6.012 - Microelectronic Devices and Circuits - Fall 2005 Lecture 21-1

Lecture 21 - Multistage Amplifiers (I)
MULTISTAGE AMPLIFIERS

November 22, 2005

Contents:

1. Introduction

2. CMOS multistage voltage amplifier
3. BICMOS multistage voltage amplifier
4. BICMOS current buffer

5. Coupling amplifier stages

Reading assignment:

Howe and Sodini, Ch. 9, §§9.1-9.3
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Key questions

e How can one build a wide range of high-performance
amplifiers using the single-transistor stages studied so

far?

e What are the most important considerations when
assembling mulstistage amplifiers:

— regarding interstage loading?

— regarding interstage biasing?
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1. Introduction

Amplifier requirements are often demanding:

e must adapt to specific kinds of signal source and load,

e must deliver sufficient gain

Single-transistor amplifier stages are very limited in what
they can accomplish = multistage amplifier.

VbD

signal source

_

e D>—D>—E># poi

|
Q) | vouT % RL
1 |

[ssues:

e What amplifying stages should be used and in what
order?

e What devices should be used, BJT or MOSFET?

e How is biasing to be done?
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O Summary of single stage characteristics:

Lecture 21-4

Stage H A”an Gm0> Aio Rin ‘ Rout H key function

CS Gmo = gm 00 o/ [Toc transcond. amp.
CD Ay >~ p—— 00 p——— voltage buffer
CG Ajp =~ —1 a jgmb Toc/ [[To(1 4+ gmRs)] current buffer
CE Gmo = gm Tx To/ [Toc transcond. amp.
CC Ay >~ 1 e+ 0(ro//Toc//RL) i - % voltage buffer
CB Ajp~ —1 ng Toc/ [{To[1l + gm(rz//Rs)]} || current buffer

O Key differences between BJT’s and MOSFETs:

BJT MOSFET
Ip = % > I =0

9m = Cgf—TC > Gm = \/Q%MCOZC]D

1

7"0:—0 > TO:E
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2. CMOS multistage voltage amplifier

O Goals:

e high voltage gain
e hich R;,

o low R,

O Good starting point: CS stage

Rs rollfoc
—\/\N\_jr —AM 1
+ +
Vs () Vin (O)-9ml(roflroc)Vin - Vout % RL
¢ Rm — O

o Ay = —gm(rs/ /7o), probably insufficient
® Ryt =70/ /Toe, t00 high
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O Add second CS stage to get more gain:

Rs ro1//foc1 ro2//foc2
—VW— VAN 1 VAR +
+ +
_ ) Vinl ()-9m1(ro1/lroc1)Vinl Vout1=Vin2 (O-gm2(r02//roc2)Vin2 Vout2
® Rm = OO

® Avo = Oml (Tol//rocl)ng (TOQ//T062>
o but Rout = 702/ /Toc2, still high

O Add CD stage at output:

1
Rs ool Toc I3 * Imi3
—\W\re M o ® o
+ +
+
‘éC_) ¥in Avolfn Ving g, Yu =R
Vipq 'Y
) . msng"'gnhS ~
: QO @
CS-CS CD
o R, = o0
LY — r r r r.o)—am3  still high
V0 gml( 01// ocl>gm2( 02// 062)9m3+9mb3’ g
e R, = ——— now small

 9m3+9mps
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3. BiCMOS multistage voltage amplifier

O A,(CFE) > Ay,(CS) because r,(BJT) > r,(MOSFET)
and g,,(BJT) > gn,(MOSFFET) but...

CS stage is best first stage, since R;, = 0.

O Add CE stage following CS stage?

RS r01II rocl r02” roc2

— e h—- o—

+ +
+
+
Vs<—> Vin1 AvotVint | Virg M2 AoMinz | v, § R
_ . : : e @
CS CE

Trouble is interstage loading degrades gain:

Routl — 7001//70061 > RinQ = T2
Voltage divider between stages:

Rino _ T2 ~_ M
Routl + RinQ 7001//70001 + T'72 Tol//rocl

Additional gain provided by CE stage more than lost in
interstage loading.
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O Use two CS stages, but add CC stage at output:

I L_,_ I’o:Z”rocz
R fo2 ! Toc2 9 Bs
P
+ Wy . -+
+
Vs Vi B Avo1Avo2Vin | Ving § rn3+B3(r03”r003”RL) Vi3 Vot R
_ o
CS-CS cC

Interstage loading:

Roth — TOQ//TOCQJ Rini% = Tr3 + 63<T03//T003//RL)

Then, interstage loss:

Rin3 _ =3 + B3(103/ /Toe3/ | R1L)
Roth + Rz’n?) r'“02//7“002 + 73 + 63 <T03//T003//RL>

better than trying to use a CE stage, but still pretty bad.

Benefit is that R,,; has improved:

1 Rou 2 1 02/ ] Toc2
Rout — Rout?) = — + ' — + //

9m3 B3 dm3 B3

Since, in general, ¢, (BJT) > gn(MOSFET), Ry,
could be better than CD output stage if ryo//roe is not
too large. Otherwise, CD stage output is better.
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O Better voltage buffer: cascade CC and CD output
stages.

