Chapter 9: FET Amplifiers And
Switching Circuits

9-1: The Common Source Amplifier (CS Amplifier)

FET has an important advantage compared to the BJT due to the FET’s
extremely high input impedance. Disadvantages, however, include higher
distortion and lower gain. The common-source (CS) amplifier

iscomparable to the common-emitter BJT amplifier that you studied in
Chapter 6.

FET AC Model: the ac model for FET is shown below
rg's is the gate source internal resistance
g,V 1s the current appear between drain and source

r,, is the internal drain - to - source resistance ©

Q

v

Since g is very large and 7y is
also large > they can be neglected

-> Simplified model CO‘—'\)/\fy— Go
) ! Vs
°S °s

(a) Complete (b) Simplified




9-1: The Common Source Amplifier

FET AC Model

An ideal ac circuit model with ac drain
resistance R, can be represented as
shown.

The voltage gain for the circuit shown is

vV vV but Vy = I;Ry
A =—out _ " ds "
Ty v From definition of
" & and Ves = Sd transconductance &m = 1a/Ves
h g?ﬂ
IR 1R,
A, = 42 _ EmldTd Ex: for a JFET with g, = 4mS
lafgm — 1a and R, = 1.5kQ
m—p A, = gnRa —ideal voltage gain is

A=g R,=(4mS)(1.5k Q) =6

9-1: The Common Source Amplifier

JFET Amplifier Operation
In common source self biased amplifier, V,, is applied to the gate and V , is
taken from the drain as shown with phase difference between them 180°

+Vbp

(a) Schematic (b) Voltage waveform relationship

Remember that, for ac signal, capacitors are short and V' is ac ground =
source terminal S and R, are connected to the round in ac equivalent circuit




9-1: The Common Source Amplifier

JFET Amplifier Operation: A Graphical Picture
the operation of n-channel JFET shown above with V,, and V,,, on I},

characteristic curve and on transfer characteristic curve is shown below

In

i~

|
|
Vs i
i

o
2
8

Vbsq
(a) JFET (n-channel) transfer characteristic curve
showing signal operation

(b) JFET (n-channel) drain curves showing signal operation

As V, varies - 1d varies; As Vs decrease (more negative) from Q-point
> I, decreases and As V increase = I, increases. The corresponding
change in V, show the inverse (because V', = Vpp-IpRp).

9-1: The Common Source Amplifier
JFET Amplifier Operation: DC Analysis

From the DC equivalent circuit of the amplifier, the Q-point can be found
graphically as described before in chapter 8 for the self biased transistor
-> Once finding 7, you can find V},

G

10 uF

C,

2 l‘léo,uF

FIGURE 9-5

JFET common-source amplifier.

FIGURE 9-6

DC equivalent for the amplifier
in Fidure 9-5.




9-1: The Common Source Amplifier
JFET Amplifier Operation: DC Analysis: Example

Determine Iy and Vg at the O-point for the JFET amplifier in Figure 9-6. The typical
Ipss for this particular JFET is 4.3 mA and Vo) is —7.7 V. Vo

+I15V

Plot the transconductance curve

_ B Ipss
VGS = O.3VGS(0fﬂ = =231V when ID = T = 2.15mA

) A
Vas = 0.5Vgsom = —3.85V  whenlp = % = 1.075 mA

Draw the load line from the two points first point (/=0 and
Vs = 0) and the second point I, = Iygq and Vg = -IRg

I, (mA) Iy (mA)

s = From graph at Q-point,
0 [p=22mAand Vg =-24V

Vs (V)

—Vgs (V)

80 —60 40 —20 10

GSstoff

-80 —6.0 —40 -20

9-1: The Common Source Amplifier
JFET Amplifier Operation: AC Analysis

The ac equivalent circuit can be drawn

+Vbp

Ry=RplIR;

Vi Rg
The amplifier circuit Ac equivalent circuit Ac equivalent circuit
showing Vi, and V,
Input resistance Output resistance Voltage gain
VCS) Rout = Rd
Ry = Ral( =)= Re | . Vou _ Vs
' M\ s ¢ | with no R, - 4 =—=—%=¢R,
R = R I/in Vgs
Very small d D
With load R; =
R,=Rp//R,




