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Analog Integrated Circuits

Power
Source

Transmission Media Physical Sensors & Actuators

Wire Pairs

Coax

Fiber

RF VLSI _
Digital Imagers & Displays

System

o

_ /N Audio 1/0
Storage Media

Disk

Tape Analog/Digital Interfaces

Bubble

e Usually integrated with digital VLSI circuits monolithically (mixed-signal integrated
circuits) for better performance and/or lower cost.
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Analog Signal Processing

Analog Signals

e Always continuous in amplitude.

e Either continuous in time (s-transform) or discrete in time (z-transform).

Analog circuits provide interfaces between the analog environment of the physical world
and a digital environment. Major functions are

e Amplification.

e Filtering.

Analog-to-digital conversion.

e Digital-to-analog conversion.

Power supply conditioning.

Introduction 1-3 Analog ICs; Jieh-Tsorng Wu



Design for Analog Circuits

Signal path

e Small (variational) signals related by linear transfer function in the frequency domain.
e Model with linearized small-signal equivalent circuit.

e Analyze using Laplace transforms.

Biasing Circuit

e Establish operating conditions of devices in signal path.

e Concern with sensitivity to variations in temperature, supply voltage, and fabrication
process.

e Analyze using large-signal device models.
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Performance Considerations

Small-signal response: gain, bandwidth, noises, ...

Large-signal response: settling time, distortion, ...

e Sensitivity to device variation, temperature variation, external noises, ...

Cost: power dissipation, chip area, yield.
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Design Practices

Make simplifying assumptions that allow hand analysis.

Keep in mind potential consequences of the assumptions.

Use simulations to verify the design.

e Good designs are robust; i.e., insensitive to approximations in the modeling as well
as variations in temperature and fabrication process.
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PN Junctions

_ . o _ N ,N
— , l " .}_0 Ve Built-in potential = ¥, = Ur In A D
Applied externa
Charge fu) pr‘)everse bias n/
density p
qNp
' - x kT 0
Distance UT = — X 26 mV a.t 300 K

q
n: ~1.5x 10 cm™ at 300°K for Si

Solving Poisson’s equation,
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Small-Signal Junction Capacitance

Depletion layer charge is Q; = gN,W,A = gNpW, A, where A is the cross-sectional area.

Depletion-region capacitance

C.=d_0f=,4 qge _NaNo 1/2.; _Cio
T 2% N, + N, .

Simple theory
(Equation 1.21)

Reverse bias
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Small-Signal Junction Capacitance

e C; can be expressed as

e In general

— m = 1/2 for abrupt junction.
— m = 1/3 for graded junction.

e In forward bias, diffusion capacitance dominates.
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Large-Signal Junction Capacitance

Depletion layer charge can be rewritten as

C. V, 1-m
Qj-z /0 %<1+—R)

1-m
Average capacitance is defined as

. _9m-owm
e V.-V

For an abrupt junction, m = 0.5,

e IfV,=0V,V,=5V,and ¥ =0.9V

C

1
j—av = 056 . C/O ~ EC/O
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PN Junction in Forward Bias

'D & + Small-Signal Model

SZ VD : rd 2 —_ CT

1 1
[h =10/ —_ 1) x e/ .~ A +
p = 1Is( )~ g s N, TN,
1 dl, Iy
= = — Cr=C,+C,;
ry  dV, U roraTE
C b _ T Transit Time
= —_— = — = | |
d =Tr U1, Tr

o For moderate forward-bias currents, C; > C;, r ,Cr = 7.

e For Schottky diode, C, = 0.
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PN Junction Avalanche Breakdown

e The maximum electric field in the depletion region of an abrupt junction is

aN,W, 29N Np(¥ + V) 1/2
|5max| =

e e(N, + Np)
|€ ,ax| InCcreases with both V; and doping density.

e As |£,...,| — &, carriers crossing the depletion region acquire enough energy
to create new electron-hole pairs when colliding with silicon atoms. The result is
avalanche breakdown.

1
V n
1- (%)

BV is the breakdown voltage. And typically 3<n <6

/RA =M/R M=

e £_,.;;Is afunction of doping density, which can vary from 3 x 10° V/cm to 10° Vicm as
N, (or Np) varying from 10" atoms/cm® to 10*° atoms/cm®.
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PN Junction Breakdown

Zener Breakdown

e In very heavily doped junctions where the electric field becomes large enough to strip
electrons always from the valence bonds. This process is called tunneling.

e The Zener breakdown mechanism is important only for breakdown voltages below
about 6 V.

Punch Through

e A form of breakdown that occurs when the depletion regions of two neighboring
junctions meet.
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Bipolar Junction Transistor (BJT)
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Minority Carrier Current in the Base Region

There is a negligible flow of holes between emitter and collector junctions because

neither can supply a significant flow of holes into the base. Thus, in the neutral base
region,

dp, D, 1dp, kT 1dp,
J, = X)E(x) - qD,—= =0 = E(x) = =
qupPp()EX) - qD,—> 0= o dx ~ q by dx

e Note that for uniformly doped region dp,/dx = 0 = £(x) =

For electrons in the base,

an n,dp an gD, ap an
o = QUANHN)EW) +qDy—> = KT 2 —2 + qD,—> = (nb —2+ Dy dxb)

Py dx it dx Py
qD, [d(n,py)
Pp adx
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Minority Carrier Current in the Base Region

Assuming negligible recombination in the base, so that J, is constant,

Wg Ws o
J /0 %’é);)dx = /0 (';‘;p o) gy = n,(0)p,(0) = n,(Wg)p,(Ws)

From the Boltzman approximation at the edges of the depletion layers,

1,(0)p(0) = n/?eVBE/UT n,(Wg)p,(Wp) = n/?eVBC/UT

Thus
gn
J (e Be/Ur _ eVBC/UT> = Jg (eVBE/UT _ eVBC/UT>
n [WB Pp dX

where ,

an;

Jg = Vo o
/ B bdX
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Gummel Number (G)

D, is a weak function of x. Then, J5 can be expressed as

qn: qnfﬁn

/WB Pp dX G
where

e The Gummel number, G, is simply the dopant concentration per unit cross-sectional
area of the base.

e For a uniform base region, N,(x) = N4, then G = WgN,.

BJT 2-12 Analog ICs; Jieh-Tsorng Wu



Base Transport Current

The total minority carrier transport current across the base is

qn’D,
G

The transport current can be separated into forward and reverse components as

x A

I =Jdy x A=l [eVBE/UT _ eVBc/UT] where /g = Jg x A =

I = g (eVBE/UT _ 1) g (eVBc/UT _ 1) = Iop + Ipp

o If V5 > 0 and Vg, < O, the device is biased in the forward-active region,

Iy = l;eVBE/Ur

o If V5 < 0 and Vg, > O, the device is biased in the inverse-active region,

Iy = /SeVBC/UT

o If V5 > 0 and Vg, > O, the device is biased in the saturation region.
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Base Current

In the forward-active region
Ig = lgg + Ige

e /g5 IS due to the recombination of holes and electrons in the base.

e /gc is due to the injection of holes from the base into the emitter.

Define @, as the minority carrier charge in the base region

W °

0 = oA 1 _ 1 i Vee/ur
.=q ny(x)dx or Q,==qAWgzn,(0) = ZgAWz—e
: > 27BN,

Igg Is related to Q, by the lifetime of minority carriers in the base, 7,

Qe 1qAWB n/2

Igp = —

— .eVBE/UT
T, 2 T, N,
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Base Current

Iz depends on the gradient of minority carriers (holes) in the emitter.

e For a “long-base” emitter (all minority carriers recombine in the quasi-neutral region)
with a diffusion length L ,

qAD

| qAD, n,?

L, Np

p

p,,eBE/UT = e’se/Ur N, = Emitter Doner Density

p

e For a “short-base” emitter (all recombination at the contact) with emitter width Wg, Wg
simply replaces L , in the expression for /5.

The total base current in the forward-active region is

- _ [raAWe i aAD, ]
= |k

— + eVBe/Ur
2 15 N, L, Np

e In modern narrow-base transistors /g > /55.
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Forward Current Gain

In the forward-active region, the forward current gain is

By = € -
FET= >
ls W5 | DoWghy
ZTbDI‘I Dn Lp ND

The emitter current is

F ar
where
q. = le Br : 1 ~a -y
F=—7 ~ ar
e Br+1 1+ﬁi 1 + Wg + PoWg Ny
] 21,0, * DyLp Np
g 1 1
T Wg Ve 14+ 22WBNa
1 + ZTBDI‘I DI‘I LP D

e a7 is called the base transport factor, and y is called the emitter injection efficiency.
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BJT DC Large-Signal Model in Forward-Active Region

| B | c | | c

- -
B B
+ +
VBE ¥ é VBE(o é
f'E E

n)
1|

/
/B = ﬁ—SeVBE/UT /C = IBF/B
F

e The voltage on the emitter junction can be approximated by a constant Vgg ;-

e Vgeom 1S Usually 0.6 V to 0.8 V, and has a temperature coefficient of —2 mV/ C.
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Dependence of B on Operating Condition

400

300

200

100

Vae 0 { i I | ]
(linear scale) 0.1 uA 1 uA 10 uA 100 uA 1 mA 10 mA

e At high currents, due to high-level injection

lo — /SeVBE/(ZUT)

e At low currents, due to recombination in the B-E depletion region

lg — /SeVBE/(ZUT)
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Collector Voltage Effects

Carrier concentration

A

Collector depietion
region widens due

| |
[ i
t to AV(A".‘ 1_’
* [ ! le
; | }
| | I 4 VBE‘
. | [

1 . |
| l I initial ]
: 0) = Vae < depletion —h-{
| "o Tpa EXP T | region " Vats
| T | H
: ~a l - 3
| \ = [(‘ | : I -

; ~ -~
: I(' + AIC \\\ | | _ - _ VBE?
L ! 1 —- x - -
- —_
—_~ he— AW T _ VaEr
Emitter Base | ] Collector T - —
| P f——/

1 P |
a l

In the forward-active region,
collector depletion layer width, thereby reducing Wy by AWy, and increasing /..

e

— /SeVBE/UT

ol
7

an

Vee

increase AV, g Iin Vg results in an increase in the

2
n:D
- A%eVBE/UT G = Gummel number
2
_ M Vee /Ur . aGg — _lﬁ. aG
G2 Ve . G dVop

BJT
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Collector Voltage Effects

For a uniform-base transistor

G =W,N, and 8/0_ o dWe
S A 5VCE_ Wg dVee

o dWy3/dV, g is typically a weak function of V- for a reverse biased collector junction
and is often assumed to be constant.

The Early voltage, V/,, is given by

I 1
VA = = _WB
ol./8V, dWs/dV,
C CE B CE

The influence of changes in V, on /- can thus be represented as

V
| = .e%Be/Ur [1 4 CE
o = lseseltr (14 32

e Typical values of V, are 15-100 V.
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Base Transport Model

Hp0) )
J t \‘\\ =i n, (W) 1 ?
npy(x) \‘,v\" - : !
- J: P ”’{’szu)j\\\i i . /S/IBF t /E
Emitter T Base ]'l Collector ]
- . E
Iy =g <9VBE/UT _ eVBC/UT>
Is Vge /U Is Vge /U
/C=/T——<eBC T-1) /E=—/T——<eBE T-1)
Br Br
/ /
lg = S <eVBE/UT _ 1) + 2 (eVBc/UT _ 1)
Br Br

BJT
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Ebers-Moll Model

Recalling
I =g <eVBE/UT _ eVBC/UT>

/ /
lo = I - ,8_2 <eVBC/UT _ 1) Il = =1 - ,B_i- <9VBE/UT _ 1)

SPICE uses the base transport model with the equations rewritten as:

/C —_ /S <eVBE/UT - 1) - /S (1 + i) (6VBC/UT - 1) = /S (6VBE/UT — 1) — /_S <9VBC/UT _ 1)
Pr g

le=—-Ig 1+ 1 (eVBE/UT _ 1) —Is (eVBC/UT _ 1) — _/_S (eVBE/UT _ 1) —s (eVBC/UT _ 1)
Br ol

o Note that, in the classical Ebers-Moll model, parameters /-5 and /-5 are defined such
that

Aelgs = agles = I
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Leakage Current

In the forward-active region, e"Be/UT 5 1 and €"8¢/YT « 1, then

/ /
|~ [ooVBE/Ur 4 S |-~ ——2 gVBE/Ur _ |
C S aR E aF S
thus
and .
/C — —O’,:/E + (— - a/:) /S = —O’,_-/E -+ /CO
dp
where

/s
lco = (1 - arag)—
g
e /oo IS the collector-base leakage current with the emitter open.

e In practice, because of surface leakage effects, /,, Is several orders of magnitude
larger than the value predicted by the above definition.
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Common-Base Transistor Breakdown

é &I/ #IL e Avalanche multiplication at the junctions
= = of a BJT limits the voltage that can be
i sustained.
L msma / e BV,pp is the breakdown voltage of C-B
B 1.=1.0mA / =0 JunCU()n W|th /E o O
0s i 7 BVepgo I1s much less than BV g.
| | ! 1 ! yt’;‘a

Neglecting leakage currents

1
[ Vs 7
1 (5 Veso )
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Common-Emitter Transistor Breakdown

Saturation
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Forward active
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|
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|
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l | | | Ve
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Common-Emitter Transistor Breakdown

In this configuration, holes generated in the avalanche process are swept into the base
where they act as a supply of base current. The avalanche current is thus effectively

amplified by G¢.

b= (et 1) =+ —C o Mar ),
- = + = —/p + =
B ct+le c* Va, c=\T"ma, )’

where M is as defined above for the common-base case.

BVt is defined as the value of V¢ for which /, — oo; that is, for which Ma — 1.
Assume Vg = Vg, then

ofa BVceo 1 1
Ma = Bloso\” L= BVogo (1= o) = 1)1/n Y
1— (ﬁ) CcBO (Gr +1) .
CBO

o Note: Here must use value of BV, 5, for intrinsic transistor. Actual Bl g, is lower than
this because of sidewall effects.
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Small-Signal Model of Forward-Biased BJT

r

L
C#
® | | ® ® C
T Cy S*)gmvn <,
1
E
le
|, = =
° 7 B
Bias and small-signal variables are:
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Small-Signal Model of Forward-Biased BJT

Im

Bo

9n

9o

Ol qle ¢
OVge KT  Us

Olc [0 (lc\17"
o o )|

0l 1 10l g,

Ve ' BoOVe By
ol, I,
OVee ) Vy
Olys  0Olgp 0l 1
Vg 0l 0V T,
Cp+ Cje =TrGm + Cje

Cic

= N9m

o If B~ is constant, then G, = (..

° I'ZE%_
0lg 0l 9

9, or r,= B,

T 0l B,

Typically, r, > 108,r,.
For lateral pnp, r, is 28,r, ~ 506,/,.

Junction capacitances are

BJT
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Charge Storage

In the intrinsic transistor charge is stored in the junction capacitances, C;, and C;., and
as minority carriers in the base (Q,) and emitter (Q,).

e Both Q, and Q, are proportional to eVBe/Ur

e (J, > Q, and typically the effect of ), is taken into account simply by modifying Q,.

An equivalent forward base transit time, 7., is defined as

Q. We . .
Tr = — TF = for uniform-base transistor
2D,

The diffusion capacitance is

0Q, o1,

=T
Ve OV

Cp, = =Tr9m
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Complete Small-Signal Model with Extrinsic Components

Collector Base o Emitter
ST e
® @L@ %" J ®
rea i "y ];O
c.-fog e % T
@ Feq Injectnigt%ﬁctron
( °_‘\;§;\’_° Buried layer @}
_I_C
T Cy
@ Substrate
v
I’b B’ C/J rC
8 —V ——¢ l N— ¢
+
e <tn 7C @ fo T Cos
- ImVn
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Typical values of Extrinsic Components

r, 50-500 Q
r., 20-500 Q
Fox 1-8 Q
C.s 0.2-3pF

The value of r;, varies significantly with /, because of current crowding.

Hae resistance, », (L1}

g

L
o
O

&

8

pOg1r oo a1 1 10
Caollector currenr, msh,

BJT
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MOS Transistors

nMOST

pMOST

Gate

n channel

Gate - % Body G-

D
Drain
V1D
Source S

Source

S

Gate | E:— Body G 9 E‘I&
I'D

D

Drain
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MOS Transistors

® Lojoctrical = Lgaz‘e —2Lp. InSPICE, L = Lgaz‘e'

For nMOST, Vp > Vg > V3.

For pMOST, Vp, < Vg < V3.
e The / — VV equations of NMOST are identical to those of pMOST.

e For enhancement-mode device, V;, > 0 and I}, < 0.
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Strong Inversion

Vs VG VD

Depletion 1 I
Region ! '

Nsus
p- Substrate

The threshold voltage of /55 for strong inversion is

Vi(y) = V(y) + 20, + \/V(y) + 20, + Vg

N 2qge.;N €
2qbf=2£In< SUB) y=\/qs’ SUB ox

C,, =%
n; C,, oX ¢t

ox
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Channel Charge Transfer Characteristics

The induced channel charge per unit area is

Q,(y) = Cyy [VGB — Vz‘(y)] when  Vgg > Vi(y)
The current along the channel is

dVv
Ip =W -uQ,y)-£y) = W'.UQ/(Y)'d—y = Ipdy =WuQ,(y)dVv

Integration along the channel from O to L gives

L Vps
[ 1ody = [ WuC, [Vas - Vit1] av
0 Vsp

Vps

w 1 2
Ip = UCox {(VGB =207 = VeglV (V) - 5V20) - yIV(y) + 2¢f]3/2}

Vsg
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Simplified Channel Charge Transfer Characteristics

The threshold voltage of V¢ for strong inversion is simplfied as
Vi) +Vsg =V' (V) +Vsp + (SB) = V) () =V'()+V;
The channel charge becomes
Q)(y) = Cox [Vos = V'(y) - V]

And the drain current is

w 1 W 1
Ip = UCo— [(VGS - V)Vps - EVDZS] =k T [(VGS ~ VolVbs - EVDZS:I

e I/, is the threshold voltage of V¢ for strong inversion, and depends on V.

e k' = uC,, is called the process transconductance.

MOST 3-6 Analog ICs; Jieh-Tsorng Wu



MOST I-V Characteristics
/D \//DSAT

VDS = VDSAT A

VSB=O VSB>O

Triode Saturation (Active)
Region Region

- VGS

Vio Vi

W 1
Ip = ﬂCoxT [(VGS - VVps - EVDZS] for Vps < Vpsar = Vs — V4

1 W
Ipsar = 1p @ Vps = Vpgar = E#Cox—(VGs - Vz‘)2
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Threshold Voltage

Vi=Vio+V [\/VSB +2¢; - \/2¢f] for Vsg>0

Vi, Is the threshold voltage when Vgg = 0.

KT N 2qge ;N €
Vio =20 +v\[20¢ + Vg @f = n( SUB) Vz\/QSI — Cox =
q n; Cox tox
The Fermi level ¢, is temperature dependent, i.e.,
dqbf . o
— = —=|— - @ E,o = Silicon band gap at 7 = 0K

The V;,’'s temperature coefficient is

-ifo] b

e dV,,/dT is usually in the range between —-0.5 mV/ C to -4 mV/ C.
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Square-Law |-V Characteristics

In triode region, 1st-order long-channel model is

W 1 W !
Ip = uC,,— [(VGS = V)Vps - EVDZS] =k L [(VGS =~ V)Vbs - EVDZS]

When Vpg > Vpgar = Vgs — V4, the MOST s in the pinch-off region (or saturation region),

1

1 W
/DS = /DSAT = /D(VDS = VGS — Vz‘) = ox [ (VGS V)2 —VZ

2 L ov

e k' = uC,, is called the process transconductance parameter.
e k== /JCOX 7~ is called the device transconductance parameter.

o I/, = Vs — V;is called the gate drive or the overdrive.
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Channel-Length Modulation

S - = - Vps

|/DSAT

1., W
/D(sat) = 2k / ffvozv Less =L —A AVps = Vps = Vpsar
e

Using one-dimensional abrupt PN junction model,

A ~ ” qNSUB \/VDS VDSAT + l/j
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Channel-Length Modulation

The /, variation due to V¢ can be written as:

0/0 . alD y 6Leff _ /D y 1 263/ 1 _ / /_{
OVps OLgr  OVps Lere 2V aNsus \WVpg = Vpgur + ¥, 7

The drain current in the pinch-off region can be approximated as

1W 1 W

/ 2 VDS
/D(sat) 2 L ov (1 + ’“/DS) - _k | |/ov VA

e lisinversely proportionalto L, i.e., A < 1/L.
o Typical values of 1 are in the range 0.05 V™' to 0.005 V™.

e The accurate calculation of A from the device structure is quite difficult. Extraction
from experimental data is usually necessary.
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MOST Small-Signal Model in Saturation Region

G D
o ® ® o)
D +
V
G_lé B gS <‘>gmvgs <f>gmbvsb 290
S _
O ®
Os
+
Vsb
OB
ol W V w Iy
Transconductance = = =K' —V_ (1 + AVho) = \/2k'—I5(1 + AVpe) =
~ B oly ~
Output Conductance = g, = = Ay
OVps
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MOST Small-Signal Model in Saturation Region

olp ol, oV, 1%
Body Transconductance = g, = — = — X =g, x
OVsp oV, 0Vsp 2\/Vsg + 2¢;
Thus
_ |14
Omp=Gmx X  Where y=
2 \/VSB + 2@

e The factor y is typically 0.1-0.3.

e Since Y = \/2qesiNSUB/Cox

qNSUB Cox - Cox - Cox

2¢5(Vop +20,) | 1 €gi/Xgmax  Caepl
es// =

Xgmax. The width of depletion layer under channel.
Cgep/: The capacitance/area of depletion layer under channel.
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MOST Small-Signal Capacitances in Saturation Region

<---- LQg ceeeeeeeeee- >
/ 7
W‘ Gate /
Source //p" / Drain
c = L Fic
k ovs J/;_LT/CE(T 5 ovd

T : : : : T

- TERPPPPRERE >
Csh . Cab

LD LD

Cop = AS x C;(Vsp) + PS x C 5 (Vsp) Cop =AD x C;(Vpg) + PD x C 5 (Vpp)
Cop =Csp+Cop Copm WL x Cy(Vsp)
e AS and AD are the areas of the source/drain junctions.

e PS and PD are the source/drain perimeters excluding the sides adjacent to channel.
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MOST Small-Signal Capacitances in Saturation Region

Junction Capacitances:

Cob Cap 1 1
Cob = SVO m Cop = VO m m=§N§
cE T

Overlap Capacitances:
Covs =W x CGSO =W x (nLDCox) C‘ovd =W x CGDO =W x (nLDCox)

1<n<?2 (Due to friniging)
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Channel Capacitance in Saturation Region

<-—---------- > Q,(y) = CoylVgs = V; =V (V)] = C, [V, = V(¥)]

—— o = W- Q) - E) = W - uQ,(y) - d—;

S,
V(y) 1 W
| -y /D = Eiucox / |/02v
|
Let Vs =0 d b4 (Vas = Vi) = V()] - aV
= an . y = —_ —_ y .
S uC, W GS ~— Vi
Integration from 0 to y = ;VOZV}L/ =V, V- lVz(y) = V(y) = <1 —\/1- %)
2 2
Total Channel Charge = Q; = i Q,(y)Wdy = §WLCOXVOV = §WLCOX(VGS )
. 0Qr 2
Channel Capacitance = C,;, = =-WLC,,
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Complete MOST Small-Signal Model in Saturation Region

o ® ® | | ® ® ® ® 'e)
+
Coo T Cos T Vgs CDQngs G ImbVsb < 9o T Cab

® ®
Qs

+

Cso T XSb
B
2

ng = Covy Cgs =Coys + §WLCOX
Cop,=Cop+Cop=(AS+ W L) xC,;(Vsg) + PS x C sy (Vsp)
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MOST Small-Signal Model in Triode Region

G
-9 T -
Cgs — g4 — ng —WLCox+ WCov ----;
S
WLCQx
SO N oD Saturatlon +WCov
Triode
L L we
Csb T = Cdb ov
- o
l - -
- Vi Wo+Vau  Vas
ol
9as = 3V = uC,, 7 (VGS V;) for Vps — 0O
DS
1 1

Cgs = Covs + EWLCOX ng

1

— COVO' + EWLCOX

1
=Cyp + EWLCJ(VDB)

MOST

3-18

Analog ICs; Jieh-Tsorng Wu



MOST Small-Signal Model in Cutoff Region

Cg'b
5 f
1 T '8 CUK
Cas T —C I
_—C gb |
>0 1 ¢ oD ;
T T |
Csb T —C db I
- - ; I - _IL L
! -
B 1 7 : s
Ves Vio Yo Vio
Accumulation | 1Weak I Strong
Depletion inversion inversion
Moderate
inversion
Cgs = COVS ng — COVd

e C,p Is highly nonlinear and dependent on the gate voltage.
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Carrier Velocity Saturation

Va 9m Im = k,¥vov
A A '
gm(max)
> |/,
e
V,, ~ E.L
. E
v, = Carrier Drift velocity = - E.~1.5x 10° V/m
1+E&/E,
e L is the low-field mobility.
In the triode region
ucC W 1
I =WQ,(y)- vy = Iy = - ;)# n [(VGS — V)V — EVDZS]
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Carrier Velocity Saturation

Using 0/,/0V,s = 0 to find Vg 47, We have

_ 2|/ov _ |/ov
Vosar = €L 1+5L_1 =V, 1—2£L+---
c c

And the saturation current is

1 W 1 W
Ipsar = E'UC —V; ~uCoy—V;,

2
ov
OXL DSAT=2 OXT ov (1_2C€CL+...)

