Lars Ohlsson 2018-10-02

F9 — Differential and Multistage Amplifiers

Outline Reading Guide Sedra/Smith 7ed int
« MOS differential pair « Chapter 8
« Common mode signal operation
 Differential mode signal operation
« Large signal operation
« Small signal operation

« Differential and common mode half-circuits Problems Sedra/Smith 7ed int
« Common mode rejection - P8.2,8.8, 8.17(a-b), 8.18, 8.84
« DC offset

» Differential amplifier w/ current mirror load
« Multistage amplifiers
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Common and Differential Mode Signals (recap)

« Two signal sources
« v;: reference signal minus a (half) component
* v, reference signal plus a (half) component 1 1

« Differential mode signal component, v;; = v, — v;
« Typically the “interesting” part of the signal

v,

1

« Common mode signal component, v,.,, = 5 (vy + vy)

« Typically a reference or noise level, not desired

U.’c'.ln

2

« Common mode rejection ratio (CMRR)
« Differential to common mode power gain ratio,
CMRR = 20log;o (+%) -

Acm

U5

Observe the split and polarity
of the differential sources.

ETIN70 — Modern Electronics: F9 — Differential and Multistage Amplifiers 2



MOS Differential Pair

« Two balanced transistors

Same technology, k,
Same threshold, V;,
Same size, W/L

* Arranged symmetrically

Equal load, R,

Share one current sink, I

Source terminals joined, Vs

Equal gate bias, V;

Equal overdrive bias, Vo, = Vs — Vi

« Differential ports

Input over gates
Output over drains
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The MOSFETs in the differential pair (and current sink)
must be operated in saturation mode.



Common Mode Operation

« Drain level: constant
« Forced current through load
» Resistance sets voltage drop
Ryl
Vb1, Vp2 = Vpp — T

« (Gate overdrive: constant

* Forced current through saturated MOSFETs

« Materials and design sets overdrive

1 . /4 5 I
Ip1,Ip; = zkn (T) Voy = E

« Source level: varies with CM input
« Sink must “absorb” gate voltage offsets

Vs =Vem —Ves = Vemr — Vin — Vov
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The MOSFETSs in the differential
pair share one current sink.



Differential Mode Operation

« Difference signal between Q1 and Q2
* Input over gates, v;; = v — Vo
« Qutput over drains, v,; = vpy — Vpq V0V|,D1=,D2=é o (W)
n

» Positive(/ negative) differential input
 Different overdrive in Q1 and Q2 Vip

* Redistribution of current towards
Q1(/ Q2) branch of the pair R, Ry _\=

« Limit of operation
« Steering all current to one transistor

_\/EVOV < Vid < \/EVOV
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Large Signal Operation

» (Gate overdrive level determines

2
differential voltage window ip12 = Ip12 T lig = % = (VL> % 1- (;;id )
ov ov

A A . Vid
ig = {vig K 2Vpy} = gm%

3

j;_)34/o—o Upy =~ ——————< 104+ ——— ——
= l.i 0.9+ lD_l VOV =02V
Voyr =02V ; ;
Cog | T 0.8+ < V=03V
VOV =03V S /

o 0.7 1 Voy =04V
UGs2 = V=04V > 1
Uid o -
’s 0.
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Small Signal Operation

 Small signal differential input voltage G = 2Ip12 _ 1
superimposed on bias point ™ Vo Vor
Viq i Vig = Vg1 — Vg2 K 2Vpy
Ve1,62 = Vem £ —- v
’ 2 .. . . id

_ _ lg = la1 = —la2 = ng
« Small signal perturbation of current

, I Vig Vod = Vaz — Va1 = ImViaRp

Ip1,p2 = P T ng

VDD
 Differential voltage developed 0V
over drain terminals Rp < Rp
I Vid
le D2 — VDD — RD — i gm_ UpO—9—0 — Uy + O——0 Uy
’ 2 2
S s Bleese
« Differential gain results Y1 = Vem + 2% Y62 = Vow = 7
U1 i L)
Vod
Ad === ngD — I —
Vid
—Vss
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How does a finite MOSFET output resistance affect the gain expression?