9-1: The Common Source Amplifier

JFET Amplifier Operation: AC Analysis - Example
What is the total output voltage for the unloaded amplifier in Figure 9-9? Ipgg is
4.3 mA: Visorr) 1s 2.7V, Ipg= 1.91 mA.If a 4.7 k() load resistor is ac coupled

to the output of the amplifier what is the resulting output voltage?
Vp = Vpp — IpRp = 12V — (1.91 mA)(3.3kQ) = 5.70V

Next calculate g,

Vas = —IpRs = —(1.91 mA)(470 Q) = —0.90 V
2Ipss N 2(4.3 mA)

= = = 3.18 mS +V
S IVasofe) 27V S
= (1*£)*?18 S(li—o.qov)lez S
8m = 8m0 Vasiofh S3.lsm TV A2 m

Vou = AVia = gnR0Vin = 212m$)33kMH(100mV) = 700mV .

. . Vi,
If a 4.7 k() load resistor is ac coupled to the output of 100 mY e
n

Vour = AV = gmRaVin = (2.12mS)(1.94k0)(100 mV) = 411 mV

l(i() uF
Voltage gain with load < voltage gain without load = = I

9-1: The Common Source Amplifier
JFET Amplifier Operation: AC Analysis - Example

What input resistance is seen by the signal source in Figure 9-117 Igg5 = 30 nA at
VGS =10V

The input resistance at the gate of the JFET is

Vi 10V :
A O _ = 333MQ
= Igss 30 nA
+18V
The input resistance seen by the signal source is
RD
R.-'n = RG H RlN(galc) =10 M.Q| 333 M) = 9.7MQ 1.OKO Gy
I(
G AN
10 uF
2> R, =R 0.1 uF R
10 kO
R Rs C

10 MQ

2
100 €2 10 uF




9-1: The Common Source Amplifier

D-MOSFET Amplifier Operation:

B A zero-biased common-source amplifier for
n-channel D-MOSFET is shown.

C
B Vs = 0 > The signal voltage causes V I
to swing above and below its zero value, . '
producing a swing in /, above and below
Q-point, as shown on characteristic
transfer curve
When V, <0 -> the depletion mode, and /, decreases. When
Vgs > 0 -> the enhancement mode, and /,increases

At V=02 Iy = I

> Vp = Vpg can be calculated

+Vpp

Rp ¢,

Vb = Vpp — IbRp e

The ac analysis is the same as for the JFET amplifier.

+Vgs

9-1: The Common Source Amplifier

E-MOSFET Amplifier Operation:
B A voltage divider common-source amplifier <k,
for n-channel E-MOSFET is shown. i
B The gate is biased with a positive
voltage such that Vg > Vg

. Ry
B Dc analysis Vs = ( R + Rv)VDD

Ip = K(Vgs — Vasan)”
Vbs = Vpp — IpRp

B Acanalysis  Ri = Ri||Ry || Rinigate)

where  Ringgue) = Vas/lass

B Voltage gain is same as for JFET

0 Vasan

V. V.
A —_out _ "ds _ R
v V V gm d

in gs




9-1: The Common Source Amplifier
E-MOSFET Amplifier Operation: Example

A common-source amplifier using an E-MOSFET is shown in Figure 9-17. Find Vg, I,
Vpbs. and the ac output voltage. Assume that for this particular device, Ip(,) = 200 mA
at VGS =4 V, VGS(Ih) =2 V, and &m = 23 mS. Vm = 25 mV.