The transconductance is

gL 2
9m =WuC,E&, or I

2Voy Ip ) 2V, 2V,
Vi+2s ECL\/l + 2o <\/1 + Zor 1)
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Effects of Carrier Velocity Saturation

¢ IfV,, < &L,

1 ,UC W w V g 2
/DSAT ~ E T/X / |/02v gm = ,ucox / OVV /m a Y
1+ —802 1+ —802 D ov

— The mobility degradation can be modeled by a resistor Rg, = %u%% in series
C oX

with the source of an ideal square-law device.
— Velocity-saturation effects are insignificant in hand calculations if V/,, < 0.1&,.L.

o IflV,, > &L,

g 1
/DSAT ~ :uCOXWVOV50 = Wcoxvovvsc/ dm~ Wcoszc/ /m ~ Y
D ov

— Vg = UE, Is the scattering-limited velocity.
— Ipgy7 1S @ linear function of V,,, and independent of L.
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Hot Carriers

Vg >>V,, Vp>>0

Gate
current

zzzzz

Punch-through J'E' |
current ® _Dram-to-substrate
o K current

L

Ing = Ki(Vps — VDSAT)/DQ_KZ/(VDS_VDSAT)

— alDB _ /DB ( KZ n 1) ~ KZIDB
0VD |/D - |/D..‘S‘AT VDS - VDSAT (VDS - |/DSAT)Z

9ab

e K; ~5 v~ and K, = 30 V are process-dependent parameters.
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Short-Channel Effects

e Hot Carriers.

— The drain-to-substrate current can be modeled by a finite drain-to-substrate
resistor.

— The punch-through current is an additional cause of lower r, and possibly transistor
breakdown.

— Some charges in the gate current can be trapped in the gate oxide, causing a shift
in V.

— The host-carrier effects are more pronounced for nMOST than for pMOST, because
electrons have larger velocities than holes.

e Drain-Induced Barrier Lowering (DIBL)

— For short-channel devices, DIBL effectively lowers V; as Vs is increased, thereby
further lowering the r,.

e Carrier Velocity Saturation.

MOST 3-24 Analog ICs; Jieh-Tsorng Wu



Subthreshold Conduction in MOST

. /1
10 Agm D

1 Weak Inv. Asymptote

..............................................

Sqquare-law region

Strong Inv. Asymptote
Vpg =5V ., /
W=20u
L=20u

Subthrashold expnnential reguon

Moderate

t t t > | p/(1{WIL)
0.01 0.1 1 10 100
1030 05 ! 15 2 = Vo Weak Strong

In the weak inversion region

W C, +C
Ip = l-e"e/n (1 - e-VDs/UT> n=—- 9P 1+ ym~15
ox

e [y xD,n,, depends on process parameters (e.g., 20 nA).
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Subthreshold Conduction in MOST

When |Vpg| > 3Ur, I saturates and

a/D /D /D Cox gm 1 1 Cox

0Vss - nUr - UrCox + Cyepy Ip - nUr - UrCox + Cyepy

Im

To find V,, for strong inversion, let

1 2
Im _ = = V,, = 2nU; ~ 78 mV
o, nUr V,,
e 2nU; <V, — Strong Inversion
0<V, <2nU; — Moderate Inversion
V,, <0 — Weak Inversion

e In weak inversion, C ~ C,y ~ 0, and

Cgb = WL x (Cox“Cdep/) = WL x C'oxcdep//(cox + Cdep/)
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Integrated-Circuit NPN Transistor

<

- # Buried layer
- :} solatian
= @ Base

Emitter Diffusion 0.5-2.5 um, 2-10 Q/0O
Base Diffusion 1-3 um, 100-300 Q/[
Isolation Diffusion 20-40 Q/[O

ToF—

100f —

Aof - : Epitaxial layer 17 um (BVpgp = 36 V)
i 10" atoms/cm®, 5 Q-cm
T Buried layer 20-50 Q/0O

i P-Substrate 250 um

i 10" atoms/cm®

o] - - 1-2 Q-cm

ol

e Junction isolation.

Technologies 4-2 Analog ICs; Jieh-Tsorng Wu



Lateral PNP Transistor

=
hud

]

s i1 =

-
. ,,,__Lmﬂtjm____
)

)y -

[ or ——— — —— — 4
L ik E
f
IURDNLANE S T | S 2
I
F-—r

i

I

H

T

e Lightly doped base.

e Cini s s ey ——— s wan e — —— ——

AR

L1
i ——\_wwvvvg—ﬁwmlj—_

i.;m i
;
1
=
]!
'
I
H
|
I
|
|
i
H

1o} e Slow.

e Low current gain, especially as /, 1.
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Vertical PNP Transistors

e LOow base resistance.

I

e Low emitter-base breakdown voltage.

e Substrate collector (no buried layer).

Technologies 4-4 Analog ICs; Jieh-Tsorng Wu



Advanced-Technology NPN Transistor

[ .
e e g C . EMitter 0.1 um
Z I]iE il 1 U "l Base 0'1 um
b ’ {,f“"’?%[ “—““‘”““j“““i ! Epitaxial layer 1 um, 0.5 Q-cm
By VAN AVA R Buried layer 20-50 Q/0O
sAC N I
1 el § A PEC P-Substrate 250 um
1T UATTRY e TR 16 3
T K‘\QQ\\‘Q\\\ T L S 10 atomS/Cm
N 1-2 Q-cm
| oo

e Oxide isolation.
e Polysilicon emitter self-aligned structure.

e High f; (> 10 GHz).
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Base and Emitter Diffused Resistors

Distancs,

A o)

R o b AN &

70 \

"

R ]
50 f— E ! |

!
i
. , |
agl— i-r — __WYM LY A 3“1?4#;—_37:1—5‘;_ e 'f"
!

-
30 t— W7 Z

i “ "

I3
—
N

X

]
[t

{I__,_. _I —-l_..l_' i — e e L .L,l
20— o T e e e R e e e e e 5“""""' i "'_"'"""E
10~ - -
ol 5 ?
laglation

Resistar - Resistor pocket
----- -4 diffusian
contact ; /P yoe : contac : contact
L v ol

: | ptype wbétra!e
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Base Pinch Resistor

epi/isolation pocket

T
epi/
. isalation pocket
R "Ry g i i
; |
. T
Isaiation
T diffusion L
p—type n- dittusio \ Pinched pocker
diffusion - Resistor contact ) ,.// region Resistor contact \} contact
C.'O? \ / [z’
. -
\ e Er .
. f'!é

: -p-—{vpe subsirate
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Epitaxial Resistor

T i E

l !
| |

I | 1
| ; | |
[ TT1 i rit i
L [777] - I .

| A f =7
|t Rl

Resistor Optional Hesistor

contact peap contact

20 2. ;

e _______x-! e e - —
’ R —_— e - — - - e - s ; : i : ) " ' I n e ) P A -.... ‘...., “ ._,_“..... ..,.,.-...

L F4 ) o m A o e e e T L Ll el e e —e e

J A e

- p-type substrate -
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Properties of IC Resistor

Sheet p Absolute Matching

Resistor Type /] Tolerance (%) Tolerance {%) T{:mpermure Coefficient

Base diffused 106G~ 2043 4 263 +2 {5 WIde} +E5{){) to +2000 ppm/C
+0.2 (59 i wide)

Emitter diffused 210 + 20 i 2 + 600 ppm/°C

lon mmplanted 1061000 + 3 + 1 {3 p wide) Controllabie
+0.1 (50 u wide} to + 100 ppm/°C

Base pinch 2 k 20 k <+ 3 - | {} 4+ 2500 ppm;”’*C

Epitaxial 2k-5k + 30 +5 + 300(} ppm} C

Ep;taxmf pinch  4k~10k + 50 + 7 ~§~3000 ppmﬁ C

Thin film 0.1k-2k 45— +20 +0.2-+72 +10 to +20[}ppmf“{,

Technologies 4-9 Analog ICs; Jieh-Tsorng Wu



Capacitors

T T = R e —— ]

V 7Y ‘i

{ p

! ﬁv]l :—i

m“mm_;__ E b i

A — — |

| T 1

| 1

Ji

R I | :1

“_l e ]
t T

Alurmm ; .
S Oz\ 1/ umInum contact /- Metal/thin oxide/ n' Iayef/
s Py

T ol e e D D S e

kg™

= '...:“:“j;z%w:m

' p—substrate

e PN junctions.

e Metal or poly over thin oxide.

Technologies 4-10
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Diodes

(@) (b) (c) (d)

e Implementation (a) is usually preferred to avoid forward biasing the C-B junction.

e C-B forward bias injects carriers into the epi, which in turn can be collected in the
substrate.

Technologies 4-11 Analog ICs; Jieh-Tsorng Wu



CMOS Integrated-Circuit Technologies

Overglass Metal 1 Polvsil ; 0.5 um CMOS
Metal2 | YRR RE. i SiO, ix M2 1.20 um
' M1 0.60 um
Poly 0.25 um

Field Oxide 0.30 um

+ / Gate Oxide 130 A
p* field-implant Woelltle  Suhstrate te Field-oxide N+ Depth 0 . 20 /‘l m
p-channel transistor p-substrate  n-channel transistor p+ Depth 0.25 um

N-well Depth 2.50 um

e Additional polysilicon layer may exist to realize poly-to-poly capacitors.

e There are twin-tub processes that have separate and optimized wells for nMOSTs as
well as pMOSTs.

e Additional processing steps may be used to fabricate vertical bipolar transistors on
the same chip. This is called a BICMOS technology.

Technologies 4-12 Analog ICs; Jieh-Tsorng Wu



MOS Transistors

e May have devices with different V;.

< Active regiom

(a)

Polysilicon mask

Contact mask

Active-region mask|_~

Effective gate region

e Source/drain can be shared between two series-connected MOSTs of the same type.

e Wide devices usually employ stacked layout.

Technologies 4-13 Analog ICs; Jieh-Tsorng Wu



Parasitic BJTs in CMOS Technologies

Vertical PNP Transistor Lateral PNP Transistor

C E VDD Cl1 B C2

T lezza] [ ]
N-Well N

P-Substrate P-Substrate C2
VSS Ci' vss

e The collector is usually in ring form surrounding the emitter.
e In the lateral devices, the MOST’s L is the base width.

e The ratio of /,,//-; is poorly controlled in practice.

Technologies 4-14 Analog ICs; Jieh-Tsorng Wu



Resistors in CMOS Technologies

e N+ and p+ diffusion Polysilicon Resistor
Seake (u)
— 10-30 Q/0O s
36 mm,{\ s T I% -
E —:Dif * ¥ {4 -

e Polysilicon

— 20-80 Q/O o

e N (or P) well diffusion

— 1k-10k Q/0O0

« MOSTs in the triode region e Large R variation due to process variation.
— Depends on V,, and W/L e Matching properties is ~1%.

e Small voltage coefficient.

e No parasitic pn junction.

Technologies 4-15 Analog ICs; Jieh-Tsorng Wu



Capacitors in CMOS Technologies

e Poly-Poly Poly-Poly Capacitor
E& A _aa _15'__6—;{:
e Poly-Metal i K
| “.
o Metal-Metal (MIM) | 9

Firlsl aly Second paty fayey
T

e Multi-Layer Sandwich.

e Lateral structures.

e MOSTs in triode region Bottom-plate C,asitic 1S 10%—-30% of C itself.

Matching properties is 0.1%—1%.

e MOS in accumulation

— Large voltage coefficient.
— Large R in one terminal.

Voltage coefficient is < 50 ppm/V.

Temperature coefficient is < 50 ppm/ "C.

Technologies 4-16 Analog ICs; Jieh-Tsorng Wu



Matching Issues

Mismatches between two supposedly identical devices are due to

e Localized geometric variation.

— Resulting from the limited resolution of the photolithographic process itself

e Global material gradient variation.

— Variations across wafer resulting from nonuniform conditions during the fabrication
processes.

e Temperature gradient variation.

Technologies 4-17 Analog ICs; Jieh-Tsorng Wu



Guidelines for Better Device Matching

Device Considerations:

e Match devices of equal nature.

— e.g., ho JFET-MOST pair or poly-diffusion resistor pair.
e Devices to be matched should operate on the same temperature.
e Input offset voltage for a BJT pair is only ~1/10 that for a MOST paiir.

e May consider post-fabrication trimming.

Technologies 4-18 Analog ICs; Jieh-Tsorng Wu



Guidelines for Better Device Matching

Local Matching Consideration:

e Increase device size.
e Round devices matches better than square devices.

e Whenever possible, utilize series and/or parallel combination of unit-sized devices to
form devices of different sizes.

e Use dummy devices to protect matching devices from different etch effects.

Technologies 4-19 Analog ICs; Jieh-Tsorng Wu



Guidelines for Better Device Matching

Global Matching Consideration:

e Layout devices with the same orientation.
e Decrease device separation distance.

e Try a common-centroid layout for the devices to be matched.

—w PZ7777 777774 — w2
A |7
] N

%MZ //// //// %I\/Il
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Transistor Pair Layout Example

e I
e

e

" E - - "y o
R s
ik

D’M1 | e

Analog ICs; Jieh-Tsorng Wu
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Resistor Pair Layout Example

Dummy

Dummy ;
resistor

resistor

Technologies 4-22 Analog ICs; Jieh-Tsorng Wu



Capacitor Pair Layout Example

Well contacts

Polysilicon bottom plate

Polysilicon top plates

Polysilicon edge matching

Well region

Technologies 4-23 Analog ICs; Jieh-Tsorng Wu



Capacitor Errors

Assume a rectangular capacitor with dimension x and y. Then
Cigeal = Cox - XY
Due to lithography modification 4e, we have
Ciue = Cox - (X = 246) - (y — 246) »~ Cigeq - (1 — €/)

X+y _ Ae x Perimeter

€, = 246 x Xy Area

Technologies 4-24 Analog ICs; Jieh-Tsorng Wu



Capacitor Layout Design

To minimize capacitor ratio error, want

e Capacitors of identical values should have the same shape.

e Capacitors of different values should have the same perimeter-to-area ratio.

Let unit-size capacitor C, have a square layout with x, on each side. Want to realize a
new capacitor C with dimension x and y so that

C 1 Perimeter 2x X +
— =K and —ren = 2 = Y
C, 2 Area Xﬁ X-y

We have

e K is usually between 1 and 2.

Technologies 4-25 Analog ICs; Jieh-Tsorng Wu



Analog Section Floor Plan Example

VDD

VDD

Gnd
04

¢
b2

P

Opamp 1 Opamp 2 Opamp 3 Opamps
Contact to substrate

Capacitors

Switches

n well shield and
bypass capacitor

Clock lines

Technologies
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Noise-Coupling Layout Considerations

e Want to minimize noise from digital circuits coupling into the substrate or analog power
supplies.

e Separate power lines for analog and digital circuits.

e Different region for analog and digital circuitry, separated by guard rings and wells
connected to the power supplies.

e Use metals and wells as shield to protect sensitive nodes. The shields must be
connected to clean supply voltages.

e Whenever possible, bypass the power supplies with junction capacitors and/or
MOSTSs.

Technologies 4-2°7 Analog ICs; Jieh-Tsorng Wu



Latch-Up in CMOS Technologies

V Vv V
in oD oD VDD
- L ® *
Rn
Q2
Q1
R, p~ substrate Rp

e Keep R, and A, small by having low-impedance paths between the substrate and
well to the power supplies.

e Avoid currents flowing in substrate and wells.

e Transistors that conduct large current must be surrounded by guard rings.

Technologies 4-28 Analog ICs; Jieh-Tsorng Wu
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Unilateral Two-Port Network

Thevenin Output Model Norton Output Model
11 | 11 12
—> —>
+ + + +
V1 Zj V1 Zj GmVi Zg V2
V1 V2
Z/ = —_— 0 = —
I I2 1v,=0
V2 I
AV=V— Gm:V_ AV=GmXZO
1 /2=0 1 V2=0
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Common-Emitter Configuration

Forward—active
region

VCC

Saturation
region

5 V.V
Rs g Vo + v, “ |
e |
N Q1 |
|
I | saturation
|// | region
+ Forward—active
|// —_— region

—_ | |
05 ! 15
v, v

e DC voltage V; establishes bias of Q1 so that it is on the forward-active region. Typically

Single-T Gain Stages 5-3 Analog ICs; Jieh-Tsorng Wu



Common-Emitter Configuration — Bias Analysis

Rs g e A

N— —A
+ +
v, = Vae Y d) = VCC

I = /SeVBE/UT = Bel;

If Q1 is in the forward-active region, voltage across the emitter junction can be
approximated by a constant Vgg (.

Vi = Vee(on) AL
Ig = R Vo = Veoe = 1cRL = Vee — BelgRL = Ve — IBFR_S [V/ — VBE(on)]

e Dependence on (. is a problem with this direct approach to biasing.

Single-T Gain Stages 5-4 Analog ICs; Jieh-Tsorng Wu



Common-Emitter Configuration — Small-Signal Analysis

RS fb IO

i [ N N\—e ° ——

+ R, +

Vi Vi grﬂ 9mV1 2/’0 2 ZO
\V4

r
A 0= =2 = - T .qg.-(r, || R where R.=Rc+r
v() v, o <F)’é+l’ﬂ> 9m (0” L) S S b
|/I / VO
/ /0 V/:O
e Note that for R — 0 and R, — oo
1 V
A,0) = =gnl, = = _U_A
-
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Common-Source Amplifier

VDD

Cutoff region

Rg Vo + V. Yo

Active region

I M1

1
Vps=Vgs= V|-~ w:‘ -----------------

%riode region
V — !

0 1 2 3 i
VI

1 W
Vo =Vpop = 1y-B =Vpp - E/Jncox—(V/ - Vz‘n)2 R,

e DC voltage V, is chosen to bias M1 so that M1 is in active (saturation) region and its
drain voltage is near the midpoint of the output swing (V, = V5/2).

Single-T Gain Stages 5-6 Analog ICs; Jieh-Tsorng Wu



Common-Source Configuration — Small-Signal Analysis

Maximum MOSFET

voltage gain
i . 103
I R S i
-+ Subthreshold Square-law region
/\/ region
+ +
10?1
V Vv r Vv
n gs 0 0
% g Vv 10" | | | | ! -1,(A)
m g S R 1 0_8 1 0&? 1 0"6 1 0-5 1 0—4 1 0—3 D

A 0) = =gn(r, || AL) = —ng)’Z R; = oo Ro=r,|| R, = RZ

e Note that for R, — oo, R, — r,, and

AQ) . =g.r, = Ip xLeff OL off _1= 2L gr | OLggr |~
’ e e Vov/2 /D aVDS |/ov aVDS

Single-T Gain Stages 5-7 Analog ICs; Jieh-Tsorng Wu



Common-Emitter Configuration Small-Signal AC Analysis

i [ N—\— o | | * o X
+ 1 R
Vi Vlgrﬂ - Ca gmvlgro Lg KO
_ | % J
i1 Ri1 it C o
—> /\/ " — | | ® ® ® <_+
V - -
= Vs 1 __C]_ <+> 2 Yo
—o % o ® o
V
In't Ry Gy

X(RS+rb) ” rﬂ
Rs + 1,
c,=C, C,=C,+C,, C,=C

S /

Ry =(Rs+r,)| r, Ry,=r,| A,

U

Single-T Gain Stages 5-8 Analog ICs; Jieh-Tsorng Wu



Common-Source Configuration Small-Signal AC Analysis

Rg ng

A, o
\Y
Yin 95 T Cys 0
—@
gs R

A

m

vs=V; Ri=Rs Ry=r,|R, C,=Cys Cr=C;, C;=Cyy

gs
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Miller Approximation

iy, Ri1 it Cy i
— /V — |1 4
4 | | 4 4 4
+ +
V [ = [ =
—o % ® ® -
v
It Ry G
. 1 .
Vo = (=9mVa +1ir) | A2 || <C. Ip = (vy = V)SCy
2
If R,-C, is a non-dominant pole, then, at the frequencies of interest
. I
Vo ® =G mfava g m (Vi + gmFavy)SCy = v S(1+9,R)Cr =sCy

]

Cy=@Q+9,R)-Cs=(1+a,):C; = Miller Capacitance

Single-T Gain Stages 5-10 Analog ICs; Jieh-Tsorng Wu



Miller Approximation Equivalent Circuit

lo
—> 4—
*— —e ® ®
N + +
V e -
Vg 1 TC, G) < v,
—o % | o '
V
In't R, C,

v, 1
A(s) = =2 = A,(0)
Vs (1-s/p)A-5s/p,)
1 1
/4 O = - R = =

Single-T Gain Stages 5-11 Analog ICs; Jieh-Tsorng Wu



Short-Circuit Current Gain

VBl |

if Cf iO A
° o || 1000 |-
11
+
i < V1 = c, v
o - )\ 10
R1s % Vv '
gm 1
io N —=gnXV,=—-0nX il Rls
1+ R (Cy+Cp)s
/ R
Short-Circuit Current Gain = B(s) = —— = Im' 115 . Fo
i 1+R(C,+Cr)s 1+R(C,+C))s
. g
Transition Frequency = @+ ~
dUEnEY =®r >z,
1 1 gn o

-3dB F = = = —
rEHHENEY = @p Ri(Ci1+Cr) BoCr+Cr By

Single-T Gain Stages 5-12 Analog ICs; Jieh-Tsorng Wu



BJT Transition Frequency

For BJTs, we have

u
9m
=2 f =
or i C,+C,
T = 1 =C7T+C'u=Cb+C.je+&=T/__+Cje.|.c.jC
CQ)T gm gm gm gm gm gm gm

,q
-
I~

o

r~\~ r—— r——1r—17 1 1T T 1

- ~3 () Fey o (=] ~4 @ w

Single-T Gain Stages 5-13 Analog ICs; Jieh-Tsorng Wu



MOST Transition Frequency

For MOSTSs, we have

2
Rls = OO Cl = C s — §COXWL Cf = ng

g

9m

@r = 27+ =
r r CgS+ng

To calculate intrinsic device speed, let wr ~ g,,/C,,.

e For square-law device,

W 3 u
9m = luCOXTVOV = @r = E . E . |/ov

e For device with carrier velocity saturation,

3
dm= WCoszc/ = @r = E |

Single-T Gain Stages 5-14 Analog ICs; Jieh-Tsorng Wu



MOST Transition Frequency — Weak Inversion

For MOSTs in the weak inversion region,

gm /D Cox
@+ = — g =
! " UT Cox + Cde,o/

Cgb = WL X

/ 1 / 1 1 /
@, = 2 t D

- UT WLCdep/ - UT Cdep/ L2 /M
o /=1, -W/L is the maximum /, for device in weak inversion.

Since [y« D, and D, = uU;, we have

D, Ip u Ip
@+ >~ . nJ .U - —
Tz 0y, L2 Ty,

Coxcdep/

Cox + Cde,o/

Single-T Gain Stages 5-15

Analog ICs; Jieh-Tsorng Wu



Complete AC Analysis of Common-Emitter(Source) Amplifier

i R1 it Cf o
—> —> -
L L L L
v + +
V —— [ .
WD Wi, ® < T o
—o % o o .-
\Y
In't Ry Gy
v, (S) 1-5s/z
A/(s) = == = A,(0) —
Vs(S) 1+ b.S+b,s
AV(O) = _ngZ
9m
zZ, = +==
1 Cf

by = R(Cy+Cp) + Ro(Cy + Cy) + 9,1 RC
b2 - RlRZ(Cch + Clcf + Cch)

Single-T Gain Stages 5-16 Analog ICs; Jieh-Tsorng Wu



Complete AC Analysis of Common-Emitter(Source) Amplifier

Using the dominant-pole approximation, let [p,| < |p|

D(s) = 1+b,5+b,s°
2 2
- (1-3)(1-i)=1—s<1+i)+ > c1-2.°
P1 P2 P1 P2 P1P2 P1  P1P2
Dy 1 1 L 1
' by Ry[Cy + Cr(1 + gpR)] + Ry(C, + Cf) R.[Cy1 + C¢(1 + g,A5)]
b~ by A€+ Cp) + Ra(Co + ) + gmfiRoCr gmCr
7 b, R.R,(C,C, + C,C; + C,C;) C,C, +C,C; + C,C,

e The Miller approximation is a simplified dominant pole approximation.

e The Miller approximation results in incorrect estimation for the second pole.