v % _
Ad = Ld = ngl’) L _SWRD(”mfz)
Vid
c{':]m{ Uiu’./z)
+u,,/2
+ +
Ues1 :T"r'r‘/z §L ngsz _I’Ir'd/z

o—3J . O 8! € 8m B gs2

- - - - -

ov
v! vg,i" + gmvg.i' rﬂ U{)
— o

Think, think, think.
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(Small Signal Analysis Directly on the Circuit Schematic)

* You may save some ink and time...
...Oor make grave mistakes

Imagine the small signal model and work on the
original schematic (experienced users only).
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Differential and Common Mode Half Circuits

+ Differential mode: Push-pull anti-symmetry o
 Source output resistance: virtual ground R"’i R,
 No differential current flow | . !
« Constant bias condition R0 O G
* Load resistance: split v( —| @& Ryl
« Half the voltage level v R
« Half the impedance value -£
«  Common mode: Push-push symmetry - / Kp
- Source output resistance: split RSS% ! @
« Half the current level R,
« Twice the impedance value il Yicm Ilj»f'{_“
« Load resistance ignored (ﬂ) o
« Same voltage on both sides - ~ Vss .
1 ORse $
Half circuits are only valid if pair
= and load are symmetric. il
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MOS Differential Pair w/ Active Load

Improved performance as compared to passive load
essentially a differential CS amplifier w/ active load

e
Voo A
,_{ 0s
Vgo |

Voo L
J | NI
1 4— - LR”,
d o ] QS
TI Q'! V63 T Rrw
) _,_—| O;
1 = L >
1 Q4 B i 5 { 4— Qh
= VG:
Uid
2 e |
> " Ve
o——f 0, (5) F—-—o0 =
VCM+ﬁ ) Vem — E O—ll: 0, Qz:| ,
? = Vi - Vew — 4
- 2 53
Vod
I (0]
Ad — . gml(rol | |T03)
Vigd
- Vss

Ay = gml(Ron”Rop)
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BREAK
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Common Mode Gain and CMRR

« Differential gain, A4

Aqg = gmRp

«  Common mode gain, A,
* Arises from mismatch

o= a0+ (57) L]
2Rgs Rp Im RD¥ i ]_ \Ll_RD Yo

« Common mode rejection ratio (CMRR) tio——4 > U $—o
- Ratio of differential to o e 0,
common mode gain z iy
2iy Il
A —29mR =
CMRR = d = gm 55 Rss
Rp Im =

Device matching and high current source
resistance keeps CMRR high.
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DC Offset

« Imperfectly balanced pair... - Voo
 Unequal load, AR, = Rp; — Rp»
»
. w w w Rp, Ry Rp, Rp,
Unequal size, A (T) = (?)1 — (T)z o 3 \,
* Unequal threshold, AV,,, = Vi1 — Vi Yo o—4 -
* ... L—'O—| I O, I—O—_! +O—f 0, 0, —o—
- E Jfl] ’:l{ j ] —Vos
* Output non-zero at zero input, ©
as current not balanced , !CD
 Input referred offset voltage, Vs Y
* |nput that cancels offset
2 2
Vov AR Voy AW /L)
Volv,g=0 Voo ~ z Voo )2 = |[ZZX22 ov AV,..)>
Vys = A—;d 0S n( osn) 2 R, + 2 W/L + (AVi)
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Differential to Single Ended Conversion?

« Option 1: Trash input branch current
« A convenient but sub-optimal approach

Vop A ‘ ; RD
J — 0 U,
(0F

/2 o—II:Q. 0

Voo A

A

2
|
=
:..\
o

0 & - , C‘D :

Y
i VSS

Although successfully converting to single ended,
— Vs half of the signal current is lost to the supply.
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How to reflect differential pair input branch current to output branch?

