SECTION 5: MOSFET
AMPLIFIERS
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MOSFET Amplifier Circuits — Preview
-

In this section of the course, we will look at three MOSFET
amplifiers, with a focus on the following two circuits:

Common-Source Amplifier: Source-Follower Amplifier:
Voo Vop
T T
R Rp R
2 2 e 2
Cin . Cin
M . + Ao L.
' RL 2 Volt) ' - .
(U@ V\(t) zRGZ Rs 2 L Cs \ @ Rezé Rs % RL 2 "
< <
High voltage gain Near unity gain
An amplifier A buffer
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- MOSFET Amplifier Biasing



MOSFET Amplifier Biasing
-

To function as an amplifier, a MOSFET must be
biased in the saturation region

DC operating point set by the bias network

o Resistors and power supply voltages

o Sets the transistor’s DC terminal voltages and currents
— its DC bias

How a transistor is biased determines:

o Small-signal characteristics

o Small-signhal model parameters
o How it will behave as an amplifier
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Voltage Transfer Characteristic
-

MOSFET amplifier biased in the middle of its saturation region

Slope of the large-signal transfer characteristic gives the amplifier gain
o Negative slope — gain is inverting

o Small input signals yield larger output signals

o Slope is nearly linear in this region
Thsk

VDD

Vo 4
l Slope at Q = voltage gain
/I,) ¢ < RD '

———O U/)\
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MOSFET Biasing — Four-Resistor Bias Circuit
-
We can use a similar four-resistor bias

network for MOSFET amplifiers Yoo

Commonly-used for both common- Re1 > Ro> |

source amplifiers and source-followers Vo
Ve

o Single power supply or bipolar supply _—ﬁ[

Stable biasing over device parameter  &r,> &>
variations

. o : w
O Insensitive to variations in V¢, k,’l, 7
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Analysis of the Four-Resistor Bias Circuit
e

Since I; = 0, gate voltage is simply set by the voltage divider

R¢
V.=V
¢ b Rgy1 + Rg»

Drain current is given by

1 , W 5 1 , %4 5
ID=§kn(T)VOV=Ekn(T) Ves — V)

1 w 1 w
Ip = S ki () e = Vs = V)2 = S ki () (Ve = IoRs = V)2

After some rearranging, we arrive at a quadratic equation, which we
can solve for I:

R2I5 — |2Rs(V; — V) + T Ip+W;—-V)%?2=0
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Four-Resistor Bias Circuit — Example
-

Determine terminal voltages and drain current for the Voo = 12 V
following circuit T
Gate voltage: o< o
SOkQ% él
Ve, =12V S0k _ sy v
¢~ 50kQ+30kQ - 4\'[
Drain current: Vs
30ka % 8 kQ %
1, W 5
Ip = _kn (—) Ve —Vs — V)
<
Ip = 1 (4 5V —1Ip-8kQ—700mV)? V, = 700 mV
m , w _ mA
ID=1W(—8kQ-ID+3.8V)2 kn(L) 297

mA 5
1W(64e6 -1 —60.8e3 - I, +14.44) — I, =0

64e6 - 15— 61.8e3 - Ip + 1444 =0
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Four-Resistor Bias Circuit — Example

-~
64e6 - 15 —61.8e3 - Ip + 14.44 = 0

Vop=12V
Solving the quadratic equation for I gives L
I, =569 A or I, = 396 uA 0k 1°k"2l'°
For Ip = 569 uA o a4
Ve = IpRs = 569 uA - 8 kQ = 4.55V L. y
Ves = —50mV <V, 0k 2 sa S
O The transistor would be cut-off, so this is not a
valid solution v
DC operating point:
Iy = 396 uA V, = 700 mV
Vs =396 uA-8kQ =317V k;(¥)=2'ﬁ—f
Ves = 1.33V
Voy = 630 mV

VD == VDD - IDRD == 804‘ V
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Design of the Four-Resistor Bias Circuit
-

