٥ م

 يا=لا

Fig. (7.18) Small signal equivalent circuit for MOSFET
a) without output resistance
b) with output resistarce
c) with R, connected

Thus, the small signal curent i, is given by
. ,٣ (,٢-٢-)k:ر= 

L
From egn. (741)

(7-96)

٢٥n٥ يn"٤(-wير--.ء"- 
L٧ و ا

The smal signal equiakent circuit is shown (Fkg. 7.19) which descbes vaniations around the g point
mot the biasing condition. Thus

 =يأ8٠٧ م
wich Ks in agreement with en. (7-77)

(7-.98)
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 ا٣٨٠

h٠٧2 3 4 5 6

+7 م(6٧)

300
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200

150

100

50

(b)(a)

Fig. (7.19) N MOSFET as a nonlinear resistor (active load)
a) circuit b) characteristic

+/
lو =l٣,٨

300

250

} 200

150
 ,ن

100 -إ

50

٥" ١ ا ا ا- ا ٧,70 2 3 4 5 6

(a) (b)

Fig. (7.20) MOSFET with active load
a) circuit b) output characteristic with active load as a load line
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٨."!٨». ;٤: د ،+
، -٥ ا

The woltage gain 4, is gien by

4, -=ع=٧ ,لا/ي-=8.٤
٧,

(7-99)

(7-1٥0)

(7-10)

(7-102)

were R; is the paralkel combination of r (the output resistance of the transistor) and R,. For R,<r,

٨,-=٤,R٨ (7-103)
wtich is in agreement with ean. (7-75)

We should note that maximum value for the ac input signal to maintain saturation for a given R,
is given by

 عمما لا=-٧,
 ا« ه'

Kم -A,=1٥5-7),٨ا+٥-٧ )
Where D is the maximum input signal. The g point and the load line should be chosen so that the
swing is symmetnical without clipping the signal and of maximum possible drive (Prob. 7.15).

7.8 Active Load
We can use MOSFET as a nonlinear resistor. ln the circuit shown (Fig. 7.19a) the gate is

connected to the drain. The nonlinear characteristic (Fig. 7.19b) is the locus of the points Vج =kل .

Note that this MOSFET operates in the saturation region since (Y- . <),ا٧م ع Note akso that at l,=0

h =Kب=٧ ,
The circuit of Fig. (7.20) empkoys a MOSFET where g, (called the driver) has output

characteristics displayed in Fig. (7.20b). The koad MOSFET g, has the resistance chacacteristic given
in Fig. (7.19b). We have

K+/, =
٥r K=٧-٧٤,

Sine 1=0 for bot g and g, l٨=l٨ the load characteristic in Fig. (7.19b) is a pot of l
versus V. For V =6V, we note l =320A, ! =k6=ع Y, V . عهن=0 This detemines one point on
the koad hine in Fig. (7.20b) (1 =320A, Y=0), When l80=م A !=k =٩٧ so that the point
l80=ج A, L2٧=4-6=ع is akso a point on the koad line in Fig. (7.20b).
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٧..(٧)

٧٠(٧)4 5 6

٧ -ر٩,٧
3

2

%

Fig. (7.21) MOSFET transfer characteristic with active load

 وا -لا>٧,

(a)

٧0-4 -3-2-1١٥ 2

,٧ ا (b)

٠Triode  .بابة" شث ء
١

١

٢٥ =+2٧(٧,+6)

 +=م/١٧(٧,+5)

 د!٩٥٧(٧,+4)

K3+,ده١٧(٧- )
٧=-2٧(٧,+2)

(Y,+1)3٧ -د٧

36
32
28
24
20
l6
 ه'١2
8
4
0  م

0

(c)

٧٥0١١٦(٧
٧S-٧(%)

١084 6

4
H-٤;/

2

Fig. (7.22) D- MOST
a) circuit b) transfer characteristic c) output characteristics
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Thus, 6 each wakxe of I in Fig. (7.19b) for which Yع!=و we obtain a value of Vم . The pair of

values ( ج#,م1) detemines one point on the load line of Fig. (7.20b). Now we can detemmine Yم 

(output) as a fnciion of V (input). For Y,=VV,=2V, . =ر0,="14٧ lncreasing V, to 5V

results in k1.5ع= V and is detemined from the intersection of the koad line and the characteristic for

k =5٧.Thus, we obtain the transfer charactenistic (Fig. 7.21) as V,=kع versus V,= . kج Note that

for V,=0 V,=٧-٧ه. Active lads are usualy used in integrated circuits (lCs) since they take less
area than conventional resKstors.

