6.012 - Microelectronic Devices and Circuits
Lecture 18 - Single Transistor Amplifier Stages - Outline

e Announcements
Exam Two Results - Exams will be returned tomorrow (Nov 13).

e Review - Biasing and amplifier metrics

Mid-band analysis: Biasing capacitors: short circuits above w4
Device capacitors: open circuits below w,,
Midband: o o <o <,

Current mirror current source/sink biasing: on source terminal

Performance metrics: gains (voltage, current, power); input and output
resistances; power dissipation; bandwidth

Multi-stage amplifiers: two-port analysis; current source/sink chains

e Building-block stages
Common source
Common gate

Source follower (also called "common drain")
Series feedback (more commonly: "source degeneracy")
Shunt feedback
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Mid-band: the frequency range of constant gain and phase

C C
Common | Ve W [ I , II°
emitter h + + | I+
example: t Vip S v, == OmVa Jo
+ Cn
G/D — QLOAD3 Vout ggneXt

=CE

Igias

Biasing capacitors: effective shorts o > w,
Device capacitors: effective open circuits o < wy

We call the frequency range between o 5 and w,,, the "mid-band"
range. For frequencies in this range our model is simply:

"rV\' a2 + g
=~ It
GD Vin °Z Vs IV o Vout 3 9i(= 9L0ap

' . . - + Gnex)

W) o<W<Wy

Valid for o, ;, < w < w, the "mid-band" range, where all bias

capacitors are shorts and all device capacitors are open.
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Mid-band, cont: The mid-band range of frequencies

In this range of frequencies the gain is a constant, and the
phase shift between the input and output is also constant
(either 0" or 180°).

Mid-band Range :
- 7f—>
" *

All of the parasitic and intrinsic device capacitances
are effectively open circuits

All of the biasing and coupling capacitors are
effectively short circuits

* We will learn how to estimate o, and w, , in Lectures 23/24. _
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Linear equivalent circuits for transistors (dynamic):
Collecting our results for the MOSFET and BJT biased in FAR

No velocity saturation; a =1

MOSFET: /™
o d On = K[VGS -V; (VBS)] [1+ )“VDS] ~

It H B
K I
Vgs == O = _[VGS_VT(VBS)]Z}\' ~ : 0
Cgs nggs OmbVbs Jo 2 VA

52 TS gy = NGy = 142
+ Cso | Cob with n=- Nr| - 1 €3N,
bo O’NBS Q Cox ‘q¢p‘ _VBS
Cy= %W LC,, Cy,C,Cyy :  depletion capacitances
Cy =W C;d, where C;d isthe G-D fringing and overlap capacitance per unit gate length (parasitic)
- ) q BE
BJT: O = 1o Bolas € [1+ AV ] = El@

o | o
b + | c gn = % = @
Ox Vg ::C OmVa= Jo /30 /30 |
- ; = | quBE/kT +1 A = )@: _C
© : : o @ go /30 BS[ ] VA

C, =g,t1, + BEdepletion cap. with 7, = ;\é‘; : C,: B-Cdepletion cap.

e
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Biasing a MOSFET stage with a MOSFET current mirror:

Above: Concept

Right: Implementation

|V+

% RREF Hio

4{“()1

+F4EQ3

v

Note: Q, is always in saturation. As
long as Q; is also in saturation, its
drain current will be (Kys/Kg,) Irge-
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The design process:

 We have a target |, and we

want to know what size to
make Ry to get it.

For simplicity we can make
Koz = Kg2: SO Iger = Ip.
Select a K,, perhaps that
corresponding to a mini-
mum size device.