Single-T Gain Stages 5-17 Analog ICs; Jieh-Tsorng Wu



Common-Emitter Amplifier with Emitter Degeneration

V; > ® ® —HF ®
+
v, < r, —C, g.v, <
Vo —_— Ve
® ®
Vi Q1
< R,
< R \V4
e s i =
+ gmeqvl
Vi Z rﬂeq T Cﬂeq <+> Z roeq
R
5-18 Analog ICs; Jieh-Tsorng Wu
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Common-Emitter Amplifier with Emitter Degeneration

To find r C

meq: and gmeq1 Iet VO = O, then

meq:
(gm +0nt Scﬂ)(vi - Ve) = (GE + go)Ve
At frequencies where ® < @7 = g,,/(C, + C)),

Ve Im+9p +5C, Im + 9n

i Omtp+Ge+go+SCy g+ G+ Ge+ 9,

RE

—/ v 74 g G - 9,9 1_:30”0
gmeq = TO = gm (1—79) —go.ve — m-E GO T _ gm.
I ] / gm+g7z+ E+g0 1+ngE<1+,3l+glr>
R
// Ve 1+f_§
7 = (gn + SCﬂ) 1- 7 = (gﬂ + SCﬂ)
j j 1+ngE<1+ﬁ—1o+gnfro>

Single-T Gain Stages 5-19 Analog ICs; Jieh-Tsorng Wu



Common-Emitter Amplifier with Emitter Degeneration

o IfB,>1,r,> R, and g, r,> 1

g C
gmeq ~ - rﬂeq ~ 17(1 + ngE) Cﬂeq ~ 1 + g7/T77RE

1+ ngE
To find 1y, let v; = O, then

(gm +9,+ SC’I[ + GE)Ve = go(Vo — Ve)

E: 90 N 9o
Vo Om+9n+Ge+9,+5C, gn+9,+Ge+9,
. ngE
o= =, (1= ) gt g, It __, 1'%
oeq_v_ (0 % mv_ (0] G - (0]
0 0 o) 9m+ 9, +0 + g, 1+ngE<1+,3io+g,iro>
Foog ™ (1+9,R:) ifg, R < B, loeq ™ 1+ By ifg,.Re > B,

Single-T Gain Stages 5-20 Analog ICs; Jieh-Tsorng Wu



Common-Source Amplifier with Source Degeneration

ii ng iO
Vi > " —-——--» * ——~ V
4 C
Vo Vgs QSV <+> <*> 2"0
- S
Vi— L m — ¢ ¢ .-
v Y,
Rs gm gs gmbS
< Rg
A\ 'i Rg Cqd "o
i A e

o)

Single-T Gain Stages 5-21

Analog ICs; Jieh-Tsorng Wu



Common-Source Amplifier with Source Degeneration

To find C and g .., let v, = 0, then

gseq
(9m + chs)(vi —Vg) = (GS tT9mp t 9o)Vs

At frequencies where ® < @7 = g,,/Cs,

Vg m+ SCgs 9m

i Om+ I+ Gs+ 9o+ 5Cys G+ Gmp + Gs + 9,

_io Vs Vs gmGS 9m
Inea = 22 = n (1= 52)~@m+0)5 = -
°d Vi PN T gt 9mp+Gs+9, 1+ (9 + 9mp)As + fs

r'o

R

i V, L+ gmpFs + 72

= SCys 1—7 = SCys - -
. 1+ (gm + gmb)RS + r_f

/

Single-T Gain Stages 5-22 Analog ICs; Jieh-Tsorng Wu



Common-Source Amplifier with Source Degeneration

o If r, > Rg,

- I _ I

med 1+ (gm + gmb)RS 1+ (1 + X)ngS

1+ 9mpFs 1+ ¥9mAs
Cgseq = Cgs . = Cgs .
1+ (gm+gmb)RS 1+ (1+/1/)ng8

To find 1, let v; = O, then

9m + Imp T SCgs + Gg)Vs = Go(V, — Vo)

Vs 9o 9o

Vo  Im+Gmp+Gs+09o+SCys  Gm+Gmp+Gs+ o

/ % % g9,G
goeC/:V_O:go(l__e)_(gm"'gmb)e= o0
(0]

Vo Vo gm+gmb+GS +go

loeq = RS + ro[l + (gm + gmb)RS]

* I,eq CAN be made arbitrarily large by increasing As.

Single-T Gain Stages 5-23 Analog ICs; Jieh-Tsorng Wu



Common-Base Configuration

VCC v
@ . @ 0
v ¥ '
< R V_12rﬂ —C, 9.,V %ro 251 — c,
VA +v :
) o ¢ \VARRA v/
Q1 +
\Y4 Vi /

e Itis a current buffer, i.e., current gain ~ 1, low R,,,, and high R, ;.
e Typically neglect r,, r,, and r,, so that v; = —v,.

cs» and load capacitance into C, .

e Combine C#, C

Single-T Gain Stages 5-24 Analog ICs; Jieh-Tsorng Wu



Common-Base Configuration AC Analysis

To further simplify the analysis, neglect r,; i.e., assume g,(v, — V;) < g,,V;, then

(gn + SCW)V,- +dnVi = /i (GL + SCL)VO = 9nmVi

S Z;(0
= Z,(s) = /o(S) _ Im S «(0)
i(8)  Im+t9n+SCy G +SC,  (1-5/p;) (1-5/p,)
Im Bo Im t Gn 19nm 1
Z O - R = R — R = — = —_——_—— — -
O =g v gt =g, w1 =% P C, a,c, 727 RLC,
Input Impedance = Z;,(s) = Vi(S) = fin R;,=2Z:,0)=r,| 1 _%
p - nm - /I(S) - 1 _ S/pl m = nm - 'm gm - gm
(S
Current Gain = I,O( ) = g”,’V’ =9,,Zin(S) = %o
i(s) 1-5s/p,

 Note that |p| = (1/,)(9,,/Cr) > @7 = g,,/(C, +C)).

e Expect |p,| < |p,|in typical cases.

Single-T Gain Stages 5-25 Analog ICs; Jieh-Tsorng Wu



Common-Gate Configuration

VDD c
gd Vo
<-1_> ® | | ® ® *—o-
\% 4 4
¢ *~—o Vo Cgs — -g mvin<+> ¢ Xgo —
Bias - [ < - ¢ ¢ , VARV
" v v in mb “in R, C,
N Tin g R CL lin ? TCp
\Y

g;n =9m+9mp CIL =Cy + ng =C, + Cdb + ng Cip = Cgs + C;b

The nodal equations are

i/'n = (g;n + Scin)vin - go(vo - V/'n) g;nvin = (GL + SC,L)VO + go(vo - V/'n)

Single-T Gain Stages 5-26 Analog ICs; Jieh-Tsorng Wu



Common-Gate Configuration AC Analysis

If the g,(v, — v,,) terms are neglected, then

. o L o
Transimpedance = Z;(s) = . (1-s/py) (1-5/py)

I o) 1
“=7C, T c.+c, P27 TR
Vin(S 1/4g"
InpUt Impedance = Zl.n(s) — '”7( ) — /gm
iin(s)  1-s/p,
' /O(S) g:nvin / 1
Current Gain = - =2 _ gt 7. (s) =
linS) i 1-5s/p,

e Note that p; ~ @7 = g9,,/(Cys + Cpp).

Single-T Gain Stages S5-27 Analog ICs; Jieh-Tsorng Wu



Common-Gate Configuration AC Analysis

If g, is considered,

Im+ 9o
V

v
Voltage Gain = A,(s) = -2 =
J /(5) in 9o+ G, +5C,

i,
Input Impedance = Y; (s) = V’—” =g +sC,,—9g,(A, - 1)
n
V A, (s
Z,(s) = Lo - YV( )
lin in(s)

e At low frequencies where @ — 0, assuming g}, > g,,

4 _Im*t9o _ Gm
’ go+GL go+GL
Im Im A,
Y., =9, — ~ Z,=—~=~R
= in gm 1+%+go 1+@ t Yin L

Single-T Gain Stages 5-28 Analog ICs; Jieh-Tsorng Wu



Common-Collector Configuration (Emitter Follower)

As
VCC i =\ > -
Rs /T +
Vi 4 In T C’IT
N Q1 - |
Vi (™ — o+,
-+
V T I814s R TC,

e It is a voltage buffer, i.e., voltage gain ~ 1, high Z;,, and low Z ;.

e Neglect C, re, ., and r, in the following analysis.

Single-T Gain Stages 5-29 Analog ICs; Jieh-Tsorng Wu



Emitter Follower’s Voltage Gain

Summing currents at the output, we have

Vi +Gmvi = (G +8C )V, 1j=(gy +SCp)vy Vi = Rglj + vy + v,
We have

+qg.+sC 1-5/z

AV(S) _ gm gﬂ T : _ AV(O) / 1
Om + Gn + SCp + (G, + SC))[L + Ro(g, + SC,)] 1+ b,5+ b,s°

A (O) _ gm + gﬂ _ gm/ao _ ngL

9m T 9r T GL(l + Régﬂ) gm/ao + RLL(]- + ngé/:Bo) ngL +Qa,+ ,QBIZ%
Im+9n _ 9n/Q
Zl=_mC7T =_mcﬂoﬁ_@T
b R, [C,(1+ Ré/RL) +C, (1 + ng{'g/,BO)] bo_ RLRéCﬂCL
1= ; 2 = ;

1 +gm(RL/ao +R3/:80) 1 +gm(RL/ao +R3/:80)

Single-T Gain Stages 5-30 Analog ICs; Jieh-Tsorng Wu



Emitter Follower’s Voltage Gain

e IfC, =0, then b, =0 and
1-5s/z,

1-s/p,

A,(8) = A,(0)

_1 + gm(RL/ao + Ré/ﬁo) N 1+9n,A,

P = / ~ /
' (R, + R5)C, (R, + R)C,

A,(0) & z, are unchanged from case where C, # 0.

e If R =0, again b, = 0 and

1-5/2,
A,(s) = A,(0)
1-s/p,
ngL - ngL 1+ ngL/ao -

AV(O) =

ao + ngL - 1+ ngL pl )

z, is unchanged from case where R # 0.

CR(C,+Cy)

9m
C,+C,

ifg,. A, >1

Single-T Gain Stages 5-31
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Emitter Follower’s Input Impedance

: 1 C (e
Z/'n(s) — V/(S) _ F)" + 1 + +gm/(g7r + S 7T) _ F”é -3 S/Zl

/,-(S) S 9r + Scﬂ GL + SCL " (1 - S/,Dl) (1 - S/,O2>

Rin = (GL + gm/ao)/(GL + gﬂ) =Ig+ (ﬁo + 1)RL ~ rﬂ(l + ngL)

a,+G 1+qg,R /a
Zl _ _ gm/ 0] L — _ gm L/ 0] ~ — gm if ngL > 1
(ﬁo + 1)C7r + CL RL [(:80 + 1)C7r + CL] (ﬁo + 1)017 + CL
1 gm @7 1

p = — = — N — p = —
. rﬂCﬂ IBOCﬂ 180 ’ RLCL

B B’

If C, =0, then Z;, —» ;f 1
S
1 R < —
Zin(s) = ng + g++g:CL + RL (1 + ngL)rﬂ Cn/(l + ngL)
/4 T

RL

Single-T Gain Stages 5-32 Analog ICs; Jieh-Tsorng Wu



Emitter Follower’s Output Impedance

The output impedance looking into the transistor’'s emitter is

1+ Rs(g, + SCy) _ A 1-5s/2,

Z (S) = =
out 9, + 0, + SCﬂ ouz‘l _ 3/,01

1+Rsg, rz+Rs ry+Rs

Z,.0)=R,, = = = Z =R,
out( ) out 9, + 9, 9,y + 1 :80 +1 ouz‘(oo) S

Z=_1+/-?'Sgﬂ=_r7,+/-?i$=_ 1 b =_gm/aoN_@

'TUURC, AL, (nlRYC, T G '

o If r,||Rs > a,/9, (or Rs > 1/g,, if B, > 1), |z,] < |p,|, which represents inductive
behavior.

e In addition, if Rg > r,
1 gm . |,01|

Zil &~ = ~
I~ e = 5.C T B,

Single-T Gain Stages 5-33 Analog ICs; Jieh-Tsorng Wu



Emitter Follower’s Output Impedance

If 6, > 1, Z,,;(S) can be rewritten as:

R! R!
1 S S '
= +-=+5sC.r R
Iy + R+ SCor Rg (Qm Bo m ) S

TBo
Zou(8) = ~ /
B,+1+sC,r, R + SCﬂrﬂg—i
If R, > R, we have
? R, + sL)R R, + sL)R
-z z (= St SDR: (Rt sLIR,
R+ R, +sL R, + sL
R, <
< R, Then
L
j 1 As As

ﬂﬂﬁo

Single-T Gain Stages 5-34 Analog ICs; Jieh-Tsorng Wu



Common-Drain Configuration (Source Follower)

Vg gdl gmblvo
VDD | ?
o 0 I -1 v
| v v
l L Ml in gsl Im1 gsl 2901
| Vo _T ° Vv
Rs Cs gsl L

*I : g C
RS CS Bias CL 02 L
|—||: M2

Simplified Small-Signal Model

g
—

I L . v

_gsl ml gsl

\Y;
l 0
Cgsl , 1

1

Co=Cs+Cyyn  C, =C +C,, +Cu+Cupo G, =001+ o2+ Imp1 = o
L

Single-T Gain Stages 5-35 Analog ICs; Jieh-Tsorng Wu



Source Follower’s Gate Voltage Gain

Summing the currents at the output node, we have
(gml + SCgsl)(Vg - Vo) - VO(SCIL + Gl) =0

The voltage gain from gate to output is

VolS gm + SC 1-5s/z
Ag(s) =29 R ol
C
Avg(o) _ I9m _ = 9m Avg(oo) _ gsl :
9m +GL Im1 T 9mpr T 9o1 + Go2 Cgsl +CL
gm]_ gml + Gz
L = — ~ —® = -
' Cgsl ' f1 Cgsl + CIL

Single-T Gain Stages 5-36 Analog ICs; Jieh-Tsorng Wu



Source Follower’s Gate Voltage Gain

AAVg
For most practical cases T FEPTRTTROROO _
Ip1] >|z1] Avg© 7
901 Y902 < Gm +9mn =gm1(1+/¥) (C ,L =0) L “
p1 i
A
Avg(o) ~ Imt Avg
I9m + gmbl
1 Ip1| =[z1] Avg©@
1+ o
D, Im(1 + 1) '
1 7 = ;
Cgsl - CL "
Vg
1
~ (1+)) Z, Ip1| < |z1
S
1+5
gsl : : 00»
pl z1

Single-T Gain Stages 5-37 Analog ICs; Jieh-Tsorng Wu



Source Follower’s Gate Input Impedance

The input admittance looking into the gate is

i SC,1(G, + sC))
Vo) = == = 5Cyi[1 = A,4(s)] = — ,
Vg 9m + GL + S(Cgsl + CL)

Define the capacitance looking into the gate as

Y,(8) = sCy(s)

Coi@) = Cyull-A,y(/@)] A
Cg(o) = Cgsl[l - Avg(o)] Cg(OO) ______________________

C. (o) C..[1-A, (c0)] = CoaiCi _/
9 gs1 vg - Cysr +C) C,(0) E

Ip1| |21

Single-T Gain Stages 5-38 Analog ICs; Jieh-Tsorng Wu



Source Follower’s Output Impedance

1
| g . < 4 |z0]
Vv g ml R
g - S

T 1/g :

+ .

Cgsl v 1 v v m

S N
Rg 9 ml gsl Rg E : 6
v, - >
- 1
o
CgisS

: : : 1 A ¥

Equivalent Circuit g > |Zo| :

m1l R :

I_/ s Rs .

1/9 ; :

L m s
< 5 E W
R1 R2 ' ' >

1 9m1

\V4 R. C

Cgsl S gsl

/o = _(gml + chsl)(vg - Vo) GSVg + SCgsl(Vg o Vo) =0

Single-T Gain Stages 5-39 Analog ICs; Jieh-Tsorng Wu



Source Follower’s Output Impedance

The output admittance is

iy Gs(@m +5Cgs1) G -G
Y (s) = 1 _ Il _ZsYm sV _ G+ s(Gm S)=Gs+ 1
Z,(8) Vv, Gs + 5Cys1 Gs +5Cy61 1 SCgsifis
9m—-Gs I9m-Gs
e Note that 1
Zo(o) = ZO(OO) = RS
gml
e The equivalent circuit is
1 R.C
R, = R,=Rs L=—291

9m — GS

Single-T Gain Stages 5-40 Analog ICs; Jieh-Tsorng Wu



Source Follower’'s Complete Frequency Response

A(S) _ Vo _ Avg(s) _ gml + SCgsl _ A(O) 1- S/Zl
lin Gs+SCs+Y, by+bis+ b,ys? 1+@_So+;_i
where o
9m Imhy Im1
A(0) = Rs - - = Hs - , 7, = — N —@
> 9m1 T GL > 1+ gml’qL . Cgsl !
by =Gg(gm + GD
b, = GS(Cgsl + C'L) + (91 + Gl)cfg + Gzcgsl
b, = cgslcz -+ C"S(C‘gsl +C))
and
. = GS(gml + Gl)
¢ cgslcz -+ C"S(Cgs1 +C))
. /GG + G)ICyarC) + Cy(Cer + C))]
- GsC, + (gm + G,)Cy + G, Cye
Single-T Gain Stages 5-41
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Source Follower’'s Complete Frequency Response

e ®, is the pole frequency and Q is the Q-factor.

e The bandwidth can be estimated by

1 » gml + Gl

BW ~ @, ~ ifC, > Cg

IfQ < 1/V2 ~ 0.707, no peaking in |A(j®)|.

If @ > 0.5, the poles are complex, and overshoot appears in the step response.
% Overshoot = 100"/ V4@°-1

e Ifg,, > G, and C, > Cs

/

i N GSC,L gmlc,ls Gzcgsl
Q gml(Cgsl + Cs

+ +
)\ GsC1(Cyea/Cs+1)  \ Cs(Gm/G)(L +C5/Cyen)

Single-T Gain Stages 5-42 Analog ICs; Jieh-Tsorng Wu



Compensated Source Follower

|_> VDD Y|g_>
C :
Vo 4
¢ *- -—Ci ] Cy
b L
Blas — C _ng
—iLm
Bias \V4 g
1
Y, = + sC
g 2
-R, - S_él
B = (Cgsl + CIL)2 (Cgsl + CIL)2
L gsl(gmlc, Gl gsl) gmlcgslcz
C gsl(gmlC G Cgsl) gmlcgslC _ Cgle,L
1=

C., =
(Gm +G))(Cys1 +C)) (G +G})Cye1 +C)) ° 7 Cyer +C,

Single-T Gain Stages 5-43 Analog ICs; Jieh-Tsorng Wu



Compensated Source Follower

e Adding R, and C; to the input port can eliminate the complex poles.

e For the compensated source follower, we have

C
/ gsl
gmlﬁL 1+ ngl

1+gmA, g (1 - s/pl) (1 E S/,02>

A(s) = [Gs + S(Cs + Co)]- Ay = Rs

where
G G
S S .
p, = - — N —— ifC, > Cyq
/ Cgsch C -+ C 1
C.+ , S gs
S Cg31+CL
/ /
9m + G, I9Im+G. .,
p, = _C = ~ — = if CL > Cgsl
gs1 L) L

Single-T Gain Stages 5-44 Analog ICs; Jieh-Tsorng Wu



Floating-Well Source Follower

VDD

Bias —o [ w2 v IZQZZI 1

— Vo CONTI GO,

Vin —| ;I \ N-Well Y,

M1
\V4 P-Substrate

The follower is in an isolated well tied to the M1 source. Thus, Vsg(M1) = 0, and

gml

A,,(0) =
g( ) gml + gol + 902

e The junction capacitance at the M1’s source is now replaced by the well-substrate
junction capacitor.

e p+ guard-ring surrounding the n-well may be required.

Single-T Gain Stages 5-45 Analog ICs; Jieh-Tsorng Wu
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Dominant-Pole Approximation

The response of an amplifier has the form of

s 1+a,S+a,s°+---+a,s" A0
A(s) —A(O)L = A(0) 1”2 . m_ (0)
D() 1+b18+b23 +"'+bnS <1 )(1__> < _i>
P1 P2 Pn

If |p,| < [P, |Pal. - . [P, then py is a dominant pole. We have
1 1 1 1 1
blz_____"‘—_%——z _

- A(0) A(0)

A(jw)| =

Eel-eT 3CH )

—3 dB Bandwidth = ®_;45 ~ |p1| = b
1

Multiple-T Gain Stages 6-2 Analog ICs; Jieh-Tsorng Wu



Zero-Value Time Constants

i2
@)

-

—/
+V2—

—I—

C2

(O ivl%m { ce% SOF

e 11 is a linear active network without energy storage.

e The b, in the denominator of the system function can be expressed as

R;o is the driving point resistance seen by C; with all capacitors equal to zero.

Multiple-T Gain Stages 6-3 Analog ICs; Jieh-Tsorng Wu



Zero-Value Time Constant Example

R1 I 7
'\/ : H : ® ®
+ +
C R..=R
v Vi =c¢. T < = v o=
S _ 1 <> (0] R20=R2
— é @ @ -
V
In'1 Ry Co

To determine Ry, replace C; with a current source /;, then

Vi = /f’ql Vo = _(if + gmvl)RZ

Vi =V, R,
R = - =R +A,+g,,R A, =R (1+9,A+ =

If R
We have

b, = z To = RCy + RyCy + (R + Ry + 9,R1R,)C

Multiple-T Gain Stages 6-4 Analog ICs; Jieh-Tsorng Wu



Darlington Configuration

VCC VCC
BC Q1 CC BC _| I: M1 ccC BC CC
+
Q2 Q2 vi< R} RS
EC (i) EC EC
G?n vl
VEE VEE
For the BJT-BJT Darlington configuration,
Im2
B¢ = Byo(Bor + 1) R,-C = Iy + (Bor + Vi Gy, = 1 mrﬂl Ro = Iy
+ (Bo1+1)rp2

e Use to boost the effective current gain of BJTSs.

e No significant application in pure-MOS circuits.
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BJT Cascode Configuration

VCC
R,
Vo + Vs I ImV2 1o
VB/AS_ —= * @ =y
R 1 <+ ng1 1 1 2
S - - -
Vi N/ Ci I_> Cr, C; R,
"y
\Y4

C, = C,, + C,q, + Capacitive Load ~ Cy, = Cpp + Cpgy
[0+ I a r 1
Co = Coy + Coa(L + g Ry Riy = 222 02, 12
t1 ml ul( 9mAin2) in2 B, +1 9m2 DBor+1l  9mo

e Usually /gy = Ipq, then g, ~ g,y and Cyy = Cpy + 2C 4

o If R, is large compared to r,, then R;,, = (1/9,,) (1 + R, /ry).
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BJT Cascode Characteristics

We can express voltage gain A, (s) as

A(S)zvo(s)zﬁ/_zi_oﬁz 1 1 x(_g )x Ao % RL
’ V,-(S) Vivlizio ng""rﬂll_pil ™ 1_,0_52 _p_s3

A,(0)
(1-5/p1)L-5/p)(1-5/p3)
r’lTl 1 1 gm2 1
,—p=_, Py = ————— Po=—
Rg + I 1 (R5llrz)Cr ’ Qpz Cyp ° R.C,
The output resistance of the cascode stage is

= A,(s) =

AV(O) = _0'02gm1F”L

1+ g, (1 R S — )
R r gmz ol :802 Im2'o02 r 1 + 1+ gmzrol ﬁ r
out — 'o02 1+ Imolo1 — 102 1+ Imolo1 ~ Mo2'02
:802 :302
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MOST Cascode Configuration

VDD _ VDD
Telescopic Cascode Folded Cascode
<—+5 I
T ; -
| M2 | lo- Bias
Bias —{ [ m2 Vi, N/ L w1
\Y/ R
1 S \V/
Vin M1 R C |2 —_
RS L L
IRV ( ¢ 0 vV
gm2 S2 R|_ C|_
RS ngl (*) gr ,
02 L
in '\/ — | * *-
+ +
V —— ——
01 T ¢ < T Vs2
- gsl ol -

\Y ‘B g
9 mlvgl Cx

/ — — / I __
gm2 =09m2 * Imp2 Cx - Cdbl + Csbg + Cgsz CL - CL + Cdb2 + ngz
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MOST Cascode Low-Frequency Characteristics

The output impedance looking into M2’s drain is

/ /
ROZ‘Z =lo1 + (gmzrol + 1)/’02 ~ G0l 01l02

The input admittance looking into M2’s source is

/
n2 =~
goZ/GL +1
The overall voltage gain is
/ /
A = |/o - gml gmz _ gmzroerZRL " = R
V_V_N_ G X G —gmlx / R"“gmlx(otZH L)
in 9o1 +Gjp2 9o2 + 0, Foo + szrolfoz + M

/ 2
e Letg, =0gm =Gma o = To1 = Fopy@NA g, > g, ITA, = Ry = g5, then

G/nZ ~

o o I  Im 1 (g_m)2

~ Ng A ~ — N ——
goRL +1 gmro +1 ° ’ 2gogo + GL 2 go
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MOST Cascode Zero-Value Time Constant Analysis

Using the zero-value time constant method, we have
Rys10 = As Ryg10 = As + Axo + 9mAshyo

RXO =Io1 ” R/'n2 ~ o1 ” [(1/92,72)(902/GL + 1)] RLO - RL ” Roz‘z ~ RL ” (gm2 ol )
Z To = RgleCgsl + Rglengl + Ry oCx + ALoC ®_34p = 1/ (Z TO)

/ 2
o Letgm =9m =9m2 o =101 =102 9m > G- IfRL = Roz‘z =9mlo and RS = ro,then

2 2

d Im! r, gmfoRs  gnr

Rinzzro RXO=EO RLON n;o RgdloNRs+Eo+ m20 =~ n;o
Imlo g re

e R,,C, usually is the dominant term, unless A is very large.
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MOST Cascode AC Characteristics

Let A, = Roro = Gpploalon: then

T2 Y
goZRL +1 gmzrol +1

G/nz ~

The dc gain is

gml % g;nz - 1.gm1.gm2

A,0) ~ — ~
’ gol + Ginz goz + GL 2 gol goz

The dominant pole is
1 2

~yY

- /
R oC 9,00 01l02C1

P ==

At frequencies where |p;| < @ < |p,|,

AV(O) - AV(O) - gml @u

A,(s) = S S
1- p_l _p_l SCL S

N ——r——=-— ®,=A,0)-p,

Multiple-T Gain Stages 6-11 Analog ICs; Jieh-Tsorng Wu



MOST Cascode AC Characteristics

The second pole is approximately at

_gol + Yin2
Cx

Py =

Y. Is the resistance looking into the M2’s source at high frequencies.

/ VO
Yine=9,>—902 | — -1

VsZ

e At frequencies ® > (9,, + G,)/C,,

/ /
Vo~ 9ma*t902 G
Vo Q9,0+ G, +SC, sC,

: 902 ,
= Y/nzmgmz(l_ O)"'goZ%ng

/
G | Gme @

C, KC,, K
where K is between 1 and 2 (usually closer to 1).