7.9 Depletion WOSFET (DMOS)
A second type of MOSFET has a narow n-channel already embedded into the substrate. For

k=0 positive V produces appreciabke drain current lج . As k decreases toward threshold the
drain chrent decreases, At fxed V increasing value of Yم Gauses lم to saturate as the channel is
pinched off. ١n the depketion NMOS, V, and Y are negative. If we apply positive gate voltage
enhances the channel (Fig. 7.22).

7.10 CR0s
The combination of NMOS and PMOS tansistors on the same chip are called complementary

MOS (CMOS) devices. The NMOS transistor is the driver and the PMOS transistor is connected as the
active load. The gates teminals of two transistors are connected together. The drain and source
teminals of both transistors are series conrected. When V, is provided such that for NMOS transistor

kم >V; the PMOS is OFF and the MMOS is ON provided V,>Y,. If the input is negative such that

Y,>-/٧,/ the PMOS is ON and the NMOS is cutoff. The situation is idealized as two switches connected

in series, one is ON and one is OFF. When V, is positive Y, is very small, while if V, is negative or low

(such that for PMOS V .V= ,)ا,ااد ا The action is that of opening and closing a switch by means
of the input control voltage. However, because no current exists in either state the power dissipated by
the transistors is virtually zero i.e., the power is cnsumed in CMOS only during the switching interval.
The extemely small power dissipation of CMOS circuits is the major advantage of CMOS wtich is the
cmerstone of most digital integrated circuits, where switching between 0, 1 is the basic digital
operation.

When using CMOS in anakog circuits te PMOS transistor provides an active load for NMOS
transistors (controlled source) (Fig. 7.23). The small signal model is shown (Fig. 7.23c). Notice the
absence of &,,u, since since ن=0 the source and gate are at constant potential. The load

resistance is r. The PMOS transistor prowides the dc resistance and the ac load resistor. Such
resistances requires smalker area than conwentional resistors.
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 م
٣/load  اس لا

' ه NMoSY Y,
NMOS
driver  ن± د±

(a) (b) (c)

٧,

dc bias
 وماه، أ

Y,-إ 

 ي
(e)(d)

Fig. (7.23) CMos
a) circuit b) PMOS switch OFF, NMOS switch ON
c) PMOS switch ON, NMOS switch OFF d) analog CMOS
e) euivalent circuit

Ex. 7.4
Consider CMOS common source amplifier shown Y =3V, ,"AC =ا٧,=٧٠,] =125A',

L,=0.5 ,m ,ص =,ربا5 ر 4,C = 50A/V', l,=100m. Find the small signal voltage gain and main points

on the voltage transfer characteristic. Take r, =300k0 and r, =200k0

Solution
In the circuit of Fig. (7.28a), g, and g are matched Fig. (7.28b) shows the l,-  Yو

characteristic of the p channel transistor g, for constant Y The value of Y isه determined by passing
the reference bias current lي through g. Note that g, is in saturation and behaves as a current

soce. since V>(Y-[,[}.

202



 مهلا

 عما

0 ا را ٠!=
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k rف ( ء١-٢٢٠-٢٠ اء

 )ة((٥)

 +{ي}٥,٠ سنسد
 'ه

 أ٥ ر

0 ا=٧.

hه٧(-٧٠= -kء٢\-٧/- 
(c)

CwسofT

on$هuمaزا 
Tnide
Sauration
Saunation
THode
Sanuration

1 0,

[٩٥,
«٢4٥,
«{9

G,

. %الي،

 ولا

٧٧٧-٧+٧٧
(٥)

Fig. (7.24) CW0S common source amplifker
a) circuit b) characteristic of active load g,
c) graphical constNuction to detemine the transfer characteristic
d) transfer caracteristic
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Fig. (7.28c) shows the l,-kم characteristic of g, with the load cunve of g,. Since Vو =V, each of the

lمم{-ر cunves corresponds to a value of V,. The intersection of each cune with the load cunve gives
kم =V which yields the transfer characteristic (Fig. 7.28d). Region lll is linear and has large voltage

gain. ln this region both g, and 9, are saturated. At point A, 9, enters triode region

-/-/--='.٧ ا
At B, V,=Y,-٧,, g enters triode region

At any point within region lll the small signa l voltage gain can be determined by replacing g, with its
small signal model and g, with its output resistance r,,

,1 لا٢٢٠ ==-g,  شحشجب
 ن٢+٢٨

 .تجا"
4. 300x200
8 ء500،

=-2s30=-100ر"« 
5

To detemine V of 9, and g, corresponding to l,=l. noting that for

207=h=',, +4l

 )%"+إ-.+٠••
Io=±ر oo»(AY)