Voo A
03

VO | | 0,

A

+0,4/2 0—

Think. think. think. vy,
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MOS Differential Amplifier w/ Current Mirror Load

» Option 2: Mirror current to output T
« Superimposes both branch currents

« KCL “magic” at output node

« Differential mode currents
cleverly forced into load

D N 0
e R I

« Common mode and dc currents
must ignore load e 5 ||:

. I I .
lCM=E+lcm_(§+lcm)=O

Current mirror does not load the
Vi differential pair symmetrically.
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Differential Amplifier: Short Circuit Transconductance

« Identify equivalent transconductance amplifier
 Infinite input resistance

« Transconductance = = =
- Finite output resistance -
1 1 L ..o 22 1
Ag = GuRo = 5 gty = 5 Ay (z5lrs) $ %= g Vs B
2 2 o v, & T 0
e———O -
83,84 ;_
= G, v R .
_|._ m Yid 1‘ 0 2, dl — g,
o o0———0 0 O——O
-‘f.\,,; = "'T:;-\-I + ¢ s
B .
Q_ 0 —_— — Uiy 2 U, ol Fo2 U, Ui /2
%j ‘ I‘; ¢ ‘ . gml(Tj) ng(Ti) = 0
E o G o
T
T | 1
- lg —
Yid ; _Yu G, = — = =
2 O_ll—_bQI Q“q_—ll_o 2 ™ vy gm
~0V
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Differential Amplifier: Output Resistance

« Identify equivalent transconductance amplifier
 Infinite input resistance
« Transconductance T
» Finite output resistance

_T._ Gy, Vg "‘ R,} =1/ m3 J Tf@
Qz.jj—lm; l.ﬁ‘.ltha; = = HI:Q] ’
| "LEL o L )
+% o—||:Q1 Q2:||—o _% R, = i = (T52]1704) K.
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Differential Amplifier: Common Mode Gain and CMRR

« Asymmetrical loading Ay =

Vod
Ad = = GmRo ~ gm(rozllroz})
Via

. Diode connected transistor ~ CMER = A —(GmTo)(gmRss)
« Common source transistor = /
T Current R i: Anii
; ; Mirror e
* Mirror approximately Q32| r:@
buffers current
e— 0O 1 { \l(
« Common ggte source/ load 1,,,,(_,,“0_||:Q1 Q2:I|—ovh.m .
transformations useful . <+>
| (;mc‘n.ivfc
%RS‘S‘

Vo
A.y = =—(1-4,,))G R R ~
cm vicm ( m) mcm( om | | 02) ngRSS
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Multistage Amplifiers

Multistage seen as functional blocks
* Noise/ CM rejection
« Signal gain (small signal)
* Power (linearity)

Differential input and interstage
+ Differential gain
« CM (noise or interference) rejection

Single ended output stages
« (Gain and power level
« Resistance transformation

Single ended output typically
« Load to ground
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Multistage amplifier is co-desiged system,

its stages dedicated to specific tasks.
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Two-Stage CMOS Op Amp

« Bias current steering circuit

* Input stage: differential PMOS pair
« Gain and single ended conversion
« NMOS current mirror load

« Output stage: common source NMOS
« Gain w/ active load

« Stability
* Frequency compensation
feedback capacitor

Compact, moderate gain, but rather
high output impedance
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Four Stage BJT Op Amp

« Bias current steering circuit ey
Rlzzokﬂ‘l iRz:zOkﬂR3=3kﬂi R, =23 kQ

* Input stage: differential NPN pair

- Differential in/ out gain =

A

« Second stage: differential NPN pair LW QS:F

« Gain and single-ended conversion . Q;]—

g +°—| Q

« Third stage: degenerated common emitter PNP N ‘ I:QB

« Gain and level shift =

28.6 k() $—o v,
« Output stage: emitter follower
P J _ 0 0" O
* Low output impedance y -
Rs=157k0S S R, = 3 k)

« Higher gain, lower output impedance I T

=15V
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