6.012 - Microelectronic Devices and Circuits
Lecture 17 - Linear Amplifier Basics; Biasing - Outline

e Announcements
Announcements - Stellar postings on linear amplifiers
Design Problem - Will be coming out next week, mid-week.

 Review - Linear equivalent circuits

LECs: the same for npn and pnp; the same for n-MOS and p-MQOS;
all parameters depend on bias; maintaining a stable bias is critical

Blasing transistors
Current source biasing
Transistors as current sources
Current mirror current sources and sinks

The mid-band concept
Dealing with charge stores and coupling capacitors

Linear amplifiers

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

Multi-stage amplifiers and two-port analysis
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The large signal models:
TA
p-n diode: 'asXZ e

Yo
%

BJT: npn qB_l

(in F.AR.) & prie’
BO—
_H |BS
0]:1 =
MOSFET: y °F IqDB

n-channel .
oo
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Qag: Excess carriers on p-side plus
excess carriers on n-side plus
junction depletion charge.

Oge- Excess carriers in base plus E-
B junction depletion charge
Osc: C-B junction depletion charge

Qs. Gate charge; a function of v,
Vps, and V.

Opg: D-B junction depletion charge

Jsg- S-B junction depletion charge
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Reviewing our LECs: Important points made in Lec. 13

We found LECs for BJTs and MOSFETSs in both strong inversion
and sub-threshold. When v, . = 0, they all look very similar:

in Iin_> ”Cm l‘ﬂt_ out
+ | +
Vin gi — ngin o —— Vout
- i Co }
common common

Most linear circuits are designed to operate at frequencies where
the capacitors look like open circuits. We can thus do our
designs neglecting them.*

Bias dependences;; BJI | STMOS | S MOS

d - qle/BKT 0) 0
I - qIC/kT qID/nkT VZKID/a ST = sub-threshold
g, - Al Alg Al S| = strong inversion

The LEC elements all depend on the bias levels. Establishing a
known, stable bias point is a key part of linear circuit design.
We use our large signal models in this design and analysis.

* Only when we want to determine the maximum frequency to which

our designs can usefully operate must we include the capacitors. Lecture 17 - Slide 3
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LECs: Identifying the incremental parameters in the characteristics

MOSFET: Ai (ip)12 A —_—

’ Om Inc. |Vas]|
Q Jo T Q n
InC. Ves
>

» Vps >
VT Ves = Vps

O = dip/AVgslo; 9mp = NG, With m = -dV1/dvggly; 9, = dip/dvpgly

In iB, In iC

BJT: Icf .
% .......... - iP — 1

| Vce

>VCE

Om = alc/KT; g, = B, With B = dic/digly; 9, = dic/dVelg
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Linear equivalent circuits for transistors (dynamic):
Collecting our results for the MOSFET and BJT biased in FAR

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.
¢ Lecture 17 - Slide 5

Clif Fonstad, 11/10/09



MOSFETs and BJTs biased for use in linear amplifiers

| Y

Clif Fonstad, 11/10/09

+V

o

| +V +V

o
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Getting lg;zs: Making atransistor into a current source/sink”

+ l +
VREF VREF
] ————+ < l——+ >
-+ -+
V REE VREE
- l | - l |SOURCE
SOURCE
npn pnp n-MOS p-MOS
BJT current sources/sinks MOSFET current sources/sinks
Must maintain Vg > 0.2V Must maintain Vg > (Vgee - V1)
[Vee in case of pnp] [Vop > (Vgee + V5) in case of p-MOS]
ISOURCE/SINK = [6F/(I3F+1)] IES(quREF/kT-l) ISOURCE/SINK = K(VREF - |VT|)2/2

~ VRer/KT
l-€e9

) * Some people make a distinction between a "sink" and a _
Clif Fonstad, 11/10/09 "source"; you can call them all "sources" if you wish. Lecture 17 - Slide 7



Getting lg s Setting Vgee for a current source/sink

V4

Circuit
being
biased

ON

V.

Concept
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V4

Circuit
being
biased

¥ lsink

T“'QA

VREF

V.

MOSFET version

V+

% Rc1

Circuit
being
biased

¥ Isink

o

Simple resistor divider: too sensitive to
device to device variations of V;, K
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Getting lgas: Setting Vggg, cont.

V+

Circuit
being
biased

¥ Isink

T{"QA

VREF

V.

MOSFET
version
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|V+

Circuit

R being
% el biased

¥ Isink

[» Qa
VREF-
Rag2 Rs

| V.
Divider with Rg: less
sensitive to variations in
V;, K, but not perfect;
resistors are undesirable

| V+

Cir_cuit

R being
% el biased
¥ Isink
Qs ->I " I* Qa
V REF

| V.-

Current Mirror: matches V;,
K variations; easy to bias
multiple stages; only 1 R*

Lecture 17 - Slide 9
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Current mirror sources/sinks: establishing Vi, setting |

| V4 V+
" MOSFET R =
i SINK " “REF
VREF mirrors RREF % (Kgo/KoIV, - V.- Vi - (gl K o) Y]
N -
Q1 Q2 l lSINK
|SouRCE
1 o Lo
RRrEE lsourceRrer = V |
(KQZIKQl)[V+ - V.- VT - (ZISOURCE/KQl)I/Z] _REF
V. VA
| V+ V+
" BJT
L“ V REF }) Mirrors  Rrep S 'swReer = BofAqlV, - V.- 06)
Q1 Q2 l'SINK
l Isource Q1 . Q-
RREF ISOURCERREF = (AQZIAQl)(V+ - V.- 0.6) ﬂ VREF H
V.- NOTE: Base currents have not been | V.
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Examples of current mirror biased MOSFET circuits:

|V+

L
(D) 18ias

-V

Above: Concept

Right: Implementations
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Q2

+F4EQ3

v

MOSFET Mirror

Ip = (KQB/KQZ) |REF

|V+

% RREF bio

Vv |REF A‘IE o

erj ng
v

BJT Mirror

ID = (AQB/AQZ) lREF
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Final comment on current sources:
What do they look like incrementally?