To design a bias network to provide a desired drain
current:

o Select Rp and Rs to each drop approximately one third
of the supply voltage

That will leave approximately one third of the supply voltage
across Vpg

o Calculate the required Vyy, Vs, and V¢

o Select the voltage divider resistors at the gate to
provide the required gate voltage
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Bias Circuit Design - Example

Design the bias network to provide I, = 800 uA
Calculate Rp and Rs to each drop Vpp/3

VDD /3

= = 6.25 kQ
I, 800 uA

RD=RS=

The required overdrive voltage is

o 2,  |L.6mA 61
n\J VZ

N
The gate-source voltage
Ves = Voy +V, = 1.26 V 4 800 mV

Ves = 2.06V

K. Webb

VDD=15V
T

Re 2 Ro 2 lID
Vg |:
Rez Rs 2

v

Vb

V, = 800 mV

, w mA
kn(7)=1W
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Bias Circuit Design - Example
-
Determine the required gate voltage

VG — VS ~+ VGS —_ IDRS + VGS
Ve =800 uA - 6.25kQ + 2.06V

VDD= 15V
T

100 kQ % 6.25 kQ 2 l800 HA

10V

Ve =7.06V BRI
Fina”y, SEIECt RGl and RGZ tO 89 kO % 6.25 kO %5\/
provide the required V. i,

Rg1 = 100 kQ V, = 800 mV

RGZ — 89 k.Q. k;l(W)zlm_A

L V2

K. Webb ECE 322



K. Webb ECE 322



Common-Source Amplifier

Common-source amplifier J_%

All capacitors are AC- L
coupling/DC blocking | I
capacitors ma . .

o Open at DC 9O W adi mag Lo P
o Shorts at signal frequencies : <

o Isolate transistor bias from Ve=16V k(%) =170"2

source/load

Called common-source, because source is connected to
common —i.e., ground or a power supply

o (s is a small-signal short to ground
o Source is at small-signal ground
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Common-Source Amplifier

Analyze the amplifier to find:
o DC operating point
o Small-signal voltage gain

DC operating point: Vo =12
o The gate voltage is given by
100 kQ%RGl RD% 80 Q
R
Ve = Vbp
Rg1 + Rgo SR
V.=12V 115 kQ
6= 2“7 100 kQ + 115 kO Hoke 2 e 00 2%
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C-S Amplifier — Large-Signhal Analysis
e

Drain current is given by

1, (W, 1w 5
ID=§kn(T>V0V=§kn<f)(VG—IDRS—Vt)

As we have seen, solving for I results in the following quadratic

R215 — [2Rs(V; — V) + In+ Wz =V)2=0

2 (7)

6.4e3-15—779.8-1p +23.0=0

This has two solutions

Ip=72mA or Ip=51mA

The first solution would put the transistor in cutoff, so I, = 51 mA
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C-S Amplifier — Large-Signhal Analysis
-
Use the drain current to determine terminal voltages

Vb =Vpp — IpRp

Vp =12V —-=51mA-80Q =795V
Vs =IpRs =51 mA-80(Q)

Vs =4.05V

The complete DC operating point:

Ve = 642V I, = 51 mA
LQ;S.::: :2.:3'7 [, ‘/t) — T7.€)E; L’
Voy = 0.77 V Vs = 4.05V

K. Webb

VDD =12V
T

100 kQ 2 Re1 Ro % 800

— 1.

