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Reading: Ch 12, Supplementary
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Fan in/Fan out

Complex digital operations are formed with a
variety of gates interconnected to yield the
desired logic function.

Sometimes a number of inputs are connected to
one gate input and output of a gate may be
connected to a number of gates.

Fan-in: the maximum number of logic gates that
can be connected at the input of a gate without
altering its performance.

Fan-out: the maximum number of logic gates
that can be connected to the output of a gate
without altering its performance.

« Typical fan-in and fan-out numbers are 3.
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Inverter = NOT Gate

Vin | > Vout

Ideal Transfer Characteristics

out ,

V/2 \'
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Terminology for a Logic Circuit

Vo = Power supply voltage (D isfrom
Drain) we do not draw the symbol.

e Pull-Up Networ k = Set of devices used to
N carry current from the power supply to
the output node to charge the output
node to the power supply voltage.

_. Pull-Down Network = Set of devices used to
............ carry current from the output nodeto ground to

discharge the output node to ground.
ouT

'" V:p = Threshold Voltage value of V| at which the
Pull-Down (NM OS transistor) beginsto conduct.

Vour.sat.p = Value of Vg, beyond which the current 1515
saturates at the (drain) current saturation value | o r_sa1.po-
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Pull-Up and Pull-Down

V,,,, Vo = Power supply voltage (D isfrom
? Drain) we do not draw the symbol.

A —pul up
input signals A, = ) A !
A, = Network PMOSor Resistor
————OF(A,, Ay ..., Ay)
JAD—
A2 ._ Pu"-down - NINANOCCTA Ao
Ay ——|_hetwork NMOS or Resistor
_L_
Pull-up Vi logic state | Pull-down |V, logic state
current of F current of F
0 Voo 1 Non-zero Some 1
value
Non-zero | Some 0 0 GND 0
value
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Chapter 12 MOSFET

« OUTLINE
— The MOSFET as a controlled resistor
— Pinch-off and current saturation
— MOSFET ID vs. VGS characteristic
— NMOS and PMOS I-V characteristics
— Load-line analysis; Q operating point; Bias circuits
— Small-signal equivalent circuits
— Common source amplifier
— Source follower
— Common gate amplifier
— Gain
* Reading
— Supplementary Notes Chapter 4
— Hambley: Chapter 12.1-12.5
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MOSFET Terminals

+ The voltage applied to the GATE terminal determines whether
current can flow between the SOURCE & DRAIN terminals.

— For an n-channel MOSFET, the SOURCE is biased at a lower
potential (often 0 V) than the DRAIN
(Electrons flow from SOURCE to DRAIN when Vg > V;)

— For a p-channel MOSFET, the SOURCE is biased at a higher
potential (often the supply voltage V) than the DRAIN

(Holes flow from SOURCE to DRAIN when Vg < V;)

+ The BODY terminal is usually connected to a fixed potential.
— For an n-channel MOSFET, the BODY is connected to 0 V
— For a p-channel MOSFET, the BODY is connected to V
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MOSFET Structure
// /DEVICE IN CROSS-SECTION
“Metal” “Semiconductor”
“Oxide”
G “Metal” gate (Al or Si) D
s /
gate

oxide insulator

* In the absence of gate voltage, no current can flow between S and D.

* Above a certain gate to source voltage V, (the “threshold”), electrons are
induced at the surface beneath the oxide. (Think of it as a capacitor.)

» These electrons can carry current between S and D if a voltage is applied.
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MOSFET

« Symbol and subscript convention
— Upper case for both (e.g. V) = DC signal (often as bias)
— Lower case for both (e.g. v4) = AC signal (often small signal)
— Lower symbol and upper sub (e.g. vy ) = total signal = Vp+v,

* NMOS: Three regions of operation
— Vpgand Vg normally positive valus
— V<V, :cut off mode, I55=0 for any Vg
— Vs>V, itransistor is turned on
* Vpo< VsV Triode Region o = K §20is #V)vps #vn"g
* Vs> Vgs-V,: Saturation Region i, = K §2(ves #7,)*4y,

* Bounda - W KP
Y ves 1V, = vpg K=——"
L 2
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MOSFET

« PMOS: Three regions of operation (interchange
> and < from NMOS)

— Vps and Vgg Normally negative values
— Vs>V, icut off mode, 155=0 for any Vg
— Vgs<V, transistor is turned on
* Vpg> Vag-Vy Triode Region i = K[ 2075 =V )Vng =i |
* Vps< Vgs-Vy: Saturation Region i, = K[ 2(v,—,)’ ]
» Boundary Vg5 =V, = Vs W KP
L2
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MOSFET Operating Regions

NMOS
Cut-off Saturation Triode
} } } > Vo
0 Vm Vos +Vto
PMOS
Triode Saturation Cut-off
- 3 > Vi
VDS + I/)fo I/m O
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Bias Circuits

* Use load line to find Quiescent operating point.