R, ) ( 820 k() ) i
Vas = Vop = | ——— )15V = 223V
Gs (R. +Ry) PP \550MQ

U 200 mA _
ForVgs =4V, K = D(om) = = ~ = 50mA/V?
(Vgs — Vgsan)™ @AV = 2V)"
2 2 9 Vbp
— Ip = K(Vgs — Vs = (S0mA/V)(223V — 2V) +15V
= 2.65mA
Vs = Vop — IpRp = 15V — (2.65 mA)(3.3k()
= 6.26V
G
R; = Rp|| R, = 3.3k [ 33k = 3k} \o_|

0.01 uF
Vour = AyVin = 8mRqVin = (23 mS)(3 k(2)(25 mV)
=173V

9-2: The Common Drain Amplifier (CD Amplifier) or source follower

B In a CD amplifier, the input signal is applied
to the gate and the output signal is taken from Voo
the source. There is no drain resistor, because

it is common to the input and output signals. “ °_|

B The voltage gain is

Av = @ = VS — IdRs — nggsRs
Vin VgS + Vv Vgs + Id RS VgS + En VgSRs
g;‘HRS
—_ A, = 2
1 1 + gIHRS

If g Ry = | = A, = |

Input Resistance

an = RC "RIN[gate)

where  Ryyiae) = Vas/Iass Ac equivalent circuit




9-2: The Common Drain Amplifier
Example

Determine the voltage gain and the input resistance of the amplifier in
Figure 9-20. V},, is negative because it is a p-channel device. From data
sheet g, = v, = 1000uS, /555 = 5 nA (maximum) at V=20 V.

Since Rp => Rq, Ry, = Ry

» NG SIS (1000 S)(10 k() -
' 1 + gmRs 1 + (1000 wS)(10 k) o
‘7
V 20V . DD
RiNgue) = 7 S _ 2% _ 4000 MO 10V
GSS SnA

0.1 uF
Ry = Ra || Ringaatey = 10 MQ | 4000 M Q)
—_— £
= 10M{

Rg
10 M{)

Rg 10 uF R,
10 kO 10 M

9-3: The Common Gate Amplifier (CG Amplifier) .v,,
B In a CG amplifier, the input signal is applied

to the source and the output signal is taken
from the drain.

B The voltage gain is

\H
A :@_ V _ [de — nggst

Ya
Kﬂ VgS V V

&s &s

— Av = ngd

where Rd = RD || RL
Input Resistance

B Vs, Ves Vv Vv

gs gs |
n(source) =

Ly I I N

R

> R, =

- Rin(somre) H RS




9-3: The Common Gate Amplifier (CG Amplifier)

Example
Determine the minimum voltage gain and input resistance of the amplifier in Figure 9-23.
Vpp is negative because it is a p-channel device. g, = 2000 1S minimum

Av = ngd

— A, = g,(Rp | Rp) = (2000 wS)(10kQ | 10kQ) = 10

| | _ i
Rin(sm.{rce) i a = m = 500 () )
DD
-5V

Rp

—_ Ry = Rz'n(sor.u‘ce) HRS = 500 () H 4.7k = 452 Q) o
0

10k

9-3: The Common Gate Amplifier (CG Amplifier)

The Cascode Amplifier
B A cascode amplifier is one in which a common-source amplifier and a
common-gate amplifier are connected in a series arrangement as shown
below. As noted from figure, the input resistance (1/g,) for CG amplifier
represent the drain resistance R, for CS amplifier

B The cascode amplifier using JFETs
provides a very high input resistance and
significantly reduces capacitive effects to
allow for operation at much higher J__|
frequencies, used for RF (radio frequency), =
than a common-source amplifier alone o |
The voltage gain | '

Ay = Ayes)Avce) = (Emes)Ra)(@mcc)XL)

Where X; is the reactance of the inductor L shown

Common-source amplifier

1
— Ay = (gm[CS)(gm(CGJ))(gm(CG)XL) = gmco) XL with g g = gnco)




10

9-5: MOSFET Analogue Switching

MOSFETs are widely used in analog and digital switching applications.
Generally, they exhibit very low on-resistance, very high off-resistance,
and fast switching times.

MOSFET Switching Operation

B E-MOSFETs are generally used for switching applications:
m When Vg < Visany 2 MOSFET is off > very high Rpg
® When Vg > Vi) 2 MOSFET is on = very low Rpg (Vg must be
sufficiently higher than Vg, to be in the upper end of load line in the
Ohmic region) Ip

VGSmm

In ohmic
region, Rpg is

very low and the
MOSFET is like

a closed switch.