115 kQ 2 R, 80Q % R
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C-S Amplifier — Small-Signal Analysis
-

The DC operating point allows us to determine the
transconductance for the transistor’s small-signal model

/4 mA

Next, create the small-signal equivalent circuit for the
amplifier and perform a small-signal analysis:

1. Replace all AC coupling capacitors with shorts
Large enough to look like shorts at signal frequencies

2. Connect all DC supply voltages to ground
From a small-signal perspective these are all constant voltages
Small-signal ground

3. Replace the transistor with its small-signal model
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C-S Amplifier — Small-Signal Analysis
e

Small-signal equivalent circuit
o Use to determine small-signal voltage gain

Ros G LI
VA o o o) o o)
500 Q + + +
@ Re1 Ra2 l> gV Ro % Rt
vi(t) vi(t) 100 kQ 115 kQ Vgs mVes 800 1 kO Vo(t)
S
) O)- ) O

~

Source is connected to small signal ground through Cs
R;1 and R, appear in parallel at the gate

Ri - RGlllRGZ - 535 k.Q.
Rp and R; are in parallel at the output
R, = Rp||R, = 74 Q

Input voltage, v;(t), is the gate-source voltage, vy
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C-S Amplifier — Small-Signal Analysis

Ros G b
VAVA o o o o o
500 Q + R + R +
w( (V) W) 2 siska Ve <l> BV 2 gag Velt
5 o S o 5
Determine the small-signal voltage gain:
4
A, =2 1
v = (1)
The input is applied across the G-S junction, so

The output is the drain current applied across the
output resistance

Vo = —lgRy = _gmvgsRo (3)
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C-S Amplifier — Small-Signal Analysis

(o I

Substituting (3) and (2) into (1) gives the gain:

A = Vo _ 9mVgsRo
y) =—=—

= —gmR,

Vi Vgs

This is the gain for any common-source amplifier

Ay, = —gmR,

The negative sign indicates that the amplifier has
inverting gain
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C-S Amplifier — Small-Signal Analysis

lg
<—— D

o o)
500 Q + + +

v(t) @ vi(t) Eis.s kQ Vs <l> BmVes 2 320 Vo(t)

S

O O

o
O

For this circuit, the gain (from v; to v,) is
v
A, =v—"= —131mS -74 Q = —9.7
i

For the gain from v, to v,, account for attenuation due to source
loading
Vo Ui Vg Ri

= —gmR
ve v, v; Rg+R; (=gmR,)

Here,
v, 53.5 kQ

A. = =
Ty, 500 Q + 53.5 kQ

- (=9.7) = -9.6
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C-S Amplifier — Small-Signal Analysis

G

I
«—— D
O O O O
500Q  + - ¥ . ¥
i . 0
vs(t) @ vi(t) 2 535k Ves <l> EmVes 2 740 Volt)
o o i > o o

The output for a 200 ml},,, 100 kHz input:

Common-Source Amplifier Output
T T T

12f= = = = e e =
VDD
10+ v 1
D

> 8r .
6 VS + VOV
P

0 5 10 15 20 25 30
time [usec]
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C-S Amplifier — Dynamic Range
-

Dynamic range . Corrrmon-SourcelAmpIifier Oultput

T
P2 = = = = = = m e m e e = = == = == =

o Range of input or ol Vbp
output signal for

W
which the transistor Vs + Voy

remains in the af | | |
saturation region 0 5 10 15

time [usec]
o The amplifier’s linear range

[V]

For saturation bias:
o D-S voltage must remain greater than the overdrive voltage

Ups > Vov
o G-S voltage must remain greater than the threshold voltage
Vgs > Vt
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C-S Amplifier — Input & Output Resistance

e
Gate resistance is infinite, y
so amplifier input T
resistance is e LRo 3

R; = R¢1l||Reg2

R

VAYA L . R
Output resistance is the "S‘”%@ U SR, ReZ mc Lévf(t)
drain resistance: :

Ro = Rp

o Or, if accounting for channel-length modulation:

R, = Rpl|1,
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C-S Amplifier — Gain
e
Ay = —gmR,