Calculate what Ve, (= Vier)
Is when Q,'s drain current is
lrer: Veer = V- (2 IREF/KQZ)UZ
What Rrz- must be to make
Q,'s drain current I;.- can
then be found from:

Reer = [(Vi- V) - Virgellger
If Rgee has this value, then
Q;'s drain current will be I

as long as it is in saturation.
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Linear amplifier basics: Biasing multi-stage amplifiers

QRer

| V.
+ ’L l
V Rrer1 T NS SR
jl - k : I Qcs? —E—IE Qcsa
; *|csz: ; *|cszi
vl  +
Vin | Stage Stage Stage | Vout
#1 #3 #5 [
J:— Stage Stage J:—
#2 #4
;s ;s ;| Vless
E“ + ”E Qest _‘_IE Qcs} —“IE Qcsb
V pep Pt p N o S PR
v

=> The current mirror voltage reference method can be extended

Clif Fonstad, 11/12/09

to bias multiple stages, and one reference chain can be used to
provide Vg to all the sources and sinks in an amplifier.
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Linear amplifier basics: Biasing multi-stage amplifiers. cont.

V.
|

-----------

lGs2

Stage
#1

lcs1

-----------

Stage
#2

-----------

]
lgsa

’

’

Stage

#3

’
|c:s3
’

-----------

Stage
#4

Stage
#5

|css

-----------

Y

When looking at a complex circuit schematic it is useful to
identify the voltage reference chain and the biasing tran-
sistors and replace them all by current source symbols.

This can reduce the apparent complexity dramatically.
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Linear amplifier basics: performance metrics

The characteristics of linear amplifiers that we use to compare
different amplifier designs, and to judge their performance
and swtablllty for a given appllcatlon are given below:

||q |<_)Iut
+ - S
, Linear - t Rgft
n = o ou
_ Ampllfler - circuit

Voltage gain, A, = V,,,/V,
Current gain, A = gl
Power gain, Apower =p. IPi, = Voudout Vinlin = AVA

out
out

Input resistance, r,, = Vm/lm

ltest

o . )

Linear *
Amplifier Viest

R 5

Output resistance, I, = Vet et With v;; = 0
DC Power dissipation, Py = (V. - V))(Zlgss'S)
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Linear amplifier basics: multi-stage structure; two-ports

LS -
£ | Linear T
Vin Amplifier Vout

External
Load

The typical linear amplifier is comprised of multiple building-
block stages, often such as the single transistor stages we
introduced on Slide 14 (and which will be the topic of Lect. 19):

lin

+ Stage
Vin #1
LEC

_

Y Ny, —
Stage
#2
LEC
O = = = m—

Stage
#n-1
LEC

lout
Stage i
#n Vout
LEC i}

External
Load

A useful concept and tool for analyzing, as well as designing,
such multi-stage amplifiers is the two-port representation.

Note: More advanced multi-stage amplifiers might include
feedback, the coupling of the outputs of some stages to the
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inputs of preceding stages. This is not shown in this figure. Lecture 18 - Slide 9




Linear amplifier

basics:

Each building block stage

two-port representations

can be represented by a iin_> Roor Go lout
"two-port" model with s -
either a Thevenin or a G AVi,
Norton equivalent atits v, R.i Vout
Output: or Ri or f|in
lin lout ° — °
Thévenin Output
+ Stage + [ |
#_g in_,, OU'C_>‘_
Vin LEIC Vout . +
- - G Gme Go
° ° Vin ' I t
or R; or Ajlin orRo ou
Two-ports can i Norton Output -
simplify the N
anaIySiS and -T_Ini> IoutJ —-|i|n1+1 IoutJ+1 > I|nj+2
deSi.gn of Vi vajvi” VOUtJ - VOUtJ+'I
mUItl'Stage nJ ?Gi,j i VInJ+1 % ij+1 v 0,'+ = Vinjs2
(s . _ mj+1 |nJ+1 _
amplifiers: o— — —
Stage | Stage j+1
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Linear amplifier layouts: The practical ways of putting
inputs to, and taking outputs from, transistors to form

linear amplifiers

| +V | +V

There are 12 choices: three * ’
possible nodes to connect to
the input, and for each one,
two nodes from which to take 5 L 5
an output, and two choices of /
what to do with the remaining 1 -—{E 1
node (ground it or connect it 3 3
to something).