ID[nnl [

At or below Vg,
Rps is very high
and the MOSFET
is like an open
switch.

VGth]

V. v VDS
DS(on) DS(off)

9-5: MOSFET Analogue Switching
MOSFET Switching Operation

+V +V +V

+V
B n-channel E-MOSFET
operation as a switch 5
Vs is +V = switch on +\ ON 0V OFF
S S
Vs 1s 0 = switch off

)

(a) n-channel MOSFET and switch equivalent

+v v + v
B p-channel E-MOSFET %
operation as a switch ; S

Vs 1s 0 = switch on 0V ON . OFF
Vs 1 ¥V > switch off ’ Jl ’ ‘{

(b) p-channel MOSFET and switch equivalent
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9-5: MOSFET Analogue Switching

The analogue switch

B A basic n-channel MOSFET analog switch is shown in the figure. The
signal at the drain is connected to the source when the MOSFET is turned
on by a positive Vg and is disconnected when V4 is 0, as indicated.

% OFF gy % ON /\/

0V +Vi
(a) - (b) -
. Input Output
B Variable voltage at the source cause N ON
variation in Vg > Vg must be 2 Vg to 7 /7 @5y © U7
. . . (out)
keep MOSFET maintain conduction (on). / !
o . VGSum

Minimum Vg voltage occurs at —ve peak Ve

voltage of the output (Vp(out))9

Vs = Vo = Viouy = Vasin

9-5: MOSFET Analogue Switching

The analogue switch: Example

A certain analog switch similar to the one shown in Figure 9-35 uses an n-channel
MOSFET with Vgspy = 2 V. A voltage of +5 V is applied at the gate to turn the

switch on. Determine the maximum peak-to-peak input signal that can be applied,
assuming no voltage drop across the switch.

The difference between the gate voltage and the negative peak of the signal voltage
must equal or exceed the threshold voltage. For maximum V).

Vg — Vp(ou!) = VGS([I])
Vp(aur) = VG i VGS(lh) = SV - 2V = 3\/

VPPU”) i 2Vp(0u!) =23V)=6V

Input Output

ON
WA o\
\/ - .\Z. V.
f plout)
/VGSum




9-5: MOSFET Analogue Switching

Input signal

The analogue switch: some applications oo T

B Sampling circuit: /\/v_@_@ AJULW’ e M_H_HM

analogue to digital swithorr
conversion Sampled ouput {

signal

(a) Circuit action (b) Waveform diagram

B Analogue multiplexer: two or
more signals are to be
routed to the same output

B Switched-Capacitor
Circuit: where switch
MOSFETSs with a
capacitor can be used to
replace a resistor

V

Ci

9-5: MOSFET Digital Switching

MOSFETs are also used in switching applications in digital integrated
circuits

CMOS (Complementary MOS)

CMOS combines n-channel and/or p-channel E-MOSFETs in a series
arrangement. The shown figure represent a logic Inverter Gate

v, v v
o & o CMOS inverter
- operation
|..) Qyon
B I/1 Vout
Viour 0% 0 Vop Vop 0 1
||:) 0, off 1 0
[
“u‘ > O \‘!‘C‘\"

(b) =
a) V,canbe 0 or 1 b) ¥,,=0 > Q, on and ¢) V,,=+Vpp 2 Q, off
(+Vpp) 2 Vy is the Q,off >V, =+Vyp and Q,on >V, =0
inverse
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9-5: MOSFET Digital Switching

CMOS (Complementary MOS): NAND Gate and NOR Gate

B NOR Gate: ]
= When V, OR V

H NAND Gate: Vo Vg Q1 Q Q@ Q Vo

When VA AND 0 0 on off off on Vbp

Vg are high, 0 Vpp off off off on  Vpp

the output is Vpp 0 on off off off Vpp
" low; otherwise, Vop Vop off on on off 0

the output is

high. -] éjo—out Yoo

/9 Q Q@ QG Q  Vou OR both are e

- on off on off Vpp high, the output
0 Vpp off on on off 0 is lOW;

Vop 0 on off on off 0 otherwise, the

Voo Vop off on off on 0 0utput is high.

Oy
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