2 »

where AYg is the overdrive voltage for both g, and g

 اAr إ,-3ل »ه.
500

 اAY =ام٥6٨٧
 4ا=1٠64٧

Y,=K-474 =3-0.64=2.36٧
We may obtain an expression for V as a function of V, by equating both مl= م1 in saturation
(Prob.7.16)
But we can concludethat

 -=ع30
٧

Note that the slope of the transfer characteristic in region lll is the voltage gain.
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Fig. (7.25} 0peration of a CMOS inverter
a) circuit with Y,=Vمم b) graphical representation with V,=!م 
c) equivakent crcuit for Y, =Vمم d) circuit wit Y,=0
e) graphical representation fr Y,=0 f) euivakent circuit for Y,=0

7.1١ CMOS lnverter
The basic in CMOS inverter is sho in Fig. (7.25a), where V, at logic 1 i.e., V,=V =K ٠

Y=٧م,٠ The load curve of g, is superimpsed on the ١V characteristic of g, for the case

.Thus, this koad curve is a staiht iine at zero curent koad[.٧>/0=بوا 

The operating point is at the intersection of the two curves. Thus, the ouput voltage is neariy
2ero and the current is zero. This means that the power dissipation is nearty zero. The part of the
l veمcu -ر٧ م for g is nearty linear, thus, g provides a low resistance path between the output
teminal and ground.

(7-106)1
٥s ل

«(٤)٧٠-٧١
Where V,=0 , 9, is operating at k =0, hence its characteristic م{-م1 is almost a horizontal line at
zero kevel.
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٧٧٠

Fig. (7.26) Voltage transfer characteristic of CMOS inverter
a) critical points defned b) actual characteristic

The load curve of g, is sho for V7=ه A. The operating point is almost at V and l,=0and the
power dissipation is zer0.g,prowides a low resistance path

1 1
'{ [ي-"@7[»» د '٥ ٦,

Lم/ 

During swittching 9, can sink a large curent, discharging a lad capacitance, thus puling the output
woltage down toward zero. Therefore, g, is called pull down devices. Similary, with the input g, can
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source'a karge cmrent carging up a kad capacitance, thus, puling the output voltage up towar Vنم .
Hence, g, is calked pull up device.
The voktage transfer characteristic is shown in Fig. (7.26).
For g, in te tiide region

٧٤٢-٢e\١-٧ -(/)ج/٠١!-.٧ L،, '٠ 2 '·

and h twe satratio region

-}w/٧.٤١-٧62 ).%-()؟ L '٠,٠ ٠
For g, b te triode region

 ،٠/()%-٠-٧-١٠/٠-١ ه-٠-٧.١[

(7-1٥8)

(7-109)

for

and in saturation
 .ا2/+%٢,/

4 ()؟(%{-.٦٤٠

(7-110)

(7-11١)

٣ W ٣ resr i eal adا wi wعا=يا wi ،equires=ا؟"/, ا؟"/,ا am k=ا,\ y Yا saا L٨. L٣.٢,١,
symmetkal current driving capability (pulا up an pul down).

ln 'the transfer characterbtic thwe segment BC has both g, ard 9, in saturation. Because we
negkect the fnite output resistance BC is werticl (infnite slope), tus the gain is ifnite. The vwertical

y . ٧ y
segment has a center at V,= and is bounded by V(B)=+V, and V,(C)=V,٠

2 2 2
To detemmine the nise margins of te inverter we denote to points V,, Y,, wtere V, is the

maximum pemitted logic 0 (kw) kewel at te input and V, is the minium pemitted logic 1 (high) kevel
at the input. These are defined as the two points on the transfer curwe at wich the incremental gain is
unity (skope -1). To detemie V, we note that g is in the triode region and g, is in saturation. 8hus,

-(6)٧-,4مل٧ -(إ-,٧-٧)٢-112)
2 2

Differentiating relatiwe to Y,

(-w)٠٧٩-.٧.,٣٤(--٢٠-٧-٢)٢-1٩3
٨٧, A%,

dNow V,=V, and  إ-=
d,

٧ ي ممه! ، ،،

• 5
Substittin en. (7-114) into egn. (7-113) gwe
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From spmmetry

١٧٠ =-(5٧٤-2٧)
8

(7-115)

 يياس ياء٧(116-7)
w 2 2  ه

V=±3لم) v+2K,) (7-7
8

The margin of safety for an inverter in state (1) or state (0) is manifested when we visualize the
output of an inverter being a drive input to another inverter. Thus, if the output of the driving inverter is
V, (high) the difference between Y; and V,, is the noise margin. The driven inverter will not be
affected so long as the voltage at its input does not full because of noise below V,ر, . Thus, the noise
margin for high state