Not all these choices work (P IBIAS IBIAS
well, however. In fact only RY; RY.
three do:

Name Input Output Grounded
Common source/emitter 1 2 3
Common gate/base 3 2 1
Common drain/collector 1 3 2
(Source/emitter follower)
Source/emitter degeneration 1 2 none
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e Three MOSFET single-transistor amplifiers

|V+

COMMON SOURCE
Input: gate
Output: drain
Common: source
Substrate: to source
1

Clif Fonstad, 11/12/09

| Ve

=

IBIAS | )

Il
| +

C| -

+
I

COMMON GATE

Input: source; Output: drain

Common: gate
Substrate: to ground

—
r 1wl '
+ +

Vin

+
Vi

—k

Vi

e

1
- |BIAS<'> V?Ut

V.

1

SOURCE FOLLOWER

Input: gate
Output: source
Common: drain

Substrate: to source
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o Single-transistor amplifiers with feedback y
| ¥ Iy

RF

<0 [
= i+
+4| < Vout T - Vout

Vin Vin
"osRe L élmg L

v:|€_ | V.

SERIES FEEDBACK
RF

+ |
l
ik MR
v n *
out VOUt

Vin éRF V_in ]

PARALLEL FEEDBACK*
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- Common source amplifier |V

Common source

* Input to gate ||CO |
e Output from drain |5 I+ =
e Source common to + L=  Vout | _Load
i Vin j
Input and output, _ 1
and grounded 1 |BIAS<> |
\ 4 CE
V.
I't
g d
W—: ! .
G/D Vin = Vgs OmVgs Jo Osl  Vout 3 Oel
S,:b s:,b °

Mid-band LEC for common source
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Common source amplifier, cont.

T :
W -+ i -+
G/D Viin - Vgs nggs gO gs| i Vout 3 gel
e S —
Vou =~ S == I, alarge |#|
go+gsl+gel go+gsl+gel
Two-ports:
iin_, iou'c_> iin_> Ro I°U£>
* o W o
GmVin Go Vout Vin = G AwWin Vout
G =0 (R = OO)
on At (-2
G, = (go + gsl) Jo T 04 0

A good workhorse gain stage
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o Source follower (common drain) amplifier
V4
Source Follower
(Common drain)
e Input to gate |
e Output from source = Co
 Drain common to —H n

+
Vv
input and output, L Vou [ Externa
and incrementally B |B|As<,,> Load

grounded - L
V_ =

d,b
Mid-band LEC for o
source follower
common drain Vin  Vgs Vs
( ) > nggs gmebs _
t

Ocs el Vout =-Vds =-Vbs

(<)
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Source follower (common drain) amplifier, cont.

+
Vout
Vout — gm (Vin _Vout) — Vout — ngin - ngin — Vin
gmb+go+gcs+gel gm+gmb+go+gcs+gel gm+gmb 1+77
. Two-ports: : : : i
Iin_> RO Ioui> Iin_> Iou'c_>
W 7 ¥ ’ ad
Vin G AVin Vout Vin G GmVin Go Vout
A~ L G =0 (R=x) G =AG, =0
1+n Go :(gm+gmb +go+gcs) z(gm+gmb):(1+n)gm
A great output buffer stage with small R, and
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« Common gate amplifier |V

Common Gate
e Input to source

e Output from drain ”Co
e Gate common to | + '
: External
Input and output, —{ ] Vout Load
and grounded = ~ IS - L
+ -

IBIAS | ) VIN
Mid-band LEC for

common gate

— T

- Osl Oel
G{D Vin = -Vps = -Vgs

(@ .Y
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Common gate amplifier, cont.