Py ~
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Active Cascode Configuration

Yo 9 o (A+1) V Yo C—B Vo
m2 (Atl) "2
Vias —+ * o * Imb2V2 * o '
A [ m2 -+ ’ ¢ — [ m2
| ®» @ <o, m3 ] ——9
- 3 > Vv, \V4
VidLE ML 9,1Y % TC < gy, Vin— L m1
\Y4 \Y4 \Y4 \Y4

C,=(A+1)(Cysz + Cyyz) + Cys3

The M2’s transconductance is boosted as g, ., = g,,2(A + 1) + g0, thus

— , A
Roto = For + Foo + 9 501F02 @ [Gma(A + 1) + Gnpollo1loo

Im(A+ 1)+ g
goZ/GL +1

G/nz ~

G/n2 = ng(A + 1) + gmb2 + g02 If RL =0
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Active Cascode Characteristics

The equivalent transconductance is

_O = g X GII‘)Z = g 1 —_ 1
Vilvemo " Gor+ Gine TN L4 [Gap(A + 1) + Gallon + o1/ T

e If A(S) has a dominant pole, i.e, A(s) = a,/(1 -s/p,) ~ —®,/S, ®, = a, - |p,|- The
transfer function V,/V; has an additional zero and pole at

1 .
p'=-, - ~ —® C, = Capacitor at V/,
- ’ gm2r01rOZCL ’ ?

e The non-dominant pole at the M2’s source is

g:"nz ng(A + 1) + gme ng
,02 I~ = I~
C, (A+1)(Cysp +Cyys3) +Cyss Cyso + Cyus

p- is degraded slightly by the addition of amplifier A.
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Super Source Follower Configuration

VDD
— o - °
g v \V4
| 1 O
10 Cyqr ™ \ <R, TC,
Voe—a [ M2 Vi 1 | | * o ® Vo
Vi [ M1 | Vgsl T ml gsl *) C*) ggol
4 ) ° \io_ B ® * —— — V5
C )
gsl l o .
'1% R, T C, gmzvzg TR, RLTCL
V V V
% ro,+R
S N
lo v;=0 [1 + (gml + gmbl) 1](1 + ngRZ) 9m1 ' Impr \Im2lo1

Imlo1 N Imilo1

R2+l’01 1
Io=0 1+ (gml + gmbl)rol + R1(1+92R>) 1+ (gml + gmbl)r01 + Im2lo2

A/0) =

Yo
VI
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Emitter-Coupled Pair

VCC
<+ Assume
Vol 02
wlcl /02¢ ° RCl = RCZ = RC'
Via _I:Ql QZ:I_ Vio
e Q1 and Q2 don't saturate.
Iee $REE e Neglect r,, r,, and r,,.
VEE ® Neg|eCt REE’ |e, REE — O0.

|/id = V’ — Y2 /cd = /cl - /02
Vol = Vcc - /cl'qC Vz = Vcc /czF”c Vod = Vol 02 = (/01 cz)Rc = = cdRC

/
eVBe1/Ur |, ~ /SZQVBEZ/UT — — L _ oWVeer-VBed/Ur — gVia/Ur

lo = sy ls1 = Is; / 3
C
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Emitter-Coupled Pair Large-Signal Behavior

Summing currents at the common emitter node with ar; = @, = af

Qeler =14 +1, =1 <1+eV/d/UT> = /= |, =
F'EE cl c2 cl cl 1 + e_V/d/UT c2 1 n e+V/d/UT
1 1 Vig )
l.g=1.,—-1,=agl - = Qrl-F tanh
cd cl c2 F'EE (1 N e_V/d/UT 14+ e+|//d/UT) F'EE <2U7'
v, _V
VOO’ = |/Ol - V02 = _/CdRC — _aF/EERC tanh I—d = aF/EERC tanh _Id
2UT 2UT
I
) V4
B e S
—JVT —SIVT —2IVT —{fT JT 21{;? 311,/? 41’:" Via
| | i 1 |- admaRe

"'4V;r' ""3",;!' '“2VT "'V',r 0 V‘;- 2V,‘,. 3"’1- 4V?-
Vid
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Emitter-Coupled Pair with Emitter Degeneration

+VYeo

FranRe =0~ |aphanRe

Ipan Re = 10Vy —_|

Itan Re = 20V —

] EEEEN RN
-10V,

RN EN | -
10V, 207, = Vi

= Ol Re
AL

—Veg

e Series feedback used to exchange gain for linearity.
e Linear input range increased by approximately same factor gain is reduced.

e Doesn’t increase linear output range.
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Source-Coupled Pair

VDD |
A 'dd
- Assume
Rp1 < < Rpp
I RS : e M1=M2.
Vo1 —¢ *— Vo2 '
di d2 - ; >
; V
Vit— [ m1 m2 T Viz : ™ e Neglect r,.
. |
SS
é ISS o RSS — 00.
VSS v

Vig = Vi1 = Vi3 lag = 1g1 = 12 Voo = Vor = Voo = =1gaFRp
Assume M1 and M2 are in the saturation region,

1 1 W
/dl = Ek(Vgsl - Vz‘)2 /d2 = Ek(Vgsz - Vz‘)2 k = luCOXT
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Source-Coupled Pair Large-Signal Behavior

Summing currents at the common source node, we have

lss  lyg lss  lyg
lgr + 1gp = Iss = lgy = 5 + 5 =

The gate voltages can be written as

/2/011 /2/012
Vgsl=Vt+ 7 VgsZ=Vt+ 7

The differential input voltage is

[2l01  [2]q; 2 ( / /
Vig = Vgsl - Vgsz = T - T = ; ( lg1 — /dz)

2 2

Squaring

Differential Gain Stages /-6 Analog ICs; Jieh-Tsorng Wu



Source-Coupled Pair Large-Signal Behavior

Rearrange, then we have

Kk 4lss lss  lag lss  lag
lag = EVId \/T - V,i and Iy = >t li = 5

Define V),, as the differential input voltage at which one of the MOST is turned off, i.e.,

lss = _VIM\/ - |//§4 = Vy= \/_( v1)||/ -0~ \/_( v2)|Vd -0

-0.5 -0.25 0 0.25 0.5 ViaV)
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Small-Signal Analysis of Differential Amplifiers

+ _|> Vo1 +\_|_> Vo1
v Vo2 P Vo2
V. V. V. V.
11 12 +1d _d
2 2
ic
The differential and common-mode signals are defined as
Vip T V2 Vo1 T Vo2
Vig EVir = Vip Vic = 2 Voa = Vo1 = Vo2 Voo = 2
1 1 1 1

Vit = Vie + SVig  Viz = + =V,

- 4 [l

Differential Gain Stages /-8 Analog ICs; Jieh-Tsorng Wu




Small-Signal Analysis of Differential Amplifiers

The voltage gain are defined as

vV V V4 v
A11=VL1 '412=VL1 '421=VL2 A22=VL2
i1 Vip=0 12 vi1=0 /1 Vio=0 i2 v;1=0
The differential and common-mode gains are
, : . % A, —-A,—-A,  + A
Differential-Mode Gain = A, = -2 _ T2 T T2
Vig | v, - 2
Vie=0
: V, A+ A, +A, + A
Common-Mode Gain = A, = _9o¢ _ 11 12 21 22
/'C V/-dzo 2
, : . V A, —-A,+A, — A
Differential-Mode-to-Common-Mode Gain = A, = — — Al 12 el 22
V/'d V/-C=O 4
: . ) Vod
Common-Mode-to-Differential-Mode Gain = A.,,, = T = Ay +Ap— Ay — Ay
/1C V/d=0
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Small-Signal Analysis of Differential Amplifiers

Usually want to sense v;, while rejecting v;., thus want A,,,, > A.m Acam Adem:

The common-mode-rejection ratio is defined as

am

CMRR =

A

cm

In a perfectly balanced circuit, A.,,;, = Ay, = 0. However, in practice, these transfer
functions are not zero because of component imbalances.

The ratio A,,,/A.q4m IS important because it indicates the extent to which a common-
mode input corrupts the differential output.
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Emitter-Coupled Pair Differential-Mode Half Circuit

VCC vVCC
&
V XRC RC? V ch V
+%d—. _%d o— +%d
—
Ql Q2 Ql
E
Rs Rs Rs
Vid Vid Vid
+= / - +==
2 EE&XREE 2 2
VEE
% V,,/2
v =0 N A od _ od — _ U r |\R
e am Vi V,-d/2 gm l’ﬂ 4 RS ( 0“ C)
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Emitter-Coupled Pair Common-Mode Half Circuit

VCC VeC
.
XRC RCZ ch
Voc —® — Vo — Voo
—
Ql i Q2 Ql
Rs — Rs Rs
Vie XZREE XZREE Vie Vie XZREE
1 1 v
VEE VEE
/I, =0 = A = @ - — ngC _ RC
X cm VIC 1 + ngREE ZREE
o
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Emitter-Coupled Pair Input Resistances

Rid Rid

Rid
Vi1 \/\N‘ Vi1 Vi1 \/\N‘ \/\N‘ Vi1
% Ric % Ric %

V:
Differential-Mode Input Resistance = R,; = —

Ipa

= 2r

T

Vie=0

: Vi
Common-Mode Input Resistance = R, = — =1, +2Rc(B, +1) ~ 20, ,Rc¢
/bC V/d=0
In general
7 V; , 7 V;
iy = + /d+ ic fpy = — /d+ ic
R R, R R,
id ic id ic
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Emitter-Coupled Pair Frequency Response

A
|Adm|
Differential-Mode Common-Mode
VCC VCC
902 F?Cg
Vod
~— 5 — Voc
A
Q1 Q1 CMRR = [exl
|Acml
RS RS
V/d —_
- % < — CE
2 ic ZREE -
\V4 \V4
\\ @
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Emitter-Coupled Pair Frequency Response

e Using the Miller approximation, the differential Response can be written as

% A, (O

Adm(3)= odz dm()

Vi 1-s/p,
A, (0) = /-?( ' ) D, = — L C,=C. +C,(1+g R
am = —dmfc Rs+rb+r7z (R Ct[(RS+rb)”rn] t— Y7 U I9mhc

e Because A is usually large, the common-mode response is typically dominated by
the time constant at the tail node of the pair.

% R 1 2R
A (S)=-Ln-—SnA (0)(1=5/25) Zg(s) = = 3
EE
R, 1
A. (0) = - = —
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Emitter-Coupled Pair Input Offset Voltage and Current

vCcC ! vCcC !
& : & :
|
|
Rc1 < < Re2 — ' Rc < < Rc
|
¢ + : ¢ : +
Vo I '+ Vo
Vos L |
+4| Q1 Q2 +—@ : kal Q2 :
Vi Vi I '
_ _ . !
los :
| EE > | EE !
|
VEE : VEE !

Circuit with No Mismatches

e I/hs and /5 Is equal to the value of V,, = V|, — V), and Iz, = /5, — I5, that must be
applied to the input to drive V/;p = 0.
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Emitter-Coupled Pair Input Offset Voltage

For BJTs in the forward-active region,

2
qgn:;D
[~ = |.e"Be/Ur V =UIn£ /. = i“n
c=ls BE T I S GVop)
The output condition is

lcr  Reo

Voo = —(lc1Rc1 = lcoRc2) =0 = ] = =
C2 c1

Since Vpg = V)p = Vg1 — Vgey, We have

/
Vg = UrIn22 — Uy In 22 = Ur In

(/01/32) — U-1n [“02 A, G1(Vega)
— T
Is1 Iso

/02/81 RCl Al GZ(VCBZ)
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Emitter-Coupled Pair Input Offset Voltage

To describe the mismatch in the components, using

X, + X
AX =X, -X, X = 12 2 = X1=X+% X2=x—%
Then
Lo Bt A G e ] 1A 134 1eg
= N . . . = N . .
R R 1 B F T e o
2 3
From Taylor series, if y <« 1,In(1+y) =y -4% + & —--- ~ y. We have
AR, AA AG AR, Al
Vo =~ Ur | - = - or Vo = Ur | - —
oot (T T) o weem (T
Differential Gain Stages 7-18
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Emitter-Coupled Pair Input Offset Voltage

e The offset voltage drift due to temperature variation is

dVos d [kT( AR, Als)] k( AR, AIS) ~ Vos

dT ~dT | g \ R, I Rs g T

q

e Nulling V55 usually doesn’t null dV,,5/dT because of how it is accomplished.

e Vs drifts in the 1 uV/ "C range can be obtained with careful design.

Rx
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Emitter-Coupled Pair Input Offset Current

The input offset current is defined as

ler  leo
los = /BD|VOD=O =lp1 —Ip2 = 3

F1 :8F2

As before, the formula can be arranged as

Since V,, = 0, we have

Al. AR, I,
lciRc1 =1lcafc; = ——=-—F5— = los~= (

 BF

AR, A,BF)
+
Rc  Br

e A typical B mismatch distribution displays a deviation of about 10%.
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Source-Coupled Pair Input Offset Voltage

VDD ! VDD !
» . : » :
Ro1 < SRz ' Rp. < Ro |
¢ + : ¢ : +
Yo y | . Vo
0S | |
+—10m1 M2 ] = — C w1 M2 1 |
v 7 v E 7
l :
Iss ; Iss :
VSS :_ ______ vss |
Circuit with No Mismatches
Vos = Ves1 = Vesz Vgs =V + _2p_ k' = uC,,
k'(W/L)
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Source-Coupled Pair Input Offset Voltage

Since V,, = 0, we have

A/D ARD
Ip1Ap1 = Ip2Fps I 7. TR
D D
The offset voltage is
Al Al
21p 1+ % /DD 1- %/_DD
Vos = Vgs1 = Vgso = AV; + k' (W/L) X LAW/L) 1 AW/L)
\1+2(W/L) \1_7(W/L)
Using Taylor series,
Ves -V, [41,  aw/L) Ves —Vi | _4Ro _ AW/L)
Vos =~ AV, + =— [—2 - A = =R T
b W/L) p  (W/L)

v = ~ \/2[(/01 +1py)/2] Iss
_V, = =

KW/L) kw/Ly [ kwyL)
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Source-Coupled Pair Input Offset Voltage

o AV, can be minimized by careful layout. Large-geometry structures can achieve a AV,
with standard deviations on the order of 2 mV in modern MOS process.

Due to the V5 — V; term, offset in MOST pairs is typically 10 times larger than that of
BJT pairs.

e Both V, and V,, have a strong temperature dependence, affecting V/;5 in opposite
directions.

e dV,s/dT in MOST pairs is not well correlated with Vg, unlike BJT pairs.
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Unbalanced Resistor Circuit Analysis

|___-l |d I___-l
1 - 1 *ic
id izl : 2 :
+ + +_ AR + +idAR
T RTve S w Oy 5T

l___T l---+

Differential HC Common-Mode HC

i i
V=V, =V, = iRy — iR, = (/C+—d) (R+@) - (/C——d) (R—%) = iR + i (AR)

) i AR . ] AR
Vi + V, (’c+3d>(’q+7>+<’c_?d>(’q‘7) _ AR
VC= — =/CR+/dT
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Unbalanced g,, Circuit Analysis

7 b
i1y 24
@ omivi P amave & O O,

\Y;
grn_d Adm

2 2
Differential HC Common-Mode HC

S Ag v Ag v
=i (3 222) (1 2) - (0= 222) (1-12) = s+ d

v — —
Ve 9m Ve

49m v Agm V
e (9m+ ) e+ D) - (9n-22) (- B) Ag,v,
lc = = =JdmVe t A
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Unbalanced Differential Amplifier

- i
i AR R * g
R1 Ro Co+ 2 veg
Vol Vo1l 2
Idm1 Vi1 Om2Vi2
Vid A9m
R 9m — —
SS 5 >
Differential HC Common-Mode HC

If AR = 0and 4g,, = 0, we have

~ gnR
1+29,,Rss

Acdm =0 Adcm =0

Adm _ng Acm =

Differential Gain Stages 7-26 Analog ICs; Jieh-Tsorng Wu



Unbalanced Differential Amplifier

Including mismatches, the voltage gains are

] = [ e L]

where Ag Ao 1
v A9, Rss—2A — =225
Adm _ Jod _ _ng Imfss 2 2
Vig |, =0 1+29,Ass
A Vod _ 9n,4R + Ag,,R
cdm Vie Vig=0 1+ ngRSS
[ AGpm 2\
. . A9,R = guhR (2g,Rss (522)
A i =——|9,4R +
N Vigly, o 47" 1+ 29, Rss
) A9m AR )
A Voo _ Gnfi R
T Vie |y -0 1+2g,Rss
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Simplified Analysis for Unbalanced Differential Amplifier

First assume no mismatches, and find A, Az, Vogs [gs Voor 1, @and 0y,
Adm =-gnf Acm=- L ‘7od = Adi'd = —ngV-d 70’ = 9mVig
1+29,Ass l l :
V= Av. = — ngVic V. = Vi /" _ gmvic
o 1429,Rss T 1+29,Rss  ° 1+29,Rss
Then consider only the mismatch terms,
~ AR Ag..  V v AR + Ag,.R
_IC_ — Rﬂvl — Ld = Acdm — Ld — _gm gm
2 2 2 7 1+29,Rss
V/d=0
I AR A v, v, 1 Ag,.R
_wff_p Im Vi _ i oyp Yool 2 (g pRp 4 —29m
2 2 2(1 +2g,,Rss) 2 Vid | v, =0 4 1+29,Rss
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Simple BJT Current Mirror

,3F1 = ,3F2 = ,3F
VA1 = VAz = VA
V
le1 = /slevBE/UT (1 + CVEl)
A
Ioy = lg,0"BE/UT (1 + VCEZ)
c2 = Is2 TA
>
VCE(saz‘) /01 /02

[y =1~ + gy + 150 = [~ + +
IN =1lc1 T 11 T1g2 =11 8, B,

1+ Veeo—Veer

Iso (1 + |/CE2 - |/(:El) / Is2 Va+Veer

lny = [~ — =/ - :
Cc2 Cil IN
Is1 Vs + Vees Is1 144 4 Lls2 (1 + M)
BrF  Brls1 Va+Vees

Vees = Veer 1 ( /sz)

1+ —
Is1

/
leo =i /8—2 -(1+¢e) e = Systematic Gain Error ~ 7 — 5
S1 A F

Rox = Iz Vo(m/n) = VCEZ(saz‘) VCC(m/n) = VBEl(on)

Current Mirrors 8-2 Analog ICs; Jieh-Tsorng Wu



Simple BJT Current Mirror with Beta Helper

vCC o Ignore Early effect. For Q1 and Q2, let
B = B = lea  Is3
G) Iin v, F1 = PF3 = PF Ior st
°—| Q2
/C].¢ ¢/C3
~ e From KCL,
QTAA -— — L Q3
Ig1 g3 l\l [oq + 1
1
iy = loy+ B3 =+ (U +12)
é e Bro +1 “t Br(Br, + 1) cLes
Is3 Is3 1

/
=y = (1+¢€)
1 ( + /5_3> /81
Br(Br2+1) Is1

/03 = /01/— = //N'/ .
S1 S1 1 +

€~ — 1 (1 + /5—3)
Be(Bry + 1) Is1

Roz = Io3 Vo(m/n) - VCES(saz‘) VCC(min) - VBEl(on) + VBEz(on)

Current Mirrors 8-3 Analog ICs; Jieh-Tsorng Wu



Simple BJT Current Mirror with Emitter Degeneration

VCC
/ /
Vg = IRy + UrIn2 = [o0R, + Up In 2
Is1 S3
CD Iin les lea leslsy le1/s3
* * /ClRl - 5 = 1 = UT In —_—
Q2 le1/s3 leslst
3 / R / /
N QI/ r~ f 22-_1 then &-2328
QL | e K4 ls;  Rs ler sy
i e The BJT should be scaled with corresponding
2/:;1 lCB 2,:;3 2/;4 emitter resistor.
—e é ® *—
|~-R Ve = V/ Vapa = V/
RO3 ~ r03(1 + gm3R3) — f03 (1 + c3 3) 6,3/:200 = CE3 CE1 —_ CE3 CE1l
T
Votminy = Vees(san + 1csfis Veeminy = Veeron + Vee2on + lc1A1

Current Mirrors 8-4 Analog ICs; Jieh-Tsorng Wu



Matching Consideration in BJT Current Mirrors

Assume Q3~Q4, and let
A/CE/C3_/C4 AISEIS3_/S4 ACI’FEO’F3—C¥F4 ARER3—R4
_les+ ey _ls3+ sy _ QF3 + Qpy P A3 + R,

= = - = =
¢ 2 S 2 i 2 2
To calculate mismatch between /,; and /,,,

log | Iy |
Vg = Vips + lgaRs = Vigpa + Ig4Ry = Ur N =2+ 2R = U, In 22 + 2R,
s3  9F3 Isq  QFq

/ lsg | /
UinZ U, n2+ Lp - 2R =0

lca Iss  QF3 Fa
Al Al
/C+% ls+% </0+TC>(R+%> </C_TC>(F”_%)
Urln Ale | Urln e Aar B Aar =0

le == Is = =* Ap + =~ Ar = =~

Al Al [-R Al Aa I-R Al Aa
UT—C—UT S (1+ C+A'L?— F)—C—(l— C—A'L?+ F):O

I, Is | aF 2l " 2R 2a;)  af 2l 2R 2aj

Current Mirrors 8-5 Analog ICs; Jieh-Tsorng Wu



Matching Consideration in BJT Current Mirrors

With above approximations, we obtain

ImA
Al 1\, S (4R A
e 1498 ) s 14%E\ R O
ar ar

— N’V

For a typical bipolar process

Alg Aar AR
— ~+1% - £10% —— ~ £0.1%(npn) = 1%(pnp) - +0.1% — £2%

ls ar
o If g,,A < 1, the /[, mismatch is determined by /g mismatch.

o If g,,A > 1, the /[, mismatch is determined by R and a mismatches.

Current Mirrors 8-6 Analog ICs; Jieh-Tsorng Wu



Simple MOST Current Mirror

<+ lIN Vp2 VD3 k' = U C
- n= ox
*'DZ ¢|D3 1, (W
le'j In = ok (T) (Vi = Via2(1 + 23Vp0)
M1 ]| y H= — L m3 1 W1
R Ipp = Ek, (T) (Vg = Vi2)*(1 + A,Vp,)
2
L
1 (W
e Ios = 2k (T) (Vo = Vi) (1 + AgVg)
3

LetV,, =V, =V, and 1, = 1, = A, then

w/L), 1+, (W/L) VAR,
Ipy = Iin - 2'1 /WDZ= IN 2-(1+€) e~ AV, = Vpy) = DZV D1
(W/L), 1+ AVpy W/L), 7
1 2l
Aoz = Foz = Ao, Voormin) = Vova = Vou1 ® K(W/0), Voominy = Vas1 = Vi + Vou

Current Mirrors 8-7 Analog ICs; Jieh-Tsorng Wu



Matching Consideration in Simple MOST Current Mirror

Ignore A effects. Assume M2~M3, and let

Alp =l —lps AW/L) = (W/L), -~ (W/L); AV, = Viy = Vs

W/L), + W/L)s |, _ Via + Vis

Ino + 1
=22 (W/L) = > , >

2

Ve =V V V. V V. 2lp2 V 2lps
= + = + = + = +
R 12 ov2 13 ov3 12 k'(W/L)2 13 k'(W/L)3

Neglecting all second order terms, we obtain

21,
k'(W/L)

Al,  AW/L) 4V

= V. =
/D (W/L) |/ov/2

ov

e To maximize output swing, want a small V/,,. But then 4/,/I, increases as V,,
decreases for a given AV,.