C-S gain is determined by g,,, and R,
o Select R, (Rp) and set g,,, for desired gain

o Transconductance is proportional to the square root of
bias current

k! (W)I
Im = n\—7 JID
\ L

Therefore, gain is proportional to the square root of bias
current

K. Webb ECE 322



K. Webb ECE 322



C-S Amplifier — Source Degeneration

R.
ot
vi(t) '\) vi(t) S S 2
G2 S -

e}

O
\&,

The C-S amplifier we have looked at so far had its source grounded
(small-signal ground)

o Due to bypass capacitor, Cg, around Rg

What if we remove Cs?

o Or add another source resistor not bypassed by Cs
O Source degeneration
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C-S Amplifier — Source Degeneration

\Y
T

R.
ot
vi(t) '\) vi(t) S S 2
G2 S -

e}

O
\&,

Now, Rq is included in the small signal equivalent circuit
o Source is no longer connected to small-signal ground

Analysis will be simplified if we use the T-model
o Usually the case whenever we have source resistance
O Rs will be in series with resistance in the model

K. Webb ECE 322



C-S Amplifier — Source Degeneration
-

The output is still given by

Vo = —igRy = _gmvgsRo

But, now, vy is the portion of -
v; that appears across the A o : .
1/g., resistance . 2 S il

1 / Im vi(t) @ vi(t) R, %Rﬁll |Re2
Vye = Vj
P "'1/gm + Rs

1
Yos = Vi1 1 g R;

The output is

1
= R,
UO vl( gm 1 +ngS)
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Source Degeneration — Gain

Rearranging the expression Vo
for the output gives the .
gain H .
gmR, Al \
A, = —
v 1+ gmRs “0 ; Sha 2R

.
2w

Source degeneration reduces the gain by a factor of
(1+ gmRs)

If R¢ > 1/9.,,, then g,,Rs > 1, and

R,

A, =—=2
1% RS

K. Webb
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Source Degeneration — Transconductance

ngO Voo

A, =— ]
v 1+ ngS Lr Ro

We can rewrite the gain as I

—| L.
A, = —GpR, ’
v () v(t) S ke e

'
"2

G, is the effective

transconductance of the 2
amplifier
Im
G =

Source degeneration reduces the transconductance by a
factor of (1 + g,,,Rs)

o This is why we see a reduction in gain by the same factor
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- Source Follower
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Source-Follower

Source-follower amplifier

o Input applied to the gate

o Output at the source

o Source follows the gate

Also called a common-drain amplifier (CD)
o Drain is connected to small-signal ground

K. Webb
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Source-Follower — Small-Signal Analysis

Rg+ 2 <l' B Ves
ROS
. C. — WV M

0s N N | + 1

A% ° 1 ||: Cou Ves % gm
I © + VS@ v R2R61||R62 N

"y
v CD v Rgg% Rs 2 Re 2 v Rs| R Vo
© <

Replace the MOSFET with small-signal model
o Source resistance, so use T-model

o Short coupling caps

o DC voltages connect to ground

o Simplify parallel resistances
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Source-Follower — Small-Signal Analysis
-

Determine the gain from v; to v,

UO
A, ==
v vi
Applying voltage division gives the output | llid
Rs||R :
v, = vy slIRy - <l 8m Vs
(RslIR, + ) ..
m A o -
: * 1
Rearrange to get the gain Ves % z.
Vs (Y Ri < Ra1l |Re2
Rs|[Ry, <> v % *
A, = 1 Rs| R Ve
(Rsl |RL + g_> -
m -

o Clearly, 4, <1
o But, for Rg||R, > 1/gm, Ay, = 1
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Source Follower — Input & Output Resistance
I

Gate resistance is infinite, =
so amplifier input Rer 2
resistance is

R; = Rg1||Re2 R T T

The output resistance is
the source resistance in [l
parallel with 1/g,,: D s

R—R||1
0 ng
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- Common-Gate Amplifier
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Common-Gate Amplifier

The third MOSFET amplifier configuration we will look
at is the common-gate amplifier

o Input applied to the source

o Output taken from the drain

o Gate is connected to small-signal ground
o The least common of the three amplifiers
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Common-Gate Amplifier — Gain
e