They look like a resistor with conductance g,
For example, consider an n-MOS sink:

Isink g ¢—— - od d
l Vgs = Vgs bV bs % L
) _ 0 —_ 0 0 gO
4{ — S o — f ° S s, b, g
" :
VREF Vps =
- b+ Vs

IsiNk
RREF%

}

Q2

How do you do better (smaller g,)?
The cascode connection: o

[ v |
L
o

- check it out for yourself
- we'll come back to the —
cascode in Lec. 22 Qs ’—

Y

Q4
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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
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| V+

I

IBIAS

COMMON GATE

Input: source; Output: drain
Common: gate
Substrate: to ground

—
r v [ '
+ +
Vin Vout
- " I

RO

V.

Vi

G

Vout

1

SOURCE FOLLOWER

Input: gate

Output: source
Common: drain
Substrate: to source

Vout

Lecture 17 - Slide 14



Mid-band: the frequency range of constant gain and phase

|V Common emitter example:

’ The linear equivalent circuit for the common
emitter amplifier stage on the left is drawn
below with all of the elements included:

Cu Thaia

Il ]

W—; £+ | é |
Vin O« = OmVa« o

C. J

- V 3 Onext
JLoAD 3 out

=CE

Igias

The capacitors are of two types:
Biasing capacitors: they are typically very large (in pF range)

(Cos Cg, etc.) they will be effective shorts above some w4
Device capacitors: they are typically very small (in pF range)
(Cy C,, etc.) they will be effective open circuits below some w,,
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Mid-band, cont.
At frequencies above some value (= w, ;) the biasing capacitors

look like shorts:
of sc"x

|
":"' n T =
‘ Vin O 5 —— OmVa Jo
+ Cn
(DLO < m G{D - 3 Vout ggnext

JLoaD
r||3|As — %S C

At frequencies below some value (= o) the device capacitors
look like open circuits:

C
 OC\W , [|°
ﬂyM + s :>H§; I+
¢ . On mVax
CEOM Ay %;%\¢g %go
) 12 3 Ve 300

OLoAD

== C

IgiAs
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Mid-band, cont.

If w o<y, then thereis arange of frequencies where all of the
capacitors are either short circuits (the biasing capacitors) or
open circuits (the device capacitors), and we have:

W o <0< Wy I +g£4;;}% é I+
Vihn "V OmVa Jo
Cz

+ O
G/D = JLoAD 3 Vout 3 Onext

rlBIAS = %SC

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

W ¥ 7

=~ [t
GD Vin O Vi OmVx Jo Vout 3 O (=9.0ap

T + g next)

+o

Valid for o, ;, < w < o, 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

Clif Fonstad, 11/10/09  ~ We will learn how to estimate o, and o, in Lectures 23/24. | octyre 17 - Slide 18



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)

Clif Fonstad, 11/10/09

Lecture 17 - Slide 19



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

Clif Fonstad, 11/10/09

feedback, the coupling of the outputs of some stages to the
inputs of preceding stages. This is not shown in this figure.
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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 at its  v;, ! R:i Vout
output: or R; or R flin
lin lout o — 3
Thévenin Output
+ Stage + [ |
#_g in_,, OUt_>‘_
Vin LEIC Vout : +
- - G; GmVin Go
O Vin ' I t
orRi orAiIin orRo ou
Two-ports can i Norton Output -
simplify the
analysis and  ,™» lout Slings '°””” > '"”*2
: ¥ =
design of v GmjVin voutJ = vout,+1
mUItl'Stage ) ?Gi,j i VInJ+1 % ij+1 v °'.+ = Vinj+2
. g . _ mj+1 |nJ+1 _
amplifiers: o— — —
Stage | Stage #1 Lecture 17 - Slide 21
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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
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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.
Lecture 17 - Slide 23
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6.012 - Microelectronic Devices and Circuits
Lecture 17 - Linear Amplifier Basics; Biasing - Summary

e Blasing transistors
Current source biasing: current sources to establish stable bias pts.
large signals models are used in this analysis
Transistors as current sources: great as long as stay in FAR
Current mirror current sources and sinks: it takes one to know one

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

Midband: o <o <oy,

e Linear amplifiers
Performance metrics: gains (voltage, current, power)

A, = Vo Vi, A = gl =V_ . IV I

) out’ ¥in? out' 'in? power out'out’ Yin'in
|nput and output resrstanoes
r = Vlnllln’ out = Vtest/Itest Wlth Vin =0

dc power dissipation: (V, - V)(Zlgss'S)
bandwidth  (we'll save bandwidth for later - Lecs. 23/24)
Multi-stage amplifiers: two port models and analysis
current mirror biasing of multiple stages
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