: o
. W
t 1 lin d lout
M
+ v, (OmT Omb)Vsg ;
vo) % s Vour: = e
. T _Vsg o
9.0 g.b )
Voltage gain - KCL at drain node: ( """"""" ) )
gm + gmb + go Vin 1+ Ui gm
gm + g in = g + g Vou + go ou +Vin nd Vou = = Vin
(9 G =9 0 Vo + 0oV * i) " (0t 9e+0)  (0s*0s+0)
Current gain - Current divider g,/g,, noting that i, = - i alarge J#
—_ Iin — Iou i — gel i
Vou = = = lot =77, 3 lin ~1i
Tlere) e (ere) " e
Input resistance - Use v (i,,) and v (v;,) expressions:)
Vout - Iin ’ Vout = (gm i gmb gO) -
(95 +9a) (94 +9s +9,)
Vp_ (94*ge*tg) 1 1
R,=-—"= - - small

i (99t 94)(On+ 9+ %) (On+0w) (L+1)0,
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Common gate amplifier, cont.

Jo
W _ .
AT d st gt
W—; — °
(Om +Omb)V'sg
sg Vtest* Osl  Viest
g.b 0.0 ’
Output resistance - Set v, = 0, and apply v, to output; find i, ..
I = =1 — i — IFi* — go
| st g0(vtest* | tegt rt) (gm + gmb)lteg* = GO 9 ¥ Vieg+ 9 ¥ 1+ rt(gm + O + go)
a small #
Two-port: _ :
R =Y(+n)g, (R verysmal) }r"”* oy,
+
A=04/(0s+0y) =1 Vin R % Ailin Ro  Vout

g o o
G,=~0q+ ° very large
: 1+ r.t(gm + gmb) (RO )

A very small R, very large R, stage often used
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o Series Feedback: source degeneracy

Series feedback
e Output signal fed back to the

input through a passive ele- 1Co
ment that is common to the N+
input and output circuits. +—‘ i Vout
Useful in discrete device circuit Vin é R 1
design; we use it to understand 1 F =
common-mode gain suppression =  Ig|as

in differential amplifiers 1 Cg
Mid-band LEC: g V-&

QQ

MW—— |
It + ¥ OV T We find:
| Vin Vgs mVgs Jo Oe A\/ =V, /Vin
V Py o e
CD s,b 7 s,b Vout 3 o ~-1/Re
R rIE]/(gsI-l_gel)
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e Feedback: shunt feedback element |V+

Shunt feedback
e Output signal fed back to the

Input through a passive ele- Re 1Co
ment forming a bridge be- | —
tween the input and output. T . Vout
Used to stabilize high gain circuits V_in j_
and in transimpedance amplifiers; J_ | =
the same topology leads to the — B'AS<> —
Miller effect. (Lec 23) y Ce
Mid-band V.
LEC: Tt g4 Rr d
or VW o -:I-
Vih = Vgs nggs go gsl Vout gel
s,:b S?b °

We find: A\/ :Vout/vin z_ngF
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« Summary of the single transistor stages (MOSFET)

Vemaar Voltage Current | nput Output
gain, A, gain, A resistance, R resistance, R,
. 1
Common source — [gogf ] (: 0l ) o0 o ro|= g_o)
' 1 [gm+gmb +go]}
Common gate ~[0,+ 0" ~1 ~ ~ ro{1+
| ol (9 + O] g
Source follower [9n)] ~1 00 00 1 ~ 1
[On+ Go + 96+ 0] [On+9+0]  On
Source degeneracy r r
~—— o0 0 =~
(series feedback) R °
On = G| g 1 1
Shunt feedback —[—F ~-0, -=L r, =
[go+GF] g RF GF GF[l_ A\/] ”RF ( [go+GF])

Power gain, Aj = A, - A

Note: When v, =0 the g, factors should be deleted.
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6.012 - Microelectronic Devices and Circuits
Lecture 18 - Single Transistor Amplifier Stages - Summary

 Amplifier Building-blocks - single transistor stages

Common source: good voltage and current gain
large R, and R,
good gain stage

Common gate: very small R, ; very large R,
unity current gain; good voltage gain
will find paired with other stages to form "cascode"

Source follower: very small R_,; very large R,
unity voltage gain; good current gain
an excellent output stage or buffer

Series feedback: moderate voltage gain dependant on resistor ratio

Shunt feedback: used in transimpedance amplifiers
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