Current Mirrors 8-8 Analog ICs; Jieh-Tsorng Wu



Layout Considerations

VDD
+—o -
joseH=— [
S
VDD

& & ovol [

\ -- ® .-
g ¢
- S—IW——\\'— ——— VSS
Vs Vg Vs VSS
V0|tage Routing Current ROUting

Current Mirrors 8-9 Analog ICs; Jieh-Tsorng Wu



BJT Cascode Current Mirror

Vo
Vi Vo ¥ /o Vo ¥ /o
Vo ] ]
- 2 @ Vi, @
V V
Q4 Q2 2g m2 Egrﬂz 9m2 Vzgr 2 ggrﬂz 9m2 Vzgro2
@ 9 @ 9
—— —
Q3 (o1 iy
V
r/l ~ ngl igfﬂl <+>gm1V12r01 Zrex Zrol
L Y L
1 1 g 1
9m m?2
gm1=gm2=>r_zgm1 ;n 1 ~ ZN—=>RE=I’01||I’9X%7T2
ex o + 7 + :802 + Fm2
m2 9m1
R r r
Ro~r, |1+ ImonE z02(1_|_ ﬁoznz)zﬁozoz
1+ M rn2 + fnz 2
:302
Vominy = Veer + Veoeasar = Veeson) + Veezsan Veeminy = Veeson) + Vaeawn)

Current Mirrors 8-10 Analog ICs; Jieh-Tsorng Wu



BJT Cascode Current Mirror

Neglect Early effect. Let Q1=Q3,

Br Br

/03=/01 /CZ=/01,3F+1 _/CS,BF+1

From KCL,

les  les Ic3
Iy =lpg +1ga+ 15, =lps+ g3+ 15, + 15, =15+ -+ -
IN =1lca T 1pa *t1igp =1lc3 Tig3TIpg1 T 1ig2 =lc3 8, B B+l

Thus
[ Br _ Br 1 _ (1 4BF + 2 )
c2 = lcs =N ' =hIn- | L-
Pr+1 Br+1 1+é+ﬁ B2 + 4B + 2
46F + 2 4

,Bﬁ+4,8F+2~ Pr+4

Current Mirrors 8-11 Analog ICs; Jieh-Tsorng Wu



MOST Cascode Current Mirror

Vv
v) N 0
I I
Voo 9m2Y2 Imn2Y2 2 T

V1 0 \Y}

0]
~ VYoutmin) |
M4 | Cve @) C% %902 —
21 V2 o
us T——L m <9

3 \ > Vour
\V4 \ M, active, M, in triode region

é Both M, and M, in triode region

Ro = ro1r02(Gmz + Ompz + 901 + 9o2) = Fo1l029ma(1 + X2)
Votminy = Vps1 + Vosara = Vis + Vouz + Voo
Vopminy = Vass + Vesa = Vig + Via + Vi3 + Vs
e~0

Current Mirrors 8-12 Analog ICs; Jieh-Tsorng Wu



MOST High-Swing Cascode Current Mirror

1
/L), = z00/1L)
C;g I||\| Vo = VGS4 = VZ‘ + 2|/OV
B
t
M4 | F—s—i— [
. e |/1 = Vz‘ + |/ov
¢ ¢ Vov
M3 ] 1L w1 Vo =2V, + 3o,
V3 = Vz‘ -+ 2Vov
é |/4 = |/ov

Votminy = Vbs1 + Vpsara = 2V, Voominy = Vass + Vgsa = 2V + 3V,

e ~ |/D:S‘l - VDSS " |/ov - (Vt t |/ov) _ _E
VA |/A VA

e In practice, select (W/L), < (1/4)(W/L) due to body effect and design margin.

Current Mirrors 8-13 Analog ICs; Jieh-Tsorng Wu



MOST Sooch Cascode Current Mirror

VDD VDD
1 1w
w® MO =3 (37) Vo =17
—Vp —e V2

= K’ (1W) (Vs = V)V, - 2V7]

'—”:MB% — [ me 3L
1A Vo=V, +2V.. V, =V
Vv = =V + -
i W o] B t ov A ov
_||:MA3—L —||:|\/|53—L |
N By o
1 V=V, +V,,
| : |
v VM4:|' v, IL “\/'/2 Vo = 2V, + 3V,
> 4 Vs =V, + 2V,
IEMS [ M1
4 |/4=Vov

% T Vs = Vo,

|/o(m/'n) = Vps1 + Vpsara = 2V, |/DD(m/'n) =V, =2V, + 3V, e=0

Current Mirrors 8-14 Analog ICs; Jieh-Tsorng Wu



MOST Low-Voltage High-Swing Cascode Current Mirror

VDD Vl = Vt + |/ov

V, =V, + 2V,
<+> N <+ N Vo v, =V .

ov

._1 - *IO V4=Vov
W) HE | m2

Votminy = Vps1 + Vpsara = 2V,

|/DD(m/n) =V, =V +2V,

- - o

e In practice, select (W/L)s < (1/4)(W/L) due to body effect and design margin.

e To bias M2 and M4 in the active region, wantlV, -V, <V, =V, <V,.

Current Mirrors 8-15 Analog ICs; Jieh-Tsorng Wu



Sackinger Current Mirror

VDD Vv
; If A= 1
VDD C—B i }i, VoD = 59mslos
— 1
B2 I B1 = R, ~ §9m19m5”01”03”o5
[ m2 M1 _]
M6 | ——1 — [ ms
VSS Ma ] : [ M3 \VSS Vominy = Vass + Vosari = Vour + Vous + V4
- > i Voo(miny = Vass + Was1
VSS — VOVl + VOV5 + 2‘/2«-

e It may be necessary to add local compensation capacitors to the enhancement loops
to prevent ringing during transients.

e The scheme can substantially slow down the settling times for large-signal transients.
A typical settling-time might be increased by 50%.

Current Mirrors 8-16 Analog ICs; Jieh-Tsorng Wu



Gatti Current Mirror

VDD Vo
VDD VDD
- » .- 1) 1. - & *-
lin lo

V =V
NONINORE == ®aig M1 =707

= Vpsz =Vous
— [ m2 M1_]H—¢
Ms’:mﬁ |;LM6 |\/|5AE| }—EE.MY

|/ov7 + Vz‘

VSS VSS Vo(m/n) = Vpss + Vpsar:
| T_I | | I_T | - ovl * VOV3
MA4A 1| A 1 L M3A v _V
M4r Ll M3 DD(min) = YGss
A&
VSS = Vovyz t |/ov7 + Vz‘

o If (W/L)1234=1x(W/L)sge783444 KEEP ;7 < Np.

e M2 can be a fixed-bias cascode. The resulting circuit is less prone to instability.

Current Mirrors 8-17 Analog ICs; Jieh-Tsorng Wu



BJT Wilson Current Mirror

VO
ol am
l o
J¢ 2 Ro ~ 18022r02
V r
I Q2 G,V ] ' 02
lﬂk m2 : .- |/o(m/n) - |/BE 1(on) + |/C'E 2(sat)
V = +V
Q3‘\|,| Q1 R, > V1 DD(min) BE1(on) BE2(on)
kj 9m3V1 =19m ) (_ 2 .\ VBE2>

v ) v

Assume Q1=0Q2=Q3, then /,; = /-5, and

leo leo ( Br ) ( 2 ) ( Br )
Iy =g+ —=— =[]~ + = [~y = —1 =/ 1+ —

2 Iin
/O=/CZ=//N<1_ >=
2 2
,BF + 20 +2 1+ et

Bz+2B-+2 Vi

Current Mirrors 8-18 Analog ICs; Jieh-Tsorng Wu



MOST Wilson Current Mirror

Vi |
A2 ho I mbaVs . mf . Im2(V1-V2) gmb2v2 - y
M4 ] [ m2 ! 0
e D 2g DO <
3
. 4 . 4 V3 V2 . 4 @
M3 ] v, [ m1 > G) > >

R,~ry, |1+ %(1 + x,) + Im2 Im3

Im1 Im1 G. + . Gint9Ima_
intYo3 Ima(l+xa)

e~0  Voming=Ves1i + Vpsar2  Voominy = Ves1 + Vaso

Current Mirrors 8-19 Analog ICs; Jieh-Tsorng Wu



Complementary Current Source Load

GZ =001 t GOZ C,L = CL + COZ

e The V, range in normal operation is between Vg, and Vpp = Voo min-

Current Mirrors 8-20 Analog ICs; Jieh-Tsorng Wu



Current Mirror Load

G1=9m *+ 901t 900 Ci1 =Cgs1 +Cysa+ Cupo + Cypr ++- = KCysy

G, =09,+G, Cio=C+Cpypp+--

/ A0
NeglectCpy, = A(S) = 2 — Im2 _ /(0)
Iily 0 G1+8Cy  1-s/p,
A(0) = Imz _ Im, g 1 9 p1 = G o Im_ Or
Gl gml 1+ g:;ll + g:;)l Cfl KCgsl K

Current Mirrors 8-21 Analog ICs; Jieh-Tsorng Wu



Diode-Connected Load

vDD Vo A /Ml Off 9 m2 0 gmb2 0
—
\Y4
VDD — V12 8) CD <9
d1 02
— [ m2 M1 Sat'd ?u
o : -
5 ; —C V) < TcC
Vi v = c, g © M1 Linear gsl C> .
- . ‘L ) v
VoV Vi1 =Y Im1i Y1
G, =9m2+ Imp2 + 9o1 + Go2 C,=CL+Cyp+Cysz + C,
A (0) = _Im _ _ Im1 n —— Im
g GI I9m2 ¥ Gmp2 ¥+ 9o1 T 9o2 9m2 T+ Gmp2
4.(0) ~ _9m ( 1 ) _ 2K1lps ( 1 ) _ (W/L), ( 1 )
’ Im2 \1+ 1> 2Kylpy \1 + )7 w/L), \1+x,
Current Mirrors 8-22
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Sensitivity and Temperature Coefficient

e The sensitivity of a parameter y to a second one x is defined as

(4}/_;/) x.ay

e The variation of a parameter y that results from changes in temperature is usually
characterized by its fractional temperature coefficient, which is defined as the

fractional change per degree centigrade change in temperature.

_<Ay_y> 1 Oy

Voltage and Current References 9-2 Analog ICs; Jieh-Tsorng Wu



Simple Current Sources

VCC Vv

R Veo Vp2
* lco * ID2
M1 [ M2

]
v v

glea _ Vee Olea _ Vec 0 (Vcc) _n. (1) _ 1
ee ey Voo Vpo/R Ve

Ole,  10Voe  VecOR _ ( 1 Ve 155’)

0T R 6T R2oT “?\V,. 0T RoT

TC/CZ == TCVCC - TCR

Voltage and Current References 9-3 Analog ICs; Jieh-Tsorng Wu



BJT Widlar Current Source

VCC Let B — oo and V; — oo,
/,le R, Vee = Veer  Vee /
/ ~ ~ IN
& o, Iin R, R, SVCC 1
/ / Ly |
Q1 Q2 UT|n/’_N=UTIn/£+/0R2:UTIn (%/‘9—2) = IR,
S1 S2 o Is1
R, lin
% |f /Sl = /32 = UT In /— = /ORZ
o

Differentiating both sides of the above equation with respect to V.,

/_o i 0l B Iy 0o _p 01, N 0lp _ 1 lo 01y
T//N loOVee /g WVee 20VCC WVee 1+ % IinOVee
/O _ VCC 8/0 _ 1 VCC 0/,,\, _ 1 S//N ~ 1
Vee Iy Ve 14 02 | Ny Ve 1 4 loff2 Vee 4 | loRs
Ur Ur Ur

Voltage and Current References 9-4 Analog ICs; Jieh-Tsorng Wu



MOST Widlar Current Source

LetlV/, —» coand y — O,

VDD
N * R1 . Voo = Vo1 — V¢ 1k’ W V2 oy = 2l
* |O IN — R - E T ovl ovl —
1 1 k'(W/L),
] w2 V.=V . +1,R I,R 2lo V. . =0
- + = + - =
ovl ov2 o''2 o''2 k'(W/L)2 ovl
% R2
- \/; = + 2 + 4RV, 4
2/—?2 k'(WJ/L), k'(W/L),
1 ol 1 1 up Vo Won _ V 2 1 Oy
— A —
2VIo%Vo0 4 \/k'(W/L)z + 4RV, Voo OVop k'(W/L)1 2/l Voo
S/O |/ovl S//N ~ |/ovl S//N _ ES//N

Voo — > Vbp > Voo 2 Vbp
V2, + 4IoRoVe Jav2

Voltage and Current References 9-5 Analog ICs; Jieh-Tsorng Wu




BJT Peaking Current Source

VCC
| Since
IN
VBEl - //NR = VBEz
R //N /O
S1 S2
Ql Q2
We have
o o 1
1000 U7_|n N 52 =//NR
900 |- /O /81
800 R=10kQ
700 R=12kQ
g o o If Q1=Q2, then
-5400—
300
Ur |
200 _ —IinR /U T IN
100 /O_//Ne INR/Ur R_/—h‘]/_
Ot s 4 5 6 7 8 5 10 IN 70
I (1A)

Voltage and Current References 9-6 Analog ICs; Jieh-Tsorng Wu



MOST Peaking Current Source

VDD

1500

Weak inversion
1250+

1000}~ n=15
T = 27°C

R =10kQ

k' = 200 pAN?2
(WIL), = (WIL); = 25

750

Ioyut (nA)

500

250 Strong inversion

For M1 and M2 in strong inversion

lo

2 L

- Tk (ﬂ) V2 =1k
2

ov2_2

W
(T) , (Vol o //NR)Z

|/ovl = \/

K'(W/L),

For M1 and M2 in weak inversion region,

//N

Ves2 — Vi = nUrIn <—> - IinR
(W/L) 11,

If M1=M2,

~ |, (ﬂ) e(Ves2-V)/(nUr) //Ne-//NR/(”Ur)
L 2

Voltage and Current References

9-7
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BJT Vg Referenced Current Source

veC
Iin ¢ < R, wo [ Vee = Veer — Ve
_ IN R,
T\ Q2 Iin
|\l Vg1 = UrIn—
01 Is1
~ Voer  Ur |
< R, /, = ZEl _ RT n //N
2 2 Is1

v

dlp U (/51) < 10y Iy 0/51> CUr 1 0y

WVee - R, ls10Vee lélavcc - Ry lin 0Vee

o (Vcc) 0o (Vcc) Ur10ly Ur g _ Ur

//N

S//N

glo _ — — —
RylinOVoe  IoRy Yec Vgeyoy VeC

Vee — OV, B

lo lo

Voltage and Current References 9-8 Analog ICs; Jieh-Tsorng Wu



MOST V, Referenced Current Source

VDD
IIN *%Rl * 1o //N _ |/DD - VGSl _ VGSZ _ |/DD - |/ovl - |/0v2 - Vz‘l — V2
R R
¢ | [ m2 2/, 21,
|/ovl = |/ov2 =
M1 ]| k'(W/L), k'(W/L),
R2 o/
V., + il
- . Ves1 _ Vir + Voua _ . k'(W/L)
% 0 R, R, R,
lo Vovl Iin |/OVl S//N

Voo — 215R, Voo — 2Vzsq Vbp

Voltage and Current References 9-9 Analog ICs; Jieh-Tsorng Wu



Self-Biasing BJT Vz Reference

/53
S4

V, U /
Iy ~ BEL _ Tln(ﬂ)

R R\l
o1

2 R = IIN TC/O = TCVBEl - TCR
—eo—o -

VEE

e Two possible operating states, A and B. State A is stable and desirable.

e State B, where only leakage currents flow, would normally be unstable. However, it
may become stable due to low loop gain under low-current condition.

e There may exist hidden states when the supply is ramping from 0 V.

Voltage and Current References 9-10 Analog ICs; Jieh-Tsorng Wu



Self-Biasing BJT Vze Reference with Start-Up Circuit

VCC
- e :
I"T 04 IJ e When in zero-current state (B), I, ~ O,
> Q3 Q6 and D5 is forward biased, forcing a current
Rs flowing into the self-basing loop.
* $|01
Y, S IN
@ ®
BElOn) T + ylo e Choose R, so that, in State A,
Ry < Vy
D4 -
o ! I:QZ J* 02 Vi = inRx 2 2Vge(on)
~N
D2 QL 1 Qo Thus, D5 is reversed biased and the start-
D1 < R up circuit won't disturb the self-biasing loop
- when in State A.

VEE

e The start-up circuit may also introduce additional bias points.

Voltage and Current References
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Self-Biasing BJT U, Reference

/83

Iin ~ /O'E
4

//N /O
S1 S2

TC/O - TCUT - TCR

I 1 Iss | AV,
AVBE = VBEl - VBEZ = UT In (ﬂ . 2) —_ UT In (ﬁ . _82) /O — BE
lo Is1 Isq Is1 R

e The U; reference is a proportional-to-absolute-temperature (PTAT) circuit.

e A start-up circuit is required to avoid the “zero-current” state.

Voltage and Current References 9-12 Analog ICs; Jieh-Tsorng Wu



Self-Biasing MOST V, Referenced Current Source

VDD

M12 ] lo— M3]|o—I—e4[M4 o [ wve
® *IOl

I | V =
Ny | v'o ov1 ¢k'(W/L)1
— 7 ¢ | I: M2 * 02
|\/|13:||—M11:|I . Ml]l | [ ms V0V2=¢ ?lo
R k,(W/L)Z
-¢ o o o
\ / é
Start-Up
V., + 2N
In (W/L)s Ves1 Va+ Vo K W/L)y N Via
o~ WL, ° R R R R
Voltage and Current References 9-13 Analog ICs; Jieh-Tsorng Wu



Self-Biasing MOST g, Referenced Current Source

VDD VDD
-$ > ® -¢ > ®
MSJ}O—ﬁl\Mq M6 Msjb—ﬁmd M6 K= HnCox
W/L
$|01 $|01 as( / )2>1
'|N$ *'o '|N$ *'o (W/L),
Poz + AV =1-R
| l | — M2 Av=R
M1 :l I - M5 - |
. | [ m2 * lo2 Let M3=M4, then
A_v% R M1 _] = [ M5
- KB KB ¢ Iin=1o=1
=i (X Ve, =k’ w v, -4V? = VA= va AV
2 L ovi 2 L/, Ja-1
/_AV_Z(\/E—l)Z 1 g =2 _av 2/a-1) 2Ja-1
R k'(W/L),R? ™ Vo, R Jaav R Ja
Voltage and Current References 9-14 Analog ICs; Jieh-Tsorng Wu



Self-Biasing MOST Vg and U; Referenced Current Source

VDD VBE Reference

- > ® o

v3 ] lo—s—aHE o [ e
y
'|N¢ *'o

Ml’]ﬁ_{ [ m2

E

AV = Vpey

VDD Ut Reference

- > ® .-

M3 ] o——eH——| [ w6
L—« Y

'|N¢ *'o

Ml’]ﬁ_{ [ m2

AV = Us In Isa (W/L),
Isy (W/L),

Voltage and Current References
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Band-Gap References

/C
VBE
é VO — VBE -+ KUT
PTAT K-Ur
Generator

e Ur = kT/g=26mV atT =300 K. dU, /0T = k/q = 0.087 mV/ C.
o Vg =600 mVatT =300 K. 9V /0T ~ —2mV/ C.

e Want K = 23 so that 8V, /0T = 0at 300 Kand V, ~ 1.2 V.

Voltage and Current References 9-16 Analog ICs; Jieh-Tsorng Wu



Band-Gap References

For a BJT biased in the forward-active region, we have

Je

Ve =V (1 T)+|/ T+mUIn(TO)+UIn( ) U, =
BE GO 7-0 BEOTO T 7— T JCO T q

Vs, Bandgap voltage of Si extrapolated to 0K (=~ 1.206 V)
k Boltzmann’s constant

m Constant (=~ 2.3)

T,  Reference temperature

Jo  Collector current density (= I, /Ag)

Joo  Collector current density at 7,

Let

Vo = Vor + KU d Je T\"
= + an — ==
(@) BE T JCO To

We have

-~
Vo = Vo + TL(VBEO - Vgo) + (m — a)Ur In (?0) +K-Ur
0
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Band-Gap References

Then

OVO k Ty K
57 = O(VBEO Vo) + (M — a)a In - -1+ K- g

Set 0V,/0T =0atT =T,, we obtain

1 KT,
K = [VGO +(m — a)Urqg - VBEO] Urg = —
T oVp k IR
Vo = Vg + Ur(m - @) [1+In(7_)] 0—7_=5(m—a)ln(?)
L At T = To,
V, =V + U Vo _
= m-aQq —_—
o) Go + Uro( ) 3T
e If T, = 300K and a = 1, then,
1.24 -V,
K = 559 and VW, =124V atT =T,
0.0258
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Kujik Band-Gap References

VCC

— L —e T \ 4
+
2R1 2R2 gRl 2R2 VO
A Al A Al
o——: —+ -
[ + @ —_
+
+ +
A4 VBg 2R3 V, 4 VBg 2R3
_ N ™
] FeaTe
n n
VEE VEE
I, R R I, | R, |
1=2 V=24V, AVBE=UT|n(—1-£)=U|n< 2. 32)
/2 Rl RB /2 /81 Rl /Sl

V= Viggq| + Vigy = |V, |+EAV = |Vgeq| + U « P2 (B2 )52
0] BE1 R2 BE1 R3 BE BE1 T RB Rl /81
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Kujik Band-Gap References

e Both /,; and /,, are proportional to T.

e In n-well CMOS technologies, use vertical pnp BJTs with with collectors tied to V.

e Reference: Kujik, JISSC 6/73, pp. 222-226.

-@

gRl
Iy

2R2
Iy

VOS

<

R3

’_@_>_

Vo

bl

VEE

Let V,,s be the opamp’s input offset voltage.

Vas = Vae1| = Vaea| + Vos = AVge + Vos
R, R,
Vro = R_3VR3 = R_s(A Vee + Vos)

Vo = \Vee1| + Vos + Vao

Vg B py, (1 —RZ) V,
& + + 1+
BE1 RS BE F)’3 oS

e The ratio R,/R; is typically 5 ~ 10.

Voltage and Current References
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Ahuja Band-gap Reference

VDD
—e Y Y & ® ® *—
Jlo———He——Fe ’ oH———oH—¢ o [
M1 M2 M3 M4 M5 M6
M12
1 ] -] [  Jlo—s—¢
M7 M8 M9 M10 M1l
Ce —_
/\ o
¢ o—>:
+
R3 VO
Q1L IJ LQ6
Q2 - + Agg - —> 1 Q5
Q3 Q4 ‘\l
—e l @ L 4
VSS
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Ahuja Band-gap Reference

RZ RZ
VO = 3|VBE| + 3_AVBE + 1 + — VOS
RS RS

Increase number of V52 to suppress the contribution from V.

Opamp doesn’'t need to drive resistive load.
e C_ provides a feedforward path for negative feedback to ensure stability.

e Cascode current sources for better current matching.

M12 is added for auto start-up to avoid the zero-current state.

Reference: Ahuja, JSSC 12/84, pp. 892—8909.
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Brokaw Band-Gap References

VCC VCC
b ¢ &
TR ko Q3 Q4
Wl D
+
¢ /4 /2¢ Vo2
. RILS™ 7
~ ~ A ~ | VEE
QLI QLI ~
Q2] | Q2] | o
R3 <~ AVge R3 <~ AV, R12
? ’ VEE
iR4 iR4
VEE VEE
L R, AVe L Is;
= = =— = AVge =Us;In|=-—
Br — © L~ R, 2 R, BE T L Tsy
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Brokaw Band-Gap References

The output voltages are

AVge (14
Vor. = Veer + (L + )Ry = Vgey + —+1)A,
Ry \/,

A, (Rz ) (Rz /32)
= Ve +tU;x—[—+1)In|[—-—
e A3 \A, Ry Is

Ry Ry (h Iy sy
Voo = |1+ =— |V, Ur—|=+1)In{=-—
o= (10 7) [0 (2) G ).

e Both /; and /, are proportional to 7.

e The resistor R, = (g—jRM) | R, is added to cancel the effects of the finite base
currents going through Ay;.

e Reference: Brokaw, JSSC 12/74, pp. 388-393.
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Widlar Band-Gap Reference

VEE

/1 /3
Pr — o0 / = / Vee1 = Vaes
S1 S3
/ [, R,/
I 151 Rl /81
A,
VO = VBEl -+ _AV

R R, [
—VBE1+UTXR—2|n( 2 82)

3 Rl /81

e Both /; and /, are proportional to 7. /; can be mirrored from a separate PTAT source.

e In the simplest form, /; can be implemented with a resistor.

Voltage and Current References
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Song Band-Gap Reference

VDD

M3 ] lo [ d"wm o[ w5

Me o [#[M(S o [ wms ol
Mo | 1 | m10 Vo

- =D

M1 | [ m2 ¢
+ <
A\LXR Ry =yR 2R
S R
i *—

VSS
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Song Band-Gap Reference

Let Q2=Q3, /5,/l5; = n, and M3=M4=M5, then
AV = U;In(n)
The output voltage, /5, and current, /,, are thus

V.
Vo = Vges + Ur -y In(n) and /p = R_O

X

e A PTAT current from M8 develops a Ur-dependent voltage across resistor R,. A
proper choice of the ratio y can give a band-gap voltage at V/,.

All currents are proportional to 7.

e If desired, a temperature-independent output current can be realized by choosing y
to give an appropriate TC to V,, to cancel the TC of resistor A,.

e Reference: Song, et al., JISSC 12/83, pp. 634-643.
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Band-Gap Reference Output Issues

Generator ‘

CL
Vo
Reference h , RG RG
Generator _ Vo
RG

Vo
Reference Vo * R
Generator L RG RG

9
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Band-Gap Reference Output Issues

e Feedback is employed in the reference generator. Loop stability must be ensured.
e The stability can be tested by observing the output step response.

e Capacitive loading at the output of reference generator has to be either extremely
large (i.e., off-chip capacitors, undesirable because of extra pin, lead inductance, ...)
or very small (not easy to accomplish).

e Can use buffers to reduce the output loading. But additional offset and drift are
Introduced.

e One possible scheme is using separate generators for different parts of system so
as to isolate more sensitive circuits from other ones. However, mismatch among
generators, area, power, and trimming cost must be considered.
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Output Stage Requirements

Vo
Vi Output J_— Vi Output J_—
Stage Stage
RL _-|__C

Deliver large output current to low-impedance loads (resistive and/or capacitive).

Usually is a voltage buffer, i.e., low voltage gain, high Z;,,, and low Z,.
e High Z;, is to maintain voltage gain and bandwidth of previous stage.

e Wide bandwidth if in the feedback loop,

May need protection against load shorts.
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Output Stage Design Issues

Frequency response.