There is source resistance, so use the T-model for
small-signal analysis

The output is given by

—_— - Ros |
Vo = —igRpl|Ry Ao Y &S —
+ S D +
Vo = ~gmipsRollR . % l %L :
Vo = gmviRD”RL

Common-gate voltage gain is

Ay, = gmRp|IR,
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Common-Gate — Input Resistance

R BmVgs i
0s 1/gm /\ hd
VA o N\ < o 0
? |H % a J;' | % +
Vs Vi Ro Vo
Rs G

R; is the parallel combination of the resistance connected to
the source and the resistance looking into the source

R—R||1
l ng

If 1/9.,, < R, then
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Common-Gate — Output Resistance

i
Bm Vgs
Ros 1/8m PR
VAVA o o a— o o}
N + S D +
VS R Vi G RD VO
S

If we neglect the transistor’s output resistance, 7, the
common-gate output resistance is

R, = Rp

o Entirely determined by the drain resistor
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Common-Gate Amplifier
-

Low input resistance

1
RiZ—
Im

o For R, > 1/g.,,, there will be significant attenuation from v, to v;
o The overall gain from v to v, may be small

Like the common-base amplifier, useful in specific applications:

o Low source resistance
E.g., amplifiers driven by cables
R; matched to Z,, (e.g. 50 (2 or 75 (1) to avoid reflections

o Current buffers
E.g., in cascode amplifiers
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MOSFETSs as Switches
-

MOSFETs used as switches operate alternately in the triode (closed)

and cutoff (open) regions
Equivalent circuit models:

Triode Region (ON):

O Ve >V,

Ves = Vpp

o Switch is on
olp=0 5

0O Vps = Iprps < Voy

K. Webb

Cutoff Region (OFF):

O Ve < V4 D
Ves =0 I
G
o Switch is off l
(| I[) = () 5

o Vps = Vpp

ECE 322



Using a MOSFET as a Switch - Example
-0V
o Turn resistance heater on and off using a microcontroller

0 Heater may require amperes of current
o Microcontroller output may be limited to tens of mA

Control a MOSFET switch
with the microcontroller

output w A |
k=122 §

o Low-current control signal 45 Q

from the microcontroller

Heater

Gate draws no DC current

-controller
o MOSFET switches the large " c:utput D—[

current required by the 0V/3.3V
A4

heater
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Using a MOSFET as a Switch - Example
-

When the u-controller’s output
is low (0 V) 4
ol =0V

o Transistor is in the cutoff region

co
<

45 Q

o Switch is off 5

Heater
—o— W

o No current flows
o The heater is off l

(o) 0]
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Using a MOSFET as a Switch - Example
-

When the u-controller’s output is high (3.3 V)
0 Ves=33V,Voy =13V

o Transistor is in triode 43V
o Switch and heater are on _|§_

X
|
[S=Y
N
Heater

Drain current in triode is: nT =120

W 1 l'
Ip = kn? Vov _EVDS] Vbs 5 & b

w1
Ip = ki Vov—5(48V—IDRh)] (48V — IpRy)

e
A%
-
&

Can solve the above quadratic, or, assuming V¢ il
is small, approximate switch on-resistance as: < Si

1 1
ps = = = 641 m)
K Voy 1.2%- 13V
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Using a MOSFET as a Switch - Example

Voltage division gives approximate drain voltage
641 mQ

I'ps
Vp =48V - ———— =48V -
b Ry, + 1ps 45 Q + 641 mQ 4'8FV
Vp = 674 mV W 4
k, —=12— g 450
. . . L V2 3
Drain current is approximately T
V,=2V l'
Lo 48V 48V Do ¥
PR, +1pg 450+ 641 mQ
Ip =1.05A4 G < os
Heater power is BV —
< Si

P, = I3R;, = (1.05 A)? - 45 O
P, = 49.75 W
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