N,=Y18-7)ر-٧٨ )
Similary, if the output of the driving inverter is low at V, the driven inverter will provide a high

state even ff the noise disturbs V, level at the input raising it up to near V,.The noise margin at the low
level is

MM,=V-٧
Using eqn. (7-116), (7-117)

MM =Yر-٧٨ 
1 =٧٤ (--م5٧-2٧),
8

١ ,(2Y+/3 م=-)
8

MM,=Y,-Y
1

=-(3V2+م Y,)
8

which confims the symmetry

(7-119)

(7-120)

(7-121)

7.12 CMOs Logic Gates
The CMOS inverter consists of a pull down NMOS transistor and a pull up PMOS transistor. The

CMOS logic gates consist of two netorks, the pull down network (PDN) consisting of the NMOS
transistors, and the pull up network (PUN) consisting of PMOS transistors. For three input gates shown
(Fig. 7.27) the PDN will conduct for all input combinations that require Y=0 and will pull the output
down to ground, Simultaneously PUN will be off and V isم shut off from the ground path.

On the other hand if inputs are applied for which Y =1 PUN will conduct which will pull the output
node up to V, PDN being shut of. Thus, PDN is activated when the inputs are high, and PUN is
activated when the inputs are low.
١n Fig. (7.28a) 9, 0r g, conduct when A or B is high (V, or V,=kم ) and wil pull the output node

down to ground Y=0 . Thus, F=٨+B The PDN in Fig. (7.28b) will conduct when A and B are both
high simultaneously. Thus, F= A8.In Fig. (7.28c) F=A4+BC.
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A
B
c

Fig. (7.27) CMOS logic gates comprrising PDN and PUN

٢

 إ
٨إ

Y

٥-(
 ا

 د

 د ظ

F= ٨+8 F= AB F= A+BC
(a) (b) (c)

Fig. (7.28) Examples of PDN circuits

Kم 

 ل
٦/,  -رم'٣

٨ إ- ن

Y B(
 ا

٢

٢=7+ Y=iB Y=7+Ec
(a) (b) (c)

Fig. (7.29) Examples of PUN circuits
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Fig. (7.30) Symbols for MOSFETs in CMOS strctre
a) NMOS b) PMOS

٨-(

Y
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٢=A4+B=AE

Fig. (7.31) CMOS NOR gate

٢

Fig. (7.32) CMOS MAND gate



Considening PUN circuits (Fig. 7.29) Y wil be pulled up when Y=7+B in Fig. (7.29b) and Y=AB in
Fi7.29)و. b) and Y=7+ Bc i Fig (7.29c)

We need now to introduce new symbos (Fig. 7.30). Not that the circle in the PMOS symbol
indicates active low, i.e., it needs low voltage to be activated (conduct). The arrow is removed in the
symbol sjnce it is known that current flows from PMOS to NMOS, i.e., for NMOS D is the side closer to
the PUN, wtike for PMOS, S is the side closer to V . It shoukd be noted that duality exists between

PUN and PDN. Ahtemnatively, we can also sythEesize Y directy fr PUN and F directy for PDN
(Prob. 7.18).

7.13 Trapsistor Sizing
The ON resistance ot a MOSFET K inwersey proportional to " (en. 7-39). Thus, if a number of

MOSFETs hawinو ratios ae.. ه ا"(.ا"(.["/ coected in sertes te egiakent serkes resistanee

is giwen by
(7-122)

(7-123)

(7-124)

(7-125)

r+ي#=٢ 
٥و0

const const const،د، 

٢٤2\ /%/ \٤L، ٥ ا L١
const
 د

 لا م2١)

 ا ، رج(
،

،

٤ ذ  ا٨ اا ألا
smiaw see@at6rgaalا elammkon tamsisors ه

٢2٠٤/٦١\٤١  لاL٨٠ اL4 ر

(7-126)

(-127)

Also it is desired to ensure symmetry to g and g, to ensure balancing of charge and discharge
capacitances anwd hence delay times. This Ks calked transistor sizing .

%4 ±إء.إ•  ج ب

• L L
٢  إ:( ء

 ،ر

(٢) 4
L ،.

2I1



Ex.7.5
Show how transistor sizing is employed for the shown circuit.