Output impedance.

e Output current.

e Output voltage range.
e Power efficiency.

e Distortion.
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Nonlinearity and Harmonic Distortion

For a nonlinear system with input x, the output y can be expressed as:
_ 2 3
With a pure sinusoidal input x = v cos @t,
_ ~ 2 2 ~3 cind
Yy =ag+avecoswt + a,vV° cos” @t + asv°sin” @t + ---

2 ~3
. a,Vv asVv
= 4, + a4,V cos @! + T(l + COS2wt) + T(3 COS @t + coS3wt) + ---

by + by cos @t + b, oS 2wt + b, cOS 3@t + ---

where
1 . ~ 3 .
by = ay + =a,v* + - b, = a,v+=-al’ +
2 4
1 1 .
b, = Za,vV* + - by = =a,0° +
2 =52 3= 793
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Nonlinearity and Harmonic Distortion

The harmonic distortion factors are

b la, .
HD, = ZlaZ2.9
b, 24,
b l1a.
HD, = |=|~==.7?
b4 4a,

The total harmonic distortion (THD) is

THD =

\/bg+b§+...
b

1

The SINAD is the ratio of signal plus noise plus distortion powers to noise and distortion

powers, i.e,
S+N+D

SINAD =
N +D
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Class-A BJT Emitter Follower

VCC

Vee = Vegt(say

1
3
I
|
I
[=Vee + Vegtsay + Viel i
l
|
|
|
1

-,

|

' Vv

i BEY N (Vee = Verisaty + Voer)
R;> Q, cutoff

0, saturated

-VCC

Io + VO//-?L>

/cl |/0
Vbel = UT In — /Cl - /O + — = |/I - VO + Vbel = VO + UT In
R lsq

/81 L
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Class-A BJT Emitter Follower Output Power

L1
| / Veer = Voo — (e — 10)R,.
Curves of

\ constant V., For a sinusoidal V, with amplitudes V, and /,,

1~
Average Output Power = P, = EVOIO

Average Supply Power = P, = 2Vclo

upply

Maximum output swing and output power are

It T
’ : Py |max for Ry __;jEEforRL=RL1
: Vo | [2\<gc—vcggtm,]1 "Vt |/om = |/CC - |/CE (sat) — /Q . RL /om = /O
‘}’cm t Vee+1 Rpo \T;TSLNOL;T’POSSible 1~ 5 1
- o ! PL(max) = EVom/om = E [VCC - |/CE(saz‘)] /O
. . P 1 |/CE sat 1
Power Conversion Efficiency = . = 2 - Ne(max) = 7 1- V( i < 7
supply cC
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Instantaneous Power Dissipation

Quiescent voltage

------ Quiescent power

15Vee

(c)

Q1 Instantaneous Power Dissipation is
Fe1 = Veerloa
At maximum 1.,

V!
= cg 0(1 + COS 2wt)

e The maximum P,, occurs at the midpoint
of any load line.

Output Stages
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Class-A MOST Source Follower

VDD
Vi m

—¥YD ov s
<+> — V Voo t+ V. 2+V\g1\
0)

o Zg, e S
R; 5 M; clutoff _______ ~IoRis
:l I: M2 —_ i

_________________ _VDD + Vov 2

VD.D + VO\J1 _________________ M1 triOde

__________________________ _VDD

/d1=/O+R_i |//=Vo""/gsl:Vo""/z‘l""/ovl

2 (I, +V,/R
= |/,.=VO+|40+y(\/2¢f+VO+VDD—\/2cpf)+\ (;(W/L) !
1
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Distortion in the MOST Source Follower

Since V, = f(V,), we have

|/I' = |// + V= Z bn( )I‘I V = V VO b = mf(n)(VO) = i~ Z n( )/7
n=0 n=1

To find

use

S, zb (zam<v,->m)
n=1 = m=1
b.a

2 3y,,3
1 1VI. + (blaz + bZal)Vi -+ (blaS + 2b23132 + b331)VI. + .-
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Distortion in the MOST Source Follower

Matching coefficients, we obtain

1 b, _2b;  bs

31 = — 32 =
3 5 4
bl bl bl

e Assume R, — oo, andletV,, =V, + Vp + 20, v, = V; sin ®t, then

~3/2 -5/2
1 sV 16V
= vy ~1/2 2 = 3 A= 1/2\°
1+35V, (1+Q@U3 <1+Q%/>
_3/2
HD, = 2225 = Y ! 0
2a; ' 16 vi,-1/2\2
~5/2
|_|D3=lﬁ.|72=_y Vi P2
431 / 64 vi,-1/2 4
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Class-A BJT Common-Emitter Stage

VCC }
v, A
(), saturates
Ry —— = — ———=Vec¢ — Vek2tan —1oR;
R1 R2
Ris Q, cutoff N\ loR12
2 >V,
Q
R3 { 0
|0 Exponential
— —
Vo
Ve Vervi

R
Vi Q1
Al:l - I =lp—1, = V,=IR = (/Q - /Se‘/f/Ur) R,

-VCC
Same output power, 1., and P,; as the class-A emitter followers, since

Voer = Voo — (I1 = 19)R,.
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Distortion in Class-A BJT Common-Emitter Stage

Assume the input is
Vi=Vger +v; g = Ige"BEL/UT
Then, the output voltage is

V, = -R, [/Se(VBEl+V/)/UT _ /O] = -R, I, <eV//UT _ 1)

2 3
V- 1/ V; 1/ V;
=Rl |=+=(=<L) +=(=) +- | =awv, +a,vi+av’+--
e lu; Z(UT) 6(UT) ] S

Let v; = v; sin ¢, then the harmonic distortion factors are

la, . 1V
HD, = ==2.7, ==L
2a, 4Ur

~ 2
las ., 1 (V
HDg = =—=.92 = = (L
4a, '~ 24 \U,
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Class-A MOST Common-Source Stage

VDD Vy = 1,R; = (g = I42) Ry

v 9
—> 1 2
? Vo Vo =R (lg—14) = A, |l - Ek(Vov + ;)
Vi— [ m1 R| v v\ 2
; ~-ne[e )+ ()
-VDD — Vov Vov
Let v, = V; sin ®t, then the harmonic distortion factors are
la, . 1/(V
HD, = ==2.7, ==L HD; = 0
24, 4 \V,,

1 W 1
/dl = —,UCOX—(V,' - Vt)2 = Ek(l/l - Vz‘)2

* 10 LetV, =V, +v,V, =V, +V,and I, = (1/2)kV02V
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Class-B Push-Pull Emitter Follower

V, 4

o

VCC Q, saturates

Vee— VCE1(sat) ---------------
Slope = 1
Q, on, O, off

]
]
|
|
|
|
|
:
[~Vee+ Viez — Verzsan) !
|

Vi —e ® : Vo Slope =1 i |
Q4 off, i i [Vee + Viet — Verisanl

I I

] |

| 1

i
I
|
:
} Q2 on
|
|
|
|
I
|
]

Q2 ~Vas(on) | VaE(on)
- e VAt |V
i 0, saturates cct |Verz(sat)|
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Output Power of Class-B Push-Pull Emitter Follower
L} For a sinusoidal output
. V, =V, sinwt I,=V,/R, =1, sinwt
‘.‘ Is_lc())%céline 1
\“ =_E£
%'ﬁ / We have
. P =1V, = constant 2
ot po=ty =1l
Quiescent point 2 0o 2R [
Load line v 1 [7/2 2V 2.
i /supply = _/ l1()dt = —— =/,
VeE(sat 2Vee— Vegsat T / 2 Jo TR ! n
2 VCC A
Psupply = |/CC/suppIy = —7 VYo
Veer = Ve — 1caRL ™A
| . mV,
Power Conversion Efficiency = N, = — < —
AVpe ~ 4
Output Stages 10-16
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Class-AB Push-Pull Emitter Followers

VCC VCC
< &
vee IB1 B1
*—lfcgl KLQ1 K1
G ve1 Q3 Q3
Vi—¢ 1o Vo V1 o1y +Vo Q4 12y Vo
G vB2 Q4 R1
*—@2 [0 o2
VEE Vi Q5 ViT,05
- &
VEE VEE
Vee1 + Va2l = Vaes + [Veedl = o1 = /1 Z:Zj o2 = m Zlij
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Class-AB Push-Pull Source Followers

VDD VDD
» - -- ® » -
G IB1 Vi e|'|:—°| [ s
S Ll
M3 ] M3 ] [ m1
Vig oy tVo Vit igab$Vo
M4
ﬁ |~
[ m2 Q4
Vi _l I: S+> IB1
It - 4 ¢ - 4
VSS VSS

2

1/\[KeW/L)s + 1/\[K(W/L),
1/\kyW/L), + 1/\JlpW/L),

Ves1 + Vas2l = Voss + Vgsal = lo1 = Ip1
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Class-AB Push-Pull Common-Source Stage

VDD
- ® ' -
VDD v)2ig1 m11 v) B
— T . G SIOL:
OX: M12 | lo—
Vo ¢——| [ m1
V2 ! o[ m1
M3 _] e * Vbop
%Rl 0 ¥ $—Vo Q¥4 Vo
M4 * Vbon
! |
Vq | [ m2
V¢ [ m2
Vi< [ wms M14 |
- -9~ .-
VSS Vi ms Q) B2 M13 1
-* o -9~ o
VSS
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Class-AB Push-Pull Common-Source Stage

Let /Bl == /BZ == /53’ and

L), (-0, 2 -, (-0,

Then, Vs = Vgsi1: Vass = Vesiz: Vaso = Vsiar Vesa = Vgsi4, @and
lg =Ip1=1py=K-lp

e M3 and M4 form a floating resistor.

e Large output impedance. The pole at I/, can be significant.

e Large distortion. Usually this output stage is included in the feedback loop.
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Class-AB Quasi-Complementary Configuration

VDD
- I£|' - I9m1Vgs1
EP M1 EP y N
+ + gst 4 g
ol
lo o
Vi —e ¢ ¢ > Vo Vi —e ¢ ¢ ¢ > Vo

R
+ + Vv <+> % 902
EN IELM2 = EN gs2  #
_ P I9m2Vgs2

VSS T

lo

G, =-2

Vo

- gmlAEP + ngAEN + 901 T 902
V,'=0

e The distortion and output resistance are reduced by A, and Agy,.

e Need to control /,.
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Class-AB Quasi-Complementary Configuration

VDD AEP=AEN=A
: 4 (7 ) ( ) “(7)
Vi —e ¢ — Vo
1

%R'— /dl—_z L( 51+V)2
VosN
n M2 — 1 W
&) > pl loz = 5K T-(Vosp = i)

VSS

If |/, = O and VOSP = VOSN = O, Iet

21/
7 Vgsl = _Vz‘ - |/ov Vg
k'(W/L)

_/Dl = /D2 = /O |/ov = s2 = Vz‘ + |/ov
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Class-AB Quasi-Complementary Configuration

We have

V. sl = _Vt - |/ov + A[Vo - (V/ - VOSP)] V. s2 = Vz‘ + |/ov + A[Vo - (V/ - VOSP)]

g g
I/, — YosptVosn
i 2
/O=R_O /0+/d1+/d2=0 = VO=1+ 1
- K (W] DAV py~AVosp—VosnIAL
o It Vosp = Vosn =0,
V V, w
k'(W/L)A2V, R, 2AgmARL
® If A(VOSP - VOSN) < ZVOV and 2AngL > 1,
Vosp+Vosn Vosp+Vosn
v = Vi - 2 _V/— 2 ~V Vosp + Vosn
o~ 1 B 1 = 2
1+ k'(W/L)A2V, R, 1+ 2AgmAL
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Class-AB Quasi-Complementary Configuration

To find /o, when V55 and V5, exist, let V; = 0 and

Vosp = Vosn Vosp = Vosn
Vo + Vosp ~ 5 Vo + Vosn ~ - >
1 W Vosp — Vosn ’
/Q=§kT(VOV_A 2 )

1 W Vosp = Vosn
Al = sk'—=A(Vosp — Vosn) | Vou — A
2 L 4
Al Vosp — V, Vose — V, Vosp — V,
Q =A( OSP OSN) (1—A OSP OSN) zA( OSP OSN)
/OO |/ov 4Vov |/ov

e Must keep A small to reduce /, variation.
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An Error Amplifier Example

——————————————————————————————————

: VDD : Let

. —e ¢ & 9 | *—

| M17 | M15 |

L R (W/L)1s = (W/L)1s = (W/L)7

5 1 1 dbw (W/L)y5 = (W/L)y4

B ST Alaa | W/L),

E : = lown) = Iss %

! @'SS VeSS VS c1T— ! (W/L)17

: vSS E Ip1z = Ip1a = Iss = Ipg/2
Vi — [ 1 — — Vo

M11 M12 : : Voltage gain is

| BB : '

" EP VSS : Imi1

E I

e Want large swing at node A to provide strong gate drive for M1.

e Reference: Khorramabadi, JSSC 4/92, pp. 539-544.
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Combined Common-Drain Common-Source Configuration

VDD
- S
G IB1 @ B2
Vos
: VDD
>—I ™ O o
M3 ] | EP M11
| +
Vl T ® |o
¢ : ¢ ® —> VO
|
M4 ] )0—1 | RL
+
¢ o [ m2 ; ~ EN IELM12 —
N\ P
Vi— [ m5 Vi |:|||v|6 Voo VSS
- 9 o— - - -2
VSS
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Combined Common-Drain Common-Source Configuration

e /5 can be introduced by intentionally mismatching the input differential pair in each
error amplifier.

e The circuit can be designed so that, when V, = I/; = 0, the introduction of /5 turn off
M11 and M12.

e M1l is turned on only when V) =V, = Vs > |V, |/Aep.

e Error amplifiers, Az, and Ag,, can have high gain, and are often designed as one-
stage amplifier with gain = g,,r,.

e The wide bandwidth of M1 and M2 source followers simplify the design required to
guarantee stability.

e The I/ voltage range, limited by V. and V4, can be increased by adding the M6
common-source stage.
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Parallel Common-Source Configuration

Vos EP1 VDD N VDD
o oo
+> Hm1 V2 | EPZ M11
+/ Ol L + + IO
Vi —9 ¢ ® ® —> VO
C _ EN§>—I IELM12
Vos ENL VSS VSS B
VDD VDD
® &- ® -¢ & -
IB2 M5 ] lo d [ v6 I2 Voro [Cm21 —o [ m22
V2_ 0—V3
Vor —4 RV |
Vi-— [ m3 M4 Vit vBd [ m23 | m24 1FVB
m25 | —— [ m26
IB1
5 S ——
EP1 Amplifier VSS EP2 Amplifier VSS
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Parallel Common-Source Configuration

e Want turn off M11 and M12 when V, = V; = O, so that A5, and Ag,, have high gain,
and Acp, and Ag,4, have low gain.

e Vg of EP1 is introduced by making (W/L); ~ 0.8(W/L),. When V, ~ VV;, = 0,

(W/L)s (W/L),
Ipg =1 Ipg = (Ip3 — 1g2) -
PO Wi+ wiL, o = o) (W/L)s

Ims3 _ \I ki, . (W/L), . Ips

Acps ® G moolpoo

Appy = 273
L g k, (W/L)s Ips—Ig

e When |V is small, and M11 and M12 are not turned on, the output is

V.

/

V. =
1+ 1/(Algm1RL)

)
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Parallel Common-Source Configuration

e When V; is large, M11 can be turned on, and the output becomes

e When l,, =V,_at EP2, define I/ =V, o5 + Vios + Vg = V¢ + Vsg. Then
Vs = [V, = (Vi = Vos)lAep1Aeps + Vi + Vss
Define Vj i, as the minimum input to turn on M11. Let V; = V5 — |V;14], We have

(Vop = Viss = Vi — |th11|)(1 + Aep19mifL)
Aep1AEp?
Viiminy = Vos(1 + Agp19miFL) if Agpy, — o0

Viiminy = Vos(1 + Agp19miRL) —

M11 and M12 remain off for only a small range of input voltages.
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Noise in Time Domain

pn® } PDF

OMA\MM k/\,t

\\/\[V

> [

o

1 . — 1/
Mean =1 = —/ n(t)dt =0  Noise Power = n? = —/ n?(t)dt
T Jo T Jo

—\1/2
Root Mean Square = n,¢ = <n2>

e / Is a suitable averaging time interval. Typically, a longer T gives a more accurate
measurement.

Noise 11-2 Analog ICs; Jieh-Tsorng Wu



Probability Density Function

e The probability that the noise lies between values n and n + dn at any time is given
by P(n)dn. P(n) is the probability density function (PDF).

e The PDF of a random noise is usually Gaussian, i.e.,

n?

P(n) = e 202
V2To
We have
+00
/ PDF(n)dn =1
and
+00 .
Variance = / n?.PDF(n)dn = n? = ¢?
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Noise in Frequency Domain

BPF
n One-sided power spectral density
—»| At
’ P - n?(f)
- o) = Jm, 1

| y

RD(f) = (SD)Y/?

» log f

The total noise power is
} Root Spectral Density

_V_ oo _
VHz \\ / SD,(f)df = n?
0

» log f
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Filtered Noise

n i — H(S) — | o) SDno(f) — SDI’I,(f) X |H(/27Tf)|2

If SD, (f) = N Is a constant (white noise), then

Z§=/ SQAﬂngmﬁWdf=N1/|HumﬁWdf=Nn&7
0 0

e B, is called the noise bandwidth of the filter.

1

e For a single-pole filter H(s) = Trs/a

(o0 (00 1
Bn=/|HUmﬁWdf=/ df = 5+1,

2
0 0 f
1+ (E)
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Noise Summation

Nil—s H1(s)

N o1 Ni2 —= H2(s) N 02

Ni3 —s{ Hj3(s)

If two noises, n; and n;, are uncorrelated then, i.e., n;-n; = 0. Then

2 2 _ A2 2 _ A2 2
no, =N+ Np) =N +N,+2-Nj1Nip = N5+,

SD,,,(f) = |H,(j21f)*SD,, + |H(j2mf)?SD,,, + |Hs(j2mf)[?SD,, ,
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Piecewise Integration of Noise

The noise power in each frequency region is

102 2
200 102
Py, = /1 T df = 2007 In(f)[; 0o = 1.84 x 10° (nV)?

10° 3
Py, = / 20%df = 202 f|;), = 3.6 x 10° (nV)’
102
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Piecewise Integration of Noise

10* 2 2
2 2 1
Py =/ <_O) f2df = (_O) —f3
3 Ji03 \103 103/ 3

0o 2 co 2 10%
P, = / 2L / D gr- / 200%df
104 f 0 f 0

= 2002 (g) 10° - 2002 10* = 5.88 x 10° (NV)?

10*
= 1.33 x 10% (nV)?
103

Total rms of the noise is
1/2

e 1/f noise tangent principle: Lower a 1/f line until it touches the spectral density
curve; the total noise can be approximated by the noise in the vicinity of the 1/f line.
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Thermal Noise

= Absolute Temperature in Kelvins
k = 1.38 x 1072 watt/K-Hz (Boltzmann’s Constant)
Af = Bandwidth per Hertz

e Thermal noise is a white noise, I.e., its power spectral density ﬁ/Af IS Independent
of frequency, and its amplitude distribution is Gaussian.

e For a1 kQ resistor at 300 K, ﬁ/Af ~ (4 nV/VHz)*.

Noise 11-9 Analog ICs; Jieh-Tsorng Wu



Thermal Noise with Loading

Py
o
>
A
| |
11 S
@

e The R, load receives the maximum power if A, = R. Thus the available noise power
for R, Is
1

Py = 7= .v2.B,=kTB, B, = Noise Bandwidth

e For the RC low-pass network

1 1 — 1 kT
2TRC 4RC

n

B =1
2

If C = 1 pFand T = 300 K, v2 = (64 uV)’
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Shot Noise

L
2
qlp Af
g = 16x10"* C (Electronic Charge)

kT/q = U; =~26mVatT =300K
e Shot noise is also a white noise.

e The shot noise from a diode with 50 1A bias current is the same as the thermal noise
from a 1 kQ resistor at room temperature.
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Flicker Noise ( 1/f Noise)

e Flicker noise, which is always associated with a flow of direct current, displays a
spectral density of the form

._2 /a
2_w
Af b

a~05n~2 br~1 K, = a constant for a particular device

f=0~ 00

e The flicker noise’s power spectral density is frequency dependent, and its amplitude
distribution is non-Gaussian.

e Flicker noise is caused mainly by traps associated with contamination and crystal
defects. The constant K; can varies widely even for devices from the same wafer.
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BJT Noise Model

b
fb BI Cﬂ rC
®

® N o--—|—-¢ ® ® 1 /\, ¢
Oue, 7. © <o Oz ™

T ImV1 0
@ @ T @ @
E

2 2 2 a
74 / / /

b c b B
— =4KkTr — =2ql — =20l + K,—

7 b T qlc 7 dig 17

All noise sources are independent of each other.

e The thermal noise of r, is neglected.

Avalanche noise is found to be negligible if V¢ is kept at least 5 V below BV,¢,.

e C, can be neglected in noise calculation.
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FET Noise Model

G “a D
* o---— ¢ ® ®
+

N> v == i < V)=
<> lg _1 Cos <>ng1 T <> 'd
- ° T ¢ ¢ ¢-

S

/_2 16 /_2 >

g d D
YT 2ql; + EkT@)ZCSS T 4KT (VG a0) + K17

e Since the channel material is resistive, it exhibits thermal noise. y is a constant, g,
IS the channel conductance at V/,5 = 0.

<
Q
WIN

ng ~ gm
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FET Noise Model

e For short-channel device (L < 1 um), the thermal noise is 2 to 5 times larger than
4KkT (2/3)g,,.

e The gate-current noise, (16/15)kT@ZC§S, IS usually insignificant at low frequencies.

Its correlation with the thermal noise is 0.39.
e /- IS the gate leakage current.
e C,y Ccan be neglected in noise calculation.

e The 1/f noise in the surface devices, such as MESFETs and MOSFETS, is usually
larger than that of BJTSs.

e pPMOSTs have less 1/f noise than nMOSTSs, since holes are less likely to be trapped.
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Equivalent Input Noise Generators

V:
/
_. .— —
2 Noisy Noiseless
Rs Network Network
—9 00—

e The noise in network is lumped and represented by a noise voltage generator V/Z and

a noise current generator ,-/2_ This representation is valid for any source impedance, if
correlation between the noise generators is considered.

e And the total input equivalent noise can be found by

~ . 2 _ 2., .2, 2p2
Vi = Vs + V; + 1,Ag and Viy = Vs + VI + 7R
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Equivalent Input Noise Generators

e In most practical circuits, the correlation between v; and /; is small and may be
neglected. If either v/.2 or //'2 dominates, the correlation may be neglected in any case.

e The value of v,.2 can be found by shorting the input ports and equating the output noise
In each case.

e The value of //'2 can be found by opening the input ports and equating the output noise
In each case.
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Noise Factor and Input Noise Generators

2 V2
S /

—@o@o -

Noiseless

< =4
As /,-2 <> Network
@ @ I

vZ is the thermal noise of A, i.e.,

V2 = 4KT RgAf

Assume no correlation between V/2 and il.2, we have
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Noise Factor and Input Noise Generators

Thus, the noise factor for the two-port network is

SI\IRin S//N/ Na V/’2

2
7R

F = = 1+-2=1

- = + +
SNRyy  (G-S)/IG - (N, + N,)] N; AKTRSAf — AKT Af

e For small A, V/2 dominates, whereas for large Ag, //'2 dominates.
e There exits an optimal Rg for minimum F:

i d  Fp=1 s
= — an =
= opt = =¥ LT Af

This is one reason for the widespread use of transformers at the input of low-noise

tuned amplifiers.
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Noise Generators of a BJT Common-Emitter Stage

2
ry Vb
4/\,_6)
. +
) e —_ .
’ C%D - %rﬂ Cn CDQ mY1 ie & o
— ® ®
V2
/ rb
—O1—~
. +
P — /
Ii Vi I'n Cn amVq & ©
— o
2 2 a 2
V / / /
b b B
E = 4le’b _f = ZQIB + K]_? if = ZQIC
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Noise Voltage Generator of a BJT Common-Emitter Stage

By shorting the input ports, we obtain
lo = 9mVp + 1c = GmV;
Since r, is small, ig IS neglected. We have

: o
! le

gm / b g

2
m

2
Vv 2q/ [~/U
Af g2 292 29 m

. H I 1
= Equivalent Input Noise Resistance = r, + —

20 m

Req
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Noise Current Generator of a BJT Common-Emitter Stage

By opening the input ports, we obtain

/o =:8(j@)/b+/c =:8(j@)ii = ii = /b+

Thus

/2

/a I K,
=2q |/g+ K' =2ql,, K,=—

a7 - 7 T Bl 2q
_ . ,/B I
leq = Equivalent Input Shot Noise Current = /g + K/ — —
7 BGw)
. 5 5 g
,3(/(0)) = 1 0' ® -Of CO+C
+j(q)_ﬁ 1+/FIBO 1+,80 .
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BJT Equivalent Input Shot Noise Spectral Density

A
2 f2
log | +7
7I(_ - -
: : > log f
fa fo
At high frequencies
le 1o f* ﬂz N /sz
BU@)* B f2 2
f2 / f
let lg=lp—= =  fy=f /_B= i
f c  VBe
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Total Equivalent Noise Voltage of a BJT Common-Emitter Stage

The total equivalent noise voltage with a source resistance R can be found as

2 5 2 2
Vin Vs Vi i 5

= - + —R
Af  Af  Af A S

1 B
=4KT (Rs+r,+ — ) +R5-2q | Iz + K=
( 5P gm) (B tf |ﬁ(/@)l2>

1\  As Iz
= 4kT (/—?5+rb+—)+— /B+K—
2gm 2UT f |:8(/ @)|2

= 2qR; i2T</-?S+rb+i) +(/z+K 1_
R? 29m f Iﬁ(/@)l2
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Noise Generators of a FET Common-Source Stage

OF " T, Cngvl < ®z |

V:
/
—® -
+
2 N — Cys 2 ¢ I
/ - ImV1 fo
® ®
2 2 a
/ 16 /
g _ 22 d _ D
7= 291, + 1—5k7'@) Cgs 7= 4kT (Y9 ,0) + Kl?
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Noise Voltage Generator of a FET Common-Source Stage

By shorting the input ports, we obtain

— 2
Iy =1y =9V = V,-2 — %
Im
— a
L= akTyZL ¢ K2 = 4kTR K = —%
f PRy 9 "1 AT
a a
. . . 2 1 /
R., = Equivalent Input Noise Resistance = y@ T K2 2 k2

gn gt 89w gif

e For MOST, its voltage generator for flicker noise is approximately independent of bias
current and voltage and is inversely proportional to the gate-oxide capacitance, i.e.,

2

% 21 K. 1
LmakT (2—=—)+ —L—.= K, ~3x10%V2F
Af <3gm) wie,, f T
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MOST Equivalent Input Noise Voltage Spectral Density

0g (

A

) 1/f

SN
SN N

» log f

o At frequencies above the flicker noise region, the A,, of a FET Is significantly higher
than that of a BJT at a comparable bias current.

e For a MOST, it is not uncommon for the £, to extend well into the MHz region.
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Noise Current Generator of a FET Common-Source Stage

By opening the input ports, we obtain

. 2 A2
joC — —= wC,—
@=@¢h_+@=4ﬂm = =i —2iy 2= 24—
/@Cgs /@Cgs 9m g%n
2 2 A2 a
i 16 @ Cyg A
j = 2ql; + Ekmzcgs + e <4kTygd0 + K17> = 2qlg + @°C4(4KT R,,)
m

K, 17 K, 17
Req=y9d0+ 1 £+imgl+ 1.£+i
G2 akTg2 f 15 3g, g2 f 15

e When the source impedance is large, i,.2 dominates. Since /, is very small, FETs
have noise performance much superior to that of BJTs. However, for low source

Impedances where V/Z dominates, BJTs often have noise performance superior to
that of FETSs.