What is best order? Since R;,(C'D) = oo, best to place
CD first:

1 1 1|
Rs r02“ Foc2 973 * 9mp3 [ " B4(Gn3 + Gpa)
o o A —\\\—e
o+ + 4
+
5 Vin AotAvcVin Vs OV Ving = 1 + BRI gl o) < D Vina Vour
— = o
CS-CS CD-CC
Interstage loading:
RinB
=1

Roth + RinB B

Rina _ Tra + Ba(Tos/ [Tocs/ ] RL)
Rout?) + Rinél L + Try + ﬁ4(ro4//roc4//RL>

Im3+t9Imp3

~ 1

and excellent output resistance:

1 R, 1 1
Rout — Rout4 = — + & — +
Gma B s Ba(gms + gmp3)
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4. BiCMOS current buffer

O Goals:

e Unity current gain
o very low R,

e very high R,

Start with common-base stage:

iin iout
— <«
NO) RS% 1/9m % @) -iin % roc//(Bro) % RL
o Aio = —1
® Rm =L
dm

o Rout — Toc//{ro[l + gm(rﬂ//RS)]}
Note that if Rg is not too low, Ryt =~ roc//(870).

Can we further increase R,,; by adding a second CB
stage?
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O CB-CB current buffer:

liny lin2 lout
—

iSQ) §RS gglﬁ l _iinl §B1r01||r0c1 gglﬁ _iinz R
CcB CcB i \

[ 9oz Baton I T oo

Now

Rout — Roth — TOCZ//{TO2[1 + ng(TWQ//Rouﬂ)]}
Plugging in Ryt > roc1//(B1701),

Rout — TOCQ//{TOQ[l + gm2<rﬂ2//rocl//6lrol>]}

But, since 10 < 1501/ /(B1701), then

R0ut =~ TOCQ//[T02<]- + gm2r7r2>] =~ 7“002//(627“02)

Did not improve anything! The base current limits the
number of CB stages that improve R,,; to just one.

Since CG stage has no gate current, cascade it behind CB
stage.
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O CB-CG current buffer:

[gmzroz(Blrol ” rocl)] ” roc2

Rout — Roth — Toc2/ / [TOQ(l + ngRouﬂ)]
with Routl =~ Tocl//(ﬁlrol)a

Rout — Toc2//[ro2gm2(rocl//ﬁlrol>]

Now R,,; has improved by about g,,27,2, but only to the
extent that r,. is high enough...
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5. Coupling amplifier stages
O CAPACITIVE COUPLING

Capacitors of large enough value behave as AC short, so
signal goes through but bias is independent for each stage.

Example, CD-CC voltage buffer:

5.0V 5.0V

4.0\/._( 32V
25V

ISJPl ISUP2

25V

Assumes VBE =07V

e Advantages:

— can select bias point for optimum operation

— can select bias point close to middle of rails for
maximum signal swing

e Disadvantages:

— to approximate AC short, need large capacitors
that consume significant area
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O DIRECT COUPLING: share bias points across stages.

Example, CD-CC voltage buffer:

5.0V 5.0V

47V o—{ 32V

lsup1 lsup2

25V

Assumes Vg = 0.7V

o Advantages:
— no capacitors: compact
e Disadvantages:

— bias point shared: constrains design

— bias shifts from stage to stage and can stray too

far from center of range
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Solution: use PMOS CD stage:

Assumes Vg =0.7V

L Vgs=15V

Trade-off: g¢,,(PMOS)< ¢,,(NMOS) — higher R,

In BiCMOS voltage amplifier:

1 |

Rou — +
! 9ma ﬁ4<gm3 + gmbB)
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Lecture 21-16

O Summary of DC shifts through amplifier stages:

Amplifier Transistor Type
Type
NMOS PMOS npn pnp
V+ \ai V+ v+
i IN j
wP °—| iqp IN
Common
Source/ ouT ouT ouT
Common IN
Emitter o—| i -
i
(CSCE) UP 1 suP
\Van \Van \Van V-
V+ V+ V+ V+
| & Y
lsup N igp IN
Common ouT _| AJ
Gate/ - L "™ our
Common _| ouT =
Base N — \l
(CG/CB) Il iqup IN lsup
IN
° T
\Va AV \ \
Vvt Vas VAl vt
IN . .
o—| lgup IN ] lgup
Common
Drain/ ouT ouT ouT
Common ouT IN IN
Collector _ o—| i
(CD/CC) lqup JUP
V- V- V™ Val
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Important difference in bias shift between stages in BJT
and MOSFET amps:

e [n BJT (for npn):

VBE =~ VBE.on

rather independent of transistor size and current level.

e [n MOSFET (for nMOSFET):

ol L
tnCoz W

VGS:VT—FJ

Can be engineered through bias current and transistor
geometry.

5.0V 5.0V

4.7V0—( 3-2VJ

25V

lsup1 lsup?
Assumes Vge = 0.7V
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Key conclusions

e To achieve amplifier design goals, several stages often
needed.

e In multistage amplifiers, different stages used to ac-
complish different goals:

— voltage gain: common-source, common emitter
— voltage buffer: common-drain, common collector

— current buffer: common-gate, common base

e In multistage amplifiers must pay attention to inter-
stage loading to avoid unnecessary losses.

e In direct-coupled amplifiers, bias is shared between
adjoining stages:

— must select compromise bias,

— must pay attention to bias shift from stage to stage.
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