* Remember no current flow through the gate.

1% Fixed-plus Self-Bias CKT
DD

V,
o DD

R, §
VG+v:,_| I:'
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MOSFET Circuit

* First look at DC case to find Q point
— Use load line technique
— All capacitors are open circuit
— From Q-point, get g,, and r4 for small signal
AC model
« AC Small signal analysis

— DC source is AC ground (because there is no
AC signal variation).

— All capacitors are short circuit (unless
otherwise specified).
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Common Source Amplifier

‘/ Ve |

; I
+
EREN
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Step 1: find Q point

R
V= 2

VDDR1+R2

VGS:VG_IDRS

Vop =1, (Ry +Ry)+ V) -

ng ( +

| RL%VZ’
‘ —

@ % el

a

u
T

1 —
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Load line

_’g} o ‘\‘./98

/. .
T.= Ve, - és

Ve ° )
S Rs
Vo < J

From load lines, we get I, ! and hence g, and r,
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Small Signal Model

" e S | , + .
) i ! - N
=~ Ve RFRT Q> I ;3%% ‘%m |

|

For output impedance R,
Vg = Vi, Ve =02 Ve =V, 1. Turn off all independent
_ RR, sources.
"“R IR (=9nVgs) 2. Take away load
impedance R,
AYoo g RR
v, "R +R, Vo =0,V =0,0,V, =0
rsRy
Rn :.ﬂz RIRZ Rout —_d D
i, R+R fa+ R
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Source Follower
VDD
R, §
C
—L_|
+ _“ +
vi, R,
@ - Ry R, Yo
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Step 1: find Q point

Ve =Voo % VDD
Vs =Vs — 15 Rs
Voo = 1pRs + Vi
R, §
C
K Ve I C
M _—‘ +
Vin | R
@ - RS RL v
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Load line
T4 oy Vs
_—/—b - 7

\/G < J

From load lines, we get I, ! and hence g, and r,
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Small Signal Model

For output impedance R, ;:
1. Turn off all independent sources.
2. Take away R,
3. AddV, and find i,
V.=V, O,vgs =-v,
’ R v
R — d”s , x . — R —1_,’_
s rd +R\ X Sl gm( Vx) Vx( s gm
_ 1
out gm+rd—] +RS_1
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Common Gate Amplifier
Vop
R, C
—K +
VG F RL Yo
(] -
RS -
= Vs
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Step 1: find Q point

V,
Voo =01 1 R +Vg -
Voo +Ves = 15 (Rp + Rg) +Vg
R, C
|(
I +
VG RL Yo
1| -
[ =
L
oS
= Vs
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Load line

The only difference in all three
circuits are the intercepts at the
axes.

Again from load lines, we get I ! and

hence g,, and ry
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Small Signal Model

&

* For output impedance Rout:

’ 1
Ro= RI+R,? 1. Turn off all independent sources.
Vo =V, 2. Take away R_L _
, 3. AddV, and find i,
Vo = =0V R Rl = RR,
=Y _gR’ R+R,
Vo
v, i = Vs +g. v
iin = _(gmvgs+§) * D mees
R =Vo_ 1 vy =" g,V R, but g R'#1$ v, =0
n -1
Iin gm + & Rout = RD
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Thevenin Model For Pull-Up Device

Vo
ReuLL up
g Output
lour 1
Vrnevenin = Voo I ¥
— |
lout sHorT cireurt = (Voo/RpulL UP)I
Examp|e: |The\/en| n VOUT
Vpp =5V and Ry, yp = 100k" ! 100King -
I thisway
Vrnevenin = 5V I K 3
l out srorT circuit = S0 HA |-> -
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Load Line For Pull-Up Device

lour VS Vour
For the Pull-Up Resistor and Vp

lour(MA) 4
100 ) ) o
lout VS Vour isconstrained to be on thisline
by thecircuit external to the three-terminal
i device
60 L
l NORTON
VTH EVENIN
20 - \
0 3 S VOUT(V)
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NMOS Resistor Pull-Up
Circuit: Voo Voltage-Transfer Characteristic

Vour

0 I}T Vb

} Vin
Voo/Rp

increasing

Vos =Vin>Vr A F
0 1

0 Ry - v Vbs 10
Ves = Vin# Vr DD
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Disadvantages of NMOS Logic Gates

* Large values of R, are required in order
to
— achieve a low value of V5
— keep power consumption low

I Large resistors are needed, but these take
up a lot of space.

» One solution is to replace the resistor with an
NMOSFET that is always on.
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