Noise 11-28 Analog ICs; Jieh-Tsorng Wu



Noise Factor of a BJT Common-Emitter Stage

Neglecting flicker noise,

v? 1 / / / /
—’=4kTr+—) ;=ZCI(/+ = )=2<7<C+ - )
f ( *" 29, Af ° T Bl@)P Br |B(j@)?

The noise factor is

1 1 9m 9m )
=1+—|rp,+—|+R ( + :
As ( ’ ng) "\26r  2B(jo)P

Noise 11-29 Analog ICs; Jieh-Tsorng Wu



Noise Factor of a BJT Common-Emitter Stage

For high-frequency circuits, if @ /@ > 1/6, and ®@/®; > 1/0,

2
Fz1+i-<rb+i)+5’5-gm-(@)
RS 2gm 2 @r

e For fixed Rg and @7,

b
Imopt = 5~ Fopz‘=1+_+_

e For fixed g,, and w7,

2r, 1 or ®
RS,Opf= \/gm +g2 ' @ Fopz‘=1+\/2rbgm+1'_
m
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Noise Factor of a BJT Common-Emitter Stage

For low-frequency circuits, if ® /@ < 1/6, and ®/@; < 1/0F,

F = 1+i-<rb+i)+5’5-g—m- i+i
RS 2gm 2 IBF ,Bg

~ 1+i (rb+i) +Rs-g—m 3
RS 2gm 2 IBF
e For fixed A and G,
1 Iy 1
Imopt = 5 ,3/: Fopz‘ =1+ +
fs A VBF

e For fixed g,, and G,

2r, 1 [ 1
RS,opz‘=\/gm+g2 ‘\/BE Fopt=1+\/2rbgm+1'\/18_
m F

Noise 11-31 Analog ICs; Jieh-Tsorng Wu



Noise Factor of an FET Common-Source Stage

Neglecting flicker noise, /5, and gate-current noise,

v2 1

2
= A4kT L= : i

The noise factor is

Ve j?
F = 1+ — + —
AKTRSAf 4K - Af
- 1+ 1 . ngdo + F)’ 202 yng
Rs g2 g
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Noise Factor of an FET Common-Source Stage

For low-frequency circuits, ®C,, < 1/Rs,

1 . Y940

F~1+
As g5

o Forfixed Rg, 9 opr — 00 and F,; — 1
o Forfixed g, As,py = 00 and F,,, — 1

e For A of the order of MQ or higher, the FET usually has significantly lower noise
figure than a BJT.

For high-frequency circuits, @C,; > 1/Rs,

2
Im r
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Noise Performance of Other Configurations

Common-Base Stage

Emitter Follower

V2
/

O

A0,

Noise 11-34
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Noise Performance of Other Configurations

e The equivalent input noise generators of a common-base stage or emitter follower
are the same as those of a common-emitter stage.

e For the common-base configuration, since its current gain =~ 1, any noise current at
the output is referred directly back to the input without reduction.

e For the emitter follower, since its voltage gain =~ 1, any noise voltage at the output,
Including noise due to z,, is transformed unchanged to the input.

e In most low-noise designs, common-emitter connection is used for the input stage.
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Emitter-Coupled Pair Noise Performance

VCC VCC
R L R L :> R L R L
2 2 2 2
V/1 Vo V/2 V/1 Vo V/2
(A (A (A
O, Y Q1L Q2 O,
2 2
Iil //'2
/ EE R EE
VEE VEE

e If the circuit is balanced, the current-source noise represents a common-mode signal
and will produce no differential output.
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Effect of Ideal Feedback on Noise Performance

V2 V2
/ /
(A (A
Y —— v L -
— 74 4 — V 4
z 1 a 0 2 ® 1 a 0
i B L. i B o—

Il = L

e For ideal feedback systems, the equivalent input noise generators can be moved
unchanged outside the feedback loop and the feedback has no effect on the circuit
noise performance.
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Effect of Input Series Feedback Feedback on Noise Performance

v’
| o—— (~) o
+ &/ + +
a Yo - V1 a Vo
- l. - -
ﬂ / ﬂ
A—) N
Re  — = Re
v? Re
V2= AKTREAf  V2=4KTReAf R = Re||Re
Rcv Rcv
V=V, +i R+ ——o g —E i~ 0,
Re+ R Re+ ARg
2.2

—

V2 = v2 + i°R? + AKT RAf
/ l1a l1a

Noise

11-38
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Effect of Input Shunt Feedback Feedback on Noise Performance

2
It
(=
[ T 1 =

— N\ B A

2 R | 2 R |
J Ve F V; F

(r\ (r\

& + + & + +
/,_2 Vi a Vo /_2 Vi a Vo
ia = - j -

\V4 \V4 \V4 \V4
) 1
i? = AKkT ——Af
F
V.~V .= 1. + Via ny
i~ Via i — 'ia = f
R
2
— — — — 1
— V2 ~ 12 j2 =% + L& 4 AKT —Af
/ la / l1a Rz R
F F
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Effect of Feedback on Noise Performance

To analyze the noise performance of a practical feedback system, first use the loading

approximation according to its feedback configuration to find the loading for the input
port due to the feedback network.

For series feedback at the input

2 _ 2 217 |2 2 2
Vi = v + I |Zsp|” + AKT R, A [“ =

For shunt feedback at the input

2

_ — S — V:

1
2 5 V2 2224 Iy AT Af
i ia i ia |Zfb|2 be

where Z;, is the loading of the feedback network for the input port, and R, represents
the resistive part (thermal noise) of the loading.
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Effect of C# on Noise Performance

C/—l rc
1
ey * — —_ T Ccs
/ Vl 2 -T—- 2 I'2 v

C7T amV1 lo c
o o T o
E

 Note that the collector-base capacitor C, represents single-stage shunt feedback, and
thus does not significantly affect the equivalent input noise generators of a transistor,
even if Miller effect is dominant. The capacitor itself contributes no noise. Also, in

calculating /2 the term v; /|Zfb| can be neglected, since |Z;,| = 1/|@C | is quite
large at frequenues of mterest
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Single-Stage Amplifier with Local Feedback

Vo
R
—
Vi
2RE
\Y4
2 2 2
V. V. V
Af 239, Af 29 , Af 29y
2 2 2
I Iy /; 4kT
Af CIB Af CIB Af qB+ RF
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Operational Amplifier Noise Model

4@ —|+
O

/a+

e With FET input stage, the current noises can often be ignored at low frequencies
since their values are small.
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A Low-Pass Filter Example

Cf
¢ |
1 2zt o
A—4 i A
Rf Rf
Vi /\/ - y ’\, ® - y
R1 + 7 R1 ~) + ?
— W,
Rzg Rzg V_2 —_—
ia j2
v _2 /a+
— (7 .,72,7 il L (A, |, A/ 2
v 2o+ 02+ v V2 + +V +
ol a1 1+ j2nfR,C 02 ja - av2 2 1+ j2nfRC,
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A Current Amplifier Example

. A%/Hz &
/ 10)

10-22 -

—>
2
Q 1023 |— ;’i
Q1 20 k -;—4: ------ 46 x 10724
| 103 104 105 108 107 108 109 z
: >0 | (a) i

/\/ 1000 [~
5k

&=l

I' 14,12 100 121
0
U —
- 10 l | ] | | f
2 103 104 105 106 107 196 109 Hz
Via N Q2 AZHz | ®) |
(A :
& Q1 20 k |
7 2 = 10-20}—
IG
2 — 37 aF
/f2 % 1021 |- /
'a \V4 -~ 5.6 x 10722
10-22 _f
>3k Sk || 500 108 1(|J4 1c|}5 155 15? 108 1c119 [ "~ Hz
(©)
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A Current Amplifier Example

e Neglect flicker noise and assume

Iy, =05mMA /o, =1MmA r,,=r,,=100Q pB,=0,=100
fr, = 300 MHz f,, = 500 MHz

e For both first and second stages, the driving signals are high-impedance current
sources, thus we need to consider only equivalent noise current generators.

e The equivalent noise current from the 2nd stage is approximately

1
2015, + AkT ——— = 2g(10 UA + 2.6 UA
qlg, 20 KO q(10 u UA)

which can be neglected when compared to 2q/,; = 2g x 500 uA.
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A Current Amplifier Example

e The equivalent input noise current for the amplifier is

2 2 2
//' /ia Via A4kT

= - -
Af ~ Af T (5.5kQ)24f  5.5kQ

le AkT 1 AKT
= 2q /B +—F] + l’bl + +
161>/ (5.5 kQ)? 29,.) 5.5kQ

500 uA
|B1]*
500

= 2¢g (14.3 + _IZ) x 1078 A®/Hz
1

=2q(5uA+ )+2qx0.2,uA+2qx9.1,uA

2 2

1 1 f
pun=—ton .2=—2<1+ﬁ";>
1+ 5L BLUNIF B2, ff)
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A Current Amplifier Example

e The current gain of the amplifier is A, ~ 11 and is constant up to B = 100 MHz =

fr1/3. The total output noise is

- B 2 B
2 =/ Af—df = A? x/ 2q (14.3 + —500) x 107°df
0 Af 0 |181|2
500, 5007%]"
= AIZ X 2q X 10_6 [143f + _Zf + —2—]
’801 le 3

= A2 x 2q x 107® x (14.3B + 18.6B) = A? x 1.05 x 10715 A®

0

e The equivalent input noise current is

—
2 = o = i =32.4 nArms
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Feedback

S \
Sia@é 3 Py >80
+ /
f

-

So=a'se Sfb=f'80 SG=S/_Sfb

S a a 1
Closed-Loop Gain = A = =2 = — ~—ifT > 1
P Si 1+af 1+T7 F1 7
. L A 1
Gain Sensitivity = oA = : 6a
A 1+7 a

LoopGain=T=axf
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Effect of Negative Feedback on Distortion

If a is a nonlinear amplifier
S,=a,S,+a,S2+aSo+--- T =af

e For constant input level, the harmonic distortions are

1 1- %
as 1+
D, = - HD,|;_ HD, = - HDg|,_
2 (1+T) 2l7 =0 3 (1+T)3 slr=o
e For constant output level, the harmonic distortions are
1 1 — Zagfr
1
HD, = - HDylr g HD; = by HD3|r o
(1+7) - (1+T7) =
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Series-Shunt Feedback Configuration

Basic Amplifier

[ e Iy
@
ZO
T Ve < axv, v,
Z;
@
- 5 <+ E
: —Jfxvy, :
Feedback Network
V a Z
T=axf ° = Z. =z, x (1 +T Z =—2
’ i 14T =zl L=y
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Shunt-Shunt Feedback Configuration

Basic Amplifier

// ie .................................... /0
— ® — E N @
+ : , +
. (0]
Vi < z, axi, Vo
¢ ' ®
C‘ fxv,
Feedback Network
74 a Z; Z
T=axf = Z = —! Z =2
i 1+T L1 +T O 14T
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Shunt-Series Feedback Configuration

Basic Amplifier

// /e .................................... /0
—_— ° — P
+
v, ZZ/ axi, 220 +
B ®

"""""""""""""""""" v,
C‘ fxi, -
Feedback Network
I/ a 7
T =a f 2 = Z: = / L. =z 1+7
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Series-Series Feedback Configuration

Basic Amplifier

s /0
—_— -
+ .
+ % ' +
€ 22/_ axl, 220
4 Vo

Feedback Network

i
T —axf _0.=1ir Zo=z;x(L+T) Z,=z,x(1+T)
/
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Two-Port Analysis of Feedback Amplifier

Topology | Series-Shunt | Series-Series | Shunt-Series | Shunt-Shunt
Stp \Y \Y I I

S, \Y I I \Y

For L; set v, =0 I, =0 I,=0 v, =0
For L, set i;=0 ii=0 vi,=20 vi=20
Source Thevenin Thevenin Norton Norton
S¢, = Feedback signal; S, = Sampled Signal

L; = Input loop loading; L, = Output loop loading

Fundamental Assumptions:

1.

The input signal is transmitted to the output through the amplifier a and not through

the f feedback network.

The feedback signal is transmitted from the output to the input through the 7 block,

and not through the amplifier.

The feedback factor 7 is independent of the load and the source impedances.

Feedback
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Two-Port Analysis of Feedback Amplifier

1. Identify the topology.

2. Draw the basic amplifier circuit without feedback using the loading approximation
method.

3. Use a Thevenin’s source if S¢, is a voltage and a Norton’s source if S;;, is a current.
4. Indicate S;, and S, on the “open-loop” circuit. Evaluate f = S, /S,.
5. Evaluate forward gain a = S, /S, from the open-loop circuit.

6. Calculate closed-loop characteristics.

Feedback 12-9 Analog ICs; Jieh-Tsorng Wu



Loading Approximation Method

To find the input network:

1. Set v, = 0 for shunt sampling; i.e., short the output node.

2. Set i, = 0 for series sampling; i.e., open the output loop.
To find the output network:

1. Set v; = 0 for shunt comparison; i.e., short the input node.

2. Set/j; = 0 for series comparison; i.e., open the input loop.

Feedback 12-10
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Two-Port Analysis of a Shunt-Shunt Feedback Amplifier

r /
V. 0 0
! ® /\/ VO
f
° RS R/: Xr/ _aVVI RF RL
\V4
Vs (¥
IS - Rs iifb — _F‘:’_(/)_-
Vo IR, Itp 1
a=— = (Rs||Rellr)(-a,) = — = —-—=
s 1igp=0 | ' o + (Re[AL) Vo Re
I'=axf~a, x As
Y Rs+Re
Vo a 1 B N v, R
—_ = RN — & —Nf — _—
/s |closed loop 1+af f Vs  As
Vi Z 1B Rsl|Rellr R Vo ) RellR.|r 1o
TR = TR s T
S 4 (0]
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Return Ratio

Return Ratn = R=-L=2.~L._1

Vi VWV Vy Y

_ R, || [Rr + (Rs || ;)] . Rs || r; 4
ro+ R |[[Re+(Rs || )l Re+(Rs || ) ’

e The loop gain T = a-f in the two-port analysis is an approximation of XK.
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Closed-Loop Gain Using Return Ratio

Sin Sic KSjc Sy Soc Sout

Rest of Circuit

Sr
S,c = KSj,; R=-—=kH
[ OUZ‘] [d BZ] [ ] Soc
B=— _ ouz‘ H=—& d_sout
. Sin S,~=0 2 Soc Sin=0 Soc Sin=0 Sin S,~=0
oc— n— 1n— oc—
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Closed-Loop Gain Using Return Ratio

We have
s B. kB g9
A=0u 1 72 L= d — B.kB
s, 1+kH CTT4rR " 9 = Pak=
d(l + R I+ d)R
A_9rda+R) _(z+d)R _d AR gt A =24
1+R 1+7R 1+R 1+R 1+7R R

e d is the transfer function from the input to the output with & = 0.
e The value of A_, can be found readily by letting kK — oo and s, is virtually “0”.

e Typically, A_, is determined by a passive feedback network and is equal to 1/f from
two-port analysis.
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Closed-Loop Gain Using Return Ratio

The A_ R term can be rewritten as

AR = <%+d> ‘R = B,kB, + dR = (Bl+C;—H) k-B,
2
= & x K x Sout
n SOUZ‘=0 SOC S,'n=0
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Blackman’s Impedance Formula

Port X

+ + + + o+

Ix Cf) Vi Sic KSic @ Sr Soc

Rest of Circuit

:al

' v
[VX] = [al 32] [ 'x ] Sy = KSj, = Zy(k =0) = _/'X
k=0

Sic 33 34 Soc X

a,a
R(port X open) = —ka, R(port X shorted) = -k (34 S 3)

d;
dpdsj
v, 1-k <a4 - a_1> 1 + R(port X shorted)
Z, =2 -a,. = Z,(k = 0)-
I 1-ka, 1 + R(port X open)
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A Transresistance Feedback Amplifier

VCC RE

RE % Rc ir

-
— Vo e T Vo
i +
Vbe <§> E%E
lin L:$7
lin Mt Im Vbe It 0 Rc Y
R = ir _ ro ” RC
- T T T 9m
Iy ry||Re+ Re + 1y
VO VO r’IT
Aw==2|  =-Rp d=2| = (7 || Rc)
lin gm=00 lin gm=0 Iz ¥ RF + /1o ” RC
S; 74 S 4
= =2 =nlRe | =2 ==l Re | (Re+ )]
Sin Sout=0 in lv,=0 Soc Sin=0 loc Iin=0
12-17 Analog ICs; Jieh-Tsorng Wu
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A Transresistance Feedback Amplifier

The closed-loop gain is

A=A R + a_ _Sic -k-SOUt 1 + d
1+R 1+R s, Soyp=0 Soc |5, -0 1+ R 1+R
The output resistance is
1 + R(port X shorted) 1 + R(output shorted)
R, =FAx(k =0)- =R,(9n=0)-

1 + R(port X open)
Ry(9m=0)=r, ” RC ” (Re + ry)
R(output shorted) = 0 R(output open) =R

1 + R(output open)
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Frequency Response of Feedback Amplifiers

s \
5 a@—» a(s) — s,
+ /
f

—

S5, a(s)
Als) = S 1+a(s)xf
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Single-Pole Model

j®
a, A
3(8) = TO — ao - f TO =0 S-plane
1-s/p, \
a 1
A(S) = —— x % -~ =0
1+aof 1—m (1+T0)p1 pl
a, 1
= 7_ X S
Y4lo 1-mm,
For ® > |p,|,
a @ @
a(s) ~ S o~ — A(S) ~ L= 1 X L
-s/p, S f-o,+s  1+s/(fw,)
®, = a, x |p,| = Unity-Gain Frequency
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Nyquist Diagram
Im
A

@ <0

Nyquist diagram is the polar plot of a feedback amplifier's loop gain 7T(jw) = af for
—00 < @ < 00,
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Nyquist Criterion

e If the Nyquist plot encircles the point (-1, 0), the amplifier is unstable.

e The number of encirclements of the point (-1, 0) gives the number of right-half-plane
poles.

Jj®
A
s-plane
W,
4
0‘ .Q‘ > 6

R Nyquist Diagram
encircles (-1, 0)

Nyquist Diagram
passes through (-1, 0)

o If [T(j®@)| > 1 at the frequency where 4T (j®) = —180°, then the amplifier is unstable.
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Phase Margin

The phase margin is defined as

PM = 180° + T (j®,)

@; is the frequency where [T (j@,)| = 1

e A typical lower allowable limit for the
phase margin is 45°, with a value of
60° being more common.

Za(jw)

-90 4+

-180 -

-270 +
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Pseudo Dominant-Pole Model

do

1+s/@)(1+s/w,)

a(s) =

e @, = —p, is the dominant pole frequency.

e If other poles and zero are on the real axis at much higher frequencies, then

1

1 % 1
@ =2 Pi j=1 !

M3

e In practice, ®, can be found from simulation. ®, is the frequency at which

Za(jw,) = —135°
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Phase Margin of the Pseudo Dominant-Pole Model

At frequencies ® > @,
do . @,
(/@)1 +5/@;) S(1+5/w,)

The loop gain becomes

a(s) ~ ®, =3ad, %X ®;

f-®,
T'(s)=a(s)-f =

s(1+s/@,)
Since 4T (j@) = -90° - tan™* (@ /@, )

@ @
PM = 180° + /T (jw,) = 90° — tan™* (—") —L = tan(90° — PM)
@, @,

e @; IS the unity-gain frequency of T, i.e.,

T(a,)| =1

e ®; is independent of the feedback factor f.
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Closed-Loop Response of the Pseudo Dominant-Pole Model

Since 2
a(s) = 2
1+s/®)1+s/@,)

The closed-loop gain is

1+a(s)xf S(1/@1+1/@5) 2 s_ 4 $2
( ) 1+ 1-&307‘ < + (1+aofs)(@)1@)2) 1+ @oQ + @)g
W Yroer o Varan/@e)
= @, = + a @@ =
o 1 + aof 0 ( 0 )( 1 2) 1/@1 + 1/@2

e If @ = 1/V2 = 0.707, |A(j®)| has the widest passband without peaking. It -3 dB
frequency is @,,.
e If Q@ > 0.5, the percentage overshoot of the step response is

% overshoot = 100e~"/ V4Q?-1
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Quality Factor (Q) and Phase Margin

If a,f > 1 and @, > ®,, then

1 fa,@, ®
AOzF ®, ~\/[f®,0, Qz\/ @C;z m‘/f@—;'

Since |T (jw,)| = 1, we have

fo,

@u @z‘ ?
- - =1 = f—=\/1+[—
Jj@:(1 + j@,/®@,) @ @5

2
0= r2 . 2 (2)
@, @ @

e For a given phase margin, @,/®, is known. Then Q can be found using the above
equation.

T(j&@,)| =
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Quality Factor (Q) and Phase Margin

PM ®,/®, f(®,/®,) Q Overshoot
45°  1.000 1.414 1.189 36.8%
55° 0.700 0.854 0.924 13.3%
60° 0.577 0.666 0.816 8.7%
65° 0.466 0.514 0.717 4. 7%
70° 0.364 0.387 0.622 1.4%
75° 0.268 0.277 0.527 0.008%

e Define a; = ®;/w, and a, = f(®,/®,). Note that a; ~ a, for PM > 65°.

e Design with PM > 65° for no peaking in frequency response.

e Design with PM > 80° for no overshoot in step response.

Feedback

12-28

Analog ICs; Jieh-Tsorng Wu



Dominant-Pole Compensation

The original poles of a(s) are

-1 -1 g
R.C, P = R.C, @, = |A,0)|-1p1| = 9m1AR1Gm2F> - |P1] = =

Py =

By adding compensation capacitor C,

,0, _ -1 @ = I9m
. Rl(Cl + CC) - (Cl + Cc)

I maF
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Dominant-Pole Compensation

e The —3 dB bandwidth of the closed loop gain is approximately
fro,=ap-|p, @ 398 ~ @ = Ay - |0y
where a; and a, are determined by the required phase margin.

e C_ usually is quite large (typically > 1000 pF) and cannot be realized on a monolithic
chip.

e For a general-purpose opamp where 0 < f < 1, if the opamp is compensated for
f =1, it it guaranteed to be stable for all 7, although it will be slower than necessary.
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Miller (Pole-Splitting) Compensation

s-plane

j®
f=0 4
—N—= a3 a3 —¢ > O
P2 Po Py Py
Let f = O, the nodal equations are
Gl + S(Cl + Cc) _SCC Vi — —9ImVi
9., — SC, G, +S(C,+C)| |V 0
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Miller (Pole-Splitting) Compensation

The open-loop forward gain a(s) can be solved as

v 1-5/Z 1-5/z
a(s) = = = ag x /2 = do X D(s/)1

7 1+ b5+ b,s°

dg = gmlgm2R1R2
gm2
o

b, =R (C.+C,)+R,(C, +C) +g,,AR,C, b, = RR,(C,C, + C,C, + C,C,)

,—
Zl_+

Using dominant-pole approximation, i.e., |p;| < |p5|,

1 1
p, N —— = —
: b, R1(Cy + Cp) + Ro(Co + Cp) + gppFRi RC
oL~ by _ CR1(Cy +Cp) + By(Co + Cp) + gmpFiRaCo
2 b, R.R,(C,C, + C,C, + C,C,)
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Miller (Pole-Splitting) Compensation

Further, ifg,,A, > 1, R, ~A,,and C; ~ C, ~ C_, then

U S/
Im2F1AC C. 4

P, — Im2Ce o Im2
C,C, +C,C.+C,C, C, +C,

Q

Q

The dominant-pole unity-gain frequency is

9m1
@, = |a,| x P} =
u o 1 CC
e Note thatif C, =0
P1 = - P2 = -
' R.Cy i R,C,

e C_ acts as a pole splitting capacitor that separate p, and p,.
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Miller (Pole-Splitting) Compensation

For a given phase margin, we have
/ / _ /
f- ®, = ap ) |,02| ®_34g ® @; = Q; - |,02|

Thus ,
05| _ f o 9m Ce

= X
®, Qa, 9m C,+0C,

And C, can be determined by

c.=Lx9m ¢, +0,)

ap g m2

e For compensation of a general-purpose opamp, let f = 1, then

/ / 1 g
@, = a,-|p)| CC:a xgmix(Cl+Cz)
Je. m
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Feedforward Zero in Miller Compensation

e Because z; is in the right half-plane (RHP),
it will degrade the amplifier phase margin
as it approaches f - @),

e 7, is caused by the feedforward path of C,.

i, =8C.(v, —Vv;) =8C_.V, —SC.v;

e To avoid degrading of phase margin by z;,

want
z, g
Z>fo, = —~xxf
-0 7 ®, 9Im
-180 ¢ e Otherwise, additional circuitry must be
added to move Zz;.
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Miller Compensation With Unity-Gain Buffer

VDD

Cc Mc |
| |

ic¢ - Assume the voltage gain of the
Mc source follower is 1. Then
Fbk VSS
+ AN V1 V2 Ie = SCo(Vy — V)
Vi —dm1 —9m2 Vo

—Im2V1 = Vo(G, + SC,)

R1 Ci1 R2 C2
a(s) _ gmlgm2R1R2
1+ S[Rl(cl + CC) + RZCZ + gsz”zF”lcc] + 32R1R202(Cl + Cc)
1 gm2
L= 9m2F1ALC, P2~ C,+C,
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Miller Compensation With Common-Gate Stage

VDD
®
| HC Assume the input impedance of
the Mc common-gate stage is O.
VB-Ol E Mc Then

ic*
+ o V1 Vo . .