Solution
ln the four input NOR circuit shown the worst case i.e., the lowest

curent for PDN is obtained when only one of the NMOS transistors is
. ٣ .conducting we therefore select for each NMOS transistor equal to that

 ا
• ٠٠ W٥ te NMOS tansistor of the basic inverter . ا؟"/ For te PUN,

however, the worst situation and the onHy valid case is when all inputs are
low and the four series PMOS transistors are conducting. The equivalent

W . ٠ W wi" م be quarter of that for each PMOS device. We should selectا-"ا 
L  ا

for for each PMOS transistor to be four times that of g, of the basic

• ٠ Winenter.ie.  ا ,،(E0.5. وF ا"4
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Problems

1- Fo٢ L=04m, d8ي= nm, 4 =450em'RVs, W , ص8= V, =0.7٧ and e=3.45x10"Fha, fnRd:

a. C-,k' anwd k,
b. Yج,ج meeded to operate the transistor at saturation for l10م= A
c. te owerdrwe woktage (V-٧,) reguied to operate the tarsistor at saturation
d. V reededج to caue the device to operate as lk resistor for smal Yي 
e. r if twe owerdriwe is 0.5V

2-A NMOS has C'=200رA/V, L=0.9 anwd % =18m . Find:
a. 4 ٥Y =0.57,7=I٧
b. if له V is dobاed

3- A POS has V,=-1٧,k,=50AV andd ٣/L=12, Find:
a. mange for which tEe transistor corwducts
b. manwge of V for tide operation
c. mangge of Vم for satmation
d. ،Aجk for all abowe cses

4- Fo٢،L=0.6m, d =15u, .S0'Ns ز=5 Find C", k' and tEe owerdrive reguired to operate the
tanistr wit ٣ /L=20 in saturation, if .mA =م10.2 Find the minium value of Vم 

5 Fi an expression fr r in te tide region of MMOS. Then cakculate r if H/L=20,
k',=50A٧ anx te oerdriwe woltage i IV

6- An MMOS has V,=IV and 2V dc K appked to the gate. ln wtat region does te taresistor operate i
Y0.5=ي V, ٧ ل =IV,7=27aw V3٧7ي= 

7-A HhOS has V,=0.5٧ and cment i, =ISA when V = . 7ج Find the wale of l, f V=2V,
7 =3٧.Akeo calcuاate txe wale of tي fr smal Y and Y =35٧

٤٥ a POS V,=-I٧, ',=60A٧ and ٣/L=15. Find te mane of V,م for wich te tansistor
crwducts. Then fHd tke ranwge of Vيم for wic the tansistor operates in satration. thwe fnd the
wahm of A Y ardج b عج" keep PMOS in satration with 1=75mA.
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K =5٧ 5٧

 إ،

,٢ ا-

Prob. (7.9)

Prob. (7.12)

u

V

Prob. (7.40)

9- The transistor shown has L, =0.5mA, V,=0.6V NMOS has V,=1V, 4,C=150A/V', L=lm and

W = 40m . Calculate the resistances R,, R,،

• ٠٠ W ٠10- Design the circuit shown so that l,=lmA, V,=3V, V,=-IV, and k}=1mANV%. What is the
L

largest value of R, to maintain saturation?

• ٣٠٠٠٠٠11- Refering to Figs. (7.14), (7.15) detemine all points on the curves numerically for k'-=ImANV,
L

V,=1٧, R,=20k0, Y=10V.
· ٠٠٠٠٧٠٠12- ln the circuit shown detemine and the input resistance R, and the largest input signal. V, =IV,

٧
٠٠.٣k}=0.5mA/V". Also detemine the biasing currents and voltages.

L
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13- ln the crcit of Fig. (7.17), calculate all currents and voltages if all transistors are ientical
W . .

k'-=اهAV, V,=I٧, 4 ,V ي=K10= هها=ه, ما R=10M0, R,=15M0.,""at is the maimum
L

swinyg df thee ipput such that the MOSFET Bs i saturation.

14 Anayze tke coo source amplifEer wth source resistarce, comon gate, common drain drcuits,
f 4, R,,R. whS tEeب advantages anRd uage of each configuration.

15- Refenigg to Fig. (7.15) fnd te conwdition fr maximum symmetnical sw7g.

16- Referiyg to Ey (7.4) obtain tee relation between V, and Y, in te satrato reion for bot
taristrs g, 9, an compare te resutts wth . A,ر

17- Deriwe the smal sinal euivakent circuit for a CMOS amplifker in wtich the input is applied across
te coon gate of bobh tansistos.

18 Design a CMOS crcuit and verify te tnuth bke تا for the folkowing case using direct synthesis and
then using duality.
a) ٢=4(8+CD) b) Y=4B +ZB

19- DiscuIss the effect of sizing in the above probkem

20- ln Fig. (7.16), (7.17) a constant curent is used for biasing. Ho can drain curent be alkowed to vary
as an ac signal whike a constant cument is used?
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