~GmaV1 = V(G + SC, + sC)

R1 C1 R2 Co
a(s) _ gmlgm2R1R2
1+ s[R,Cy + Ro(Cy + Cp) + 9,pFoR1C] + s2°R1R,C1(C, + C)
1 g C
P, ~ — P, ~ — m2 ¢
ImaFRC, C,+C. C
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Miller Compensation With Nulling Resistor

Rz Cg
A—|
Fbk
+ N V1 V2
Vi —dm1 —9m2 Vo
Ri C1 R2 C2

1- SCC (1/gm2 - RZ)
1+ b;S+ b,s? + bys3

as) = gmmF1A, -

by = R(Cy +C) + R(Cy +C,) + R;C + 9pA1AC,
b, = R1A,(C,C, +C.Cy +C.C,) + R,C.(R,Cy + R,C))
b3 = Rlﬁzﬁzclczcc
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Miller Compensation With Nulling Resistor

We have
1
Zl =
(1/gm2 - RZ)CC
1 Im2 1
L™ ImaF2FCo P2 = C1+GC; P~ R,C,
e In most cases, p; > pq .
e Usually want z;, becomes negative and
1 1 Im1 1
Zq| =~ =12w = =12. = —
] R,C, v R,C, C, ‘7129,
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Miller Compensation with Feedforward Transconductor

Ce
[
| |

4’@

_ Im1F19m2F2 + 9o + SR1RL[G:(Cr + Cr) = 9 Cel
1+ S[A(Cy +C,) + Ay(Cy + C.) + g,pRAC ] + S%[R1R,(C1C, + CC, + C,C )]

c 1
To remove zero, let g, = Gy - ﬁ =g,
1 c

a(s)
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Nested-Miller Compensation

| |
11
Cec2

N(s) ap+ a,S + 3232
D(s) "1+ b,s + b,5° + bys3
ao = 9m9m29m3f1A2R3

ay; = —(gmHF2Cc1 + Cp2)gmfAiAs
ay = —gmHA1AA3C5(Ch + Cy)

a(s) =

Feedback 12-41 Analog ICs; Jieh-Tsorng Wu



Nested-Miller Compensation

by =K + R(Cpp + C1) + 9maf29msFAsA1C )
b, = AyA3(C3 +Cpy + Co)(Cy + Cry) - R2R3C§1 + A (Cor + CK
— Gm2f2C 1 C o Ag — 5’15’30(2,.2
b3 = R1AA5[(C3Crs + €103 + C1C o) (Co + Cpy) + C1C 1 Cp + C1C,C ]
K = R3(C3+ Cpq + Crp) + Ro(Co + Cpq) + R2C 19 3R3

The dominant pole is

1
P~ -
. R1Cc2(9m2R29 m3f3)
If C., > C, ,, then |p,| <« |ps], and
9m29m3 - (gm3 - gmz)ccl " _gm3 —9m2

p ~ — p ~ — ~
? (Omz = Im2)Ce1 ° C,C3+C1(Cy +Cy) C,+C;
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Nested-Miller Compensation

e TO ensure p, and p; are in the LHP, want g5 > g,

o If |p;| < |p,| < |P3l,

1 1 9m3z — 9m2
prox—  pyx— Py - gz"‘C:

The two-pole model can be used by making |ps| > ®;.

o If C_, is not large enough, p, and p; are either complex conjugates or real but closely
spaced. Higher unity-gain bandwidth may be achievable when p, and p5 are not real
and widely separated.
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Zeros in the Nested-Miller Compensation

The numerator of a(s) is

Ccl n CcZ ) _ SZCCZ(CZ + Ccl)]

N(S) = R R [1 - S (
I 19m2M29m3 g3 ngRZQmS Im29ms3

Assuming C,; > C, and C,; > C_,/(9,,2R>), then

- S
gm3 gngmS

2, = — Im2 14 \/1 N 49 m3Ceo 2, = - Imz 1_ \/1 N 49 m3C o
2002 ngCcl 2002 ngCcl

e 7z, isaLHP zero and z, is a RHP zero. |z;| > |z,

C C..C
N(s) ~ Qm1R19m2R29m3 [1 - S = 222 Cl]

e |z,| and/or |z,| can be comparable to |p,|, thus degrading phase margin.
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Nested-Miller Compensation with Feedforward Transconductors

Rs(ng + nys + nzsz)

a(s) = -

/ ! &2 ! &3
1+bls+b23 +b35
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Nested-Miller Compensation with Feedforward Transconductors

bll = Dby + GpmrF1A5C
blz = Dy + gppaA1A,A3(C, + Cpy)Cosp
b, = by
Ny = ~9m9me9msF1A2 = Imr1 = 9m9me2F1
Ny = 9m(Gmz2 = Gmr2)R1R2Cc1 + (Gm1 — Imr1) R1Cco
= Imr1F2(Co + Cr1) — G F1C1 — 9 mr2R1R2C
Ny = (Gm1 = Imr)R1A(Co + C1)Cro — G R1RL(Co + Cp)Cy

e To eliminate zeros, one can set n; = n, = 0.

e Ifg..c1 =9, and g, = g, then ny, n;, and n, are all negative, and both zeros are
In the LHP.

e Withg, = 9,,and g, = 9,», b; ® a; and the dominant pole p, is not changed
by g,,;. However, p, and p5; will be different from the case without g,..; and g,,¢».
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Ideal Operational Amplifier

Single-Ended Output

Vi_ \ A Vi_

AXV.

o /,=AxV,

e |Ideal opamp:

- A—>o00,Z,—> 00,2, —0.
— No frequency dependence.

Fully Differential

Opamp-I 13-2
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Basic 2-Stage CMOS Opamp

VDD
-9 ' * ® *-
Ms.]D—d [ m4
¢ 9 [ me
|—
_V’O
? Buffer
Vit
M5
V1 —H= [ m7
l @
VSS
Vi- —\
A1 1 Vg
Vit —/
Differential Second Optional
Input Stage Gain Stage Output Buffer
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Constant g ., Bias Generator

VDD
-- ? ? & ? *-

M14 ] [ m13 MSED_O( [ ma
¢ o[ me

Vi [ m1 M2 ] c

N—
=

Il
N—
N

~S ~I=

—e
. 4

P
N~

N

N~
w
Il

P e O

~X IS IS

v
H
D

<
%
<
+
| B
<
ol
)
|__|
!
<
o
Y
~ =

~— N————
N '
1
Q
Y
~| <
N~———
=
=

M12 ] H= | | [ m7
M11
- o
i Rg VSS

VSS

> Ja-1 W/L), |1 W/L)s

=\ 2UCo,W/L)lp Gy = mim2 = 9mi \| 7\ | 5
G = \2UC o W/L)lp G Rs va omme = Imu \I(W/L)ll\Z(W/Lm
oo [y [ty (W/L)ﬁ\l W/L),
mems =S \[L\ WD \ 2w/, O™ I Vs \ w0, \ W/,
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Input Stage Small-Signal Model

9m3 + 903 ? 9m4 Vy
VDD -$
-¢ » -
2 C 904
M3 ] [ m4 | 4 — o1
Y .
—V Y lol eV
ol —_— ol
T
Vieq [ m1 M2 1 Vit Cq ;L
Jo1 902 l
Vy Gm R1 C
Ve1 [ M5 l
Im1 (Vi1—Vvx ) Im2 (Vi2—Vvx )

VSS 905 Cx

9m1 = 9me Im3 = 9ma 9do1 =902 903 = 9G04 dm > 9,
C‘y ~ CgsS + Cgs4 = 20gs3
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Input Stage Output Impedance

9m3 +903 ? 9m4 Vy

-@

2 Cy o4
|
|t <—

y

Vii =V, =0 G, =1/R, =v,/i,

It = Iy + i + Iy It1 = Vi Gog

Vi [ — o0

lyp Vi~ Qop Iz~ iy =0

Jdo1 Jdo2
y Gl =902t Gos
X
l f—0
Ima1 (Vi1—vx ) c Im2 (Vi2—vx )
Jo5 X fto Vi Goof2 Iz =iy = iy
G1 =00+ o4
. / Cl 1 Cl /
Itz 902(9im + 9os5 + SC) Goo 1+5C/9m

Vt - gm2 + mez + g02 + g;nl + g05 + SC;( 2 1+ SC;(/(Zg:m_)

g;nl =9m1 T 9mn1 C;( =Cy + Cgsl + CgsZ
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Input Stage Di fferential-Mode Transconductance

Im3 +903 ? Im4 Vy 1 1
1 _T_ Vig = Via = Vi1 Vip ~5Vid Vi1 +§Vid
< Cy .
Vy‘_-l i = 9mVin = _Egmlvid
. 1
lo = gmaVio = +§gmlvld
i1 Jo1 —ly 9 ma o 9m3
i 9ms+ o1+ 9oz +5SC,  Gpz+SC,
dma1 (Vi1—Vx ) P = ;
o— "~ 14712
/0 1+SCy/(2gm3) 1—S/Zm
Gmd(s) = V_ = = =9m = ml°
/ y 1+SCy/gm3 1_S/pm
@
z.. = Mirror Zero = — Im3 ~@;3 P, = Mirror Pole = _Im P
C, C, 2
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Input Stage Common-Mode Transconductance

I9m3 +903 ? Im4 Vy
T 1
< C o4 Iy
| g Vie =Vi1 = Vo
Vy |01 . g 1
— I =ih(1-e,)
| Vol .
' a —ly = ih(1-€p)
do1  9o2 fyy = —lg—ly=i1(1—€,)— I,
Vx : . )
J_ = lpy = —h(€g + €y — €46) ® —Ir(€4 + €py)
Im1 (Viz—Vx ) - Im2 (Vio=vy ) i i
905 X _ ol
Ge=—nr~-—-(64+€,)
V/c V/c
Vie 1+ 29m*Ime1)  2(9my + Gmp1) + Gos + sC, 2+ SCX/gml 2 1- S/,Ot
(9o5+5Cx)
: 9os _ 29
z, = Tail Zero = -=2 p, = Tail Pole = - =2

C, C,
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Input Stage Common-Mode Transconductance

For the M1-M2 source-coupled pair,
il = gml(Vic - Vx) + gol(vy - VX)

I, = ng(V/c - Vx) + goz(o - Vx) = gml(vic - Vx) — G901Vx

/1
Vy = -
gm3 + 903 + SCy

We have
i =y + gV =y — i Jo1
1= 12 olVy — 72— 11~
9Im3z T o3 + SCy
. . 1 . gol .
1+ Jol < 9m3 T 9oz + SCy
Im3+9o3+sCy
gol gol gol 1 gol
6‘d —

B gm3+g03+scy ) gm3+SCy B gm3. 1+SCy/gm3 - gm3. 1—8/,Dm
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Input Stage Common-Mode Transconductance

For the M3-M4 current mirror,

_/_4 — gm4 — gm3 =1 - gOS M Scy =1-¢
/1 ng + 903 + SCy ng + goS + SCy ng + 903 + SCy

m

. Jos+SCy goz+SCy g 1+8C,/903  gos 1+5Cy/G03
" 9+ 903+SC, Gz +SC,  Oma 1+sC,/gms 9m  1-5/p,

The common-mode transconductance is

/2
Gpe(S) ® ——-(e4 + €p)
V/c

~yY

_g05 . 1- S/Zz‘ . (gol . 1 9o3 . 1+ SC}//g03>

+
2 1-s/p, \9m 1-s/p,, 9mz 1-5/p,

_905(901 + 903) . (1 - S/Zz‘)(l - S/Zc) > _gol + 903

20 ms 1-s/p)L-5/p,) C,
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Input Stage Voltage Gain

Adm = de 'Zl Acm = Gcm 'Zl
3 1 3 1 1
Gl+SCl 9o2 T Goa 1—8/,00

goZ + go4
Cy

Zy

p, = Output Load Pole = —
Gmd
Gme

_ nglng . (1 - S/Zm)(l - S/pt)
goS(gol + go3) (1- S/Zz‘)(l — S/ZC)

CMRR % CMRR=

2
CMRR(o0) = Im/2 _ 1
gml 2
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Simplified Two-Stage Model

C
|
|

—— ()

: o
®
Vi —_ meV —_
O <, , O <k To
® % ®
G1 =002 %904 G, =906 + 907 C1~Cu
v, 1-5/2,

A ==2=A4A,(0)
Vi T A -s/p)(A - s/py)
AV(O) — gmlgm6R1R2
I9m 1 Ime _ Ime
mETe a0 PR Teee, TG
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Frequency Compensation Using Nulling Resistor

VDD
-@ @ @ T @ @9
I\/I14j‘°| M13 Msﬁ—ol M4
¢ o[ wme
M16 M15 MAD | ¢
| |
‘ Vi-— L m1 M2 I/ & Cc
@
Vit
| | VB1 L Mo |
M12 | | | | M7
M1l
- 4~ *-
i R VSS
VB2
VSS
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Frequency Compensation Using Zero-Nulling Resistor

e The zero-nulling resistor A, is realized by M10 in the triode region.

— 1 - _ gm6
(1/9ms — R)Ce (GmeFc —1)C,

Z

W/Lys _ (W/L)s WLy, W/L)s
* LD = WD 2 WDy, = Wiy TN
V, V, (W/L)5
V —V —V Vv —V —V ov6 _ ovl13 _
ov6 ovl3 ovl4d ov10 ov15 ov1l6 Vole Vov15 (W/L)13

9me _ W/L)s Vore  (W/L)s | (W/L)ss

9m10 - (W/L)qq Vovio B (W/L)m\ (W/L)13

gmGRc =

e /72, =~ (9,6A, — 1)C./(C, + C,) is independent of process and temperature
variations.
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Voltage and Current Range

Input Common-Mode Range
Vicimaxy = Voo — Vgss + Vi Vicimin = Vss + Vpsars + Vgsa
e The range is limited to the voltage levels where any transistor goes out of saturation.
Output Voltage Range
Vo(max) = Vop = Vpsars Vo(m/n) = Vss + Vpsarz

e Output resistive load can also limit the voltage range, if the available output current is
iInsufficient.

Maximum Output Current

1. (W
losink,max) = o7 losource,max) = Ekp (T) [Vys6(max) = Viel™ = Ip7
6

Vyseimax)y = Voo — Vi + Vi
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Slew Rate

VDD
-¢ & ® -
M3.:|D—°1 Cma
- —
Vo ¢ T o [ me
V. — *
| I
Vie— [ m1 M2 Vit ¢, <
@
A Vi C2
M) 1ss Veid L vm7 v/
t ha ¢-
- VSS
Exponential Log (SR) 4
------- SR ext
SR int
\ Log (C 2)
-
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Slew Rate

The internal slew rate is generally limited by current available to charge and discharge
C_ from input stage. Therefore,

SR _ av, _ /X(maX) _ Iss
" - dt max - CC - CC
_ Iss y 9m _ Iss < ®,
gml Cc gml
= (Vg1 - Vi) x @,
= |/ovl X @,

The external slew rate is limited by the available current to charge and discharge C..
Thus,
Ip7 = I\(max)  Ip7 —Iss

C, -G

SRext =
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Settling Time

The frequency response and step response of a single-pole amplifier is

A(S) = Ao V,(t) = A, (1 - e~")
- 1+s/w, ol

The settling time can be written as

1 1 1
t(€)=—In=="In=
®, € ®, €

e ®, = A, ®,Is the dominant-pole unity-gain frequency.
e ¢ =1-|V,(t,)/A,|is the error when settling occurs.

The 10% to 90% rise time is

1 2.2 0.35
t==In@) =22=2>2 o =onf,
@p @p fy
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Input Impedance

Cin.  C_ fE VDD
m—» I - -9 & ® *-
o7 Vo
—- +—+ M3 ] [ ma
Cint  C4
;l; ? I o[ me
A | —o
Vi Vi
¢, A i-—1 L m1 M2 THVie ¢ Ly,
C <R1 !
gd2 L
’ o[ me M5
V1 —H= [ m7
Vig —— [ M2 4—Vo
9 m2 C 4 ¢-
‘e
v R2 VSS
vV
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Input Impedance

Shorting the noninverting input to ground,

Cgsl

CI'I'I— == Cd + C_ 2

Q

Shorting the inverting input to ground,

C
gsl
Cing =Cy+C,~

+Cphyz- (1 +As1) Aor = GmaFs

And we have

C_~0  C,~Cyyp-(1+A4,)
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Input Impedance

The equivalent voltage gain of the M2 stage decreases with increasing frequency, due
the the effect of C,;. The capacitance C, is then modified as

1 4 Qo924
gm2
C+ ~ ngz ) Aol

Cga2+Ct
1+A, - S

where
Cz‘ = Cgs6 + Cc ) (1 + Aoz) = CgsG + Cc ) (1 + gmGRZ)

o FOr g,,/[A01(Cygz + C)l < @ < g/Cyq2, C,. become resistive, and

1 C,
C, — R,.= 1+
gm2< ng2>

Z
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Output Impedance

with unity-gain feedback

Assuming g, > R, and A,, we have

1+sR(C,+Cy)

ZO=R2

1+ 59,,6RA,C. + s°R,C,R,C,

Imef11A2C C. |A, ) ’ o . R(C. +Cy)

Py ~
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Output Impedance

e For frequencies larger than z;, C, acts as a short, the Z, is a resistive 1/g, .

e The closed-loop Z, of the unity-gain buffer is

Z
7 ~2x_—22 .(1-5/2z,) for @< ®
ocC AV AV(O) ( / 1) u

where @, = g,,1/C,.
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Systematic Input O ffset Voltage

VDD

-& T ® @
M3 ] [ M4
Vi 1, .,
Vy d [ me Ip = szov(l + Alps)
Vos —e
A, = A A = A
Vie —( 9 C w1 M2 JFVie  c, ' Lo /3 :
*— Vo
’ A5 = Ipy = Ipp = T1a(Vy = 1))
*'ss
Vpq —HE | Al, , = |/ / —/SSAV V,
Bl |LM5 ||:M7 3—4—|D3|_|D4|—7 3(1_ Y)
1 -
VSS

The systematic input referred dc offset can be expressed as

1 V. 1-2
—Vos,s = — (A/1—2 - 4/3-4) = —

gml

(A + A3) (W, = V)
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Systematic Input O ffset Voltage

e The systematic offset is caused by asymmetry in the dc biasing of V/, and V;.

e To minimize Vyg 5, Want Vpgz = Vpss = V556, then

W/L)s _ W/L), _ (W/L)s
W/L)s  W/L)s 20W/L),

e Further, to minimize process induced variations choose

However, this constraint may conflict with frequency response and noise constraints.
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Random Input O ffset Voltage

W == v = sy, = M
i-i =il =Vl i-j = 5 i-j = Wil =11}l i-i = T o

(), ~()-(0, (), ()

Alp 34 _ AW/L),_, _ 2AVz‘,3—4 B Alp 15
Ip3_4 (W/L);_, Vovz—a  Ipaio
|/ov,1—2 A/D,l—z _ A(W/L)l—z
b1z (W/L),_,
|/ov,1—2 |/ov,1—2 A(W/L)l—Z A(W/L)3—4
AV 34+ - +

ov.3-4 2 W/L),.,  (W/L)s_,
Ims3 Vov1-2 [_A(W/L)l—Z N A(W/L)3-4]
W/L),.,  (W/L)s_,

—
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Input O ffset Voltage and Common-Mode Rejection Ratio

The output voltage change due to common-mode input variation is

AV, = A

(0]

AV,

cm’ i

Want to change differential input so that AV, = 0, then

AV A
S = o _ _TTem ’AVic
Adm Adm

-1
AVO=O>

4V,

Therefore, we have

CMRR = | 4"

| ovy
- aV/c

cm

OWVps\ *
(57°)

Opamp-I 13-27
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CMRR Due to Systematic and Random O ffset

Since
Vos = Voss + Vos r
We have
1 Vos.s N OVos
CMRR oV, oV,
oV oV oV ol
0ss _ 9Y0ss OVour Olg1 _ _E(Al £ 1)V - VY- 1 9m
aV/c aVovl a/dl aVic 2 gml 1+ 2(gm1 + gmbl)rOS
1 A+ A1)V, = V.
= _l(/ll + A3)(Vy = V) - ~ —( = )y - )
2 1+2(9m1 + 9mp1)los A9 m1 + Imp1)los
WVos r B WVos r . oV,1 . o B _l _A(W/L)l_z N AW/L)5_4 . 1
aV/c aVovl a/dl aV/'c 2 (W/L)1_2 (W/L)3_4 1+ 2(gml + gmbl)r05

- _A(W/L)l—Z N AW/L);_, . 1
W/L),_»  (W/L)ay | 29m1+ 9mp1)los
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Mismatches and Input Stage Transconductance

Define
9m.i+9m, Foi + 1o,
A9 i i=9mi=9m; 9mi-j = 5 Argi j="roi=To; loij= 5
Then
1 _ (Agm,1—2>2
20m1-2 I9m1-2
Gmd ~ gm,l—Z ) A GmC a _1 2 ’ (ed + 6l’f))
1 + < gm,3—4> + gm’1_2f05
2gm,3—4
where

€q

L1 A9 m1-2 (1 . 2/’05) 25 Aloao
gm3rol gm,l—z

_ 1 + (ng - gm4)r03 ~ 1 + Agm,3_4
1+ Gmalos 1+ Gmalos 9m3loz3  Y9m3-4

lo1 o1 To1-2

€m
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Power Supply Rejection Ratio (PSRR)

VDD
VDD évdd Vo = —AVig + AggVag + AssVss
-9 & ® - AV
PSRR,, =
M3.:|D_O| [ M4 Add
¢ A
oL PSRRgs = 7
—e SS
vid =4 [ m1 M2 | Cc | p A,(0)
! v 0 T S/P1
Vg1 : E — ”: M7 AV(O) — gmlgmg’ql’qz
+ é\:} .- A,(0)p; = - gl
VSS c
Vss g
A~Z2"  for @ >
VSS 74 SCC |pl|
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Power Supply Rejection Ratio (PSRR  &¢)

VDD
-¢ ® & -
I\/I3.:D_°1 [ ma
‘ I AL v o =’4vcm= AV
T Vew V™ CMRR
Ce LZG 7
V 6~ ~
C w1 M2 ] — Vo 9me
® 1
J- =
r r ! g07 + SC7
X CX o7/ C7
Vo _ Zs  Zs Gor+SCy
bssl -I;/ssz Vsso Lo +t47 £y 9me
VSS VSS
1 _ Vo/Vssl + Vo/Vssz _ 1 + (1 + Sro7C7)(1 - S/pl) " 1
PSRR.¢ A, CMRR 9,6 s7A,(0) CMRR
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Power Supply Rejection Ratio (PSRR p)

® .-
* M 9 ma (v “Vy )
Vdd? M3 :l I: M4 v Vad1 dd2
— 1 _— @ L 2
¢ d [ wme C
, Vdd2

T ggmB

C y

1%y
Cme - m2 ] — Vo = g . v
® y0 1 Ce

M5
Ve1 - j | [ m7
J_ L
VSS
Rid J—C 1d :
Vddi 9m6 (Vyqq -V )
T ddl1 "1 v,
] 1
» 1V Vagr @)

R, &
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Power Supply Rejection Ratio (PSRR )

The voltage gain from v, to v, is

Vo 1 N 1 .1
Vagr 1 4 1+01g+SC10)/(sCo) ¢ C1d/Ce
R2(910+5C14)+9ImeF2 Imef

For v,q, Input, since g,3 + sC, > G,q + SC,, the resulting current flow in M3 is

y0r
approximately
Iyo ® Vgg2+(Gy0 + SC0)

The current is mirrored in M4, and amplified by M6 and C_. The voltage gain is

Vo . gyo + SC)/O Vo Vo
=l Ay~ - = <
sC. Vaaz Vaai

Vaa2

Thus
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PSRRyp with Common-Gate Miller Compensation

VSS

Assume the M10 stage has R, = 1/9,.,,, and A, = 1. Neglecting R,, and C,,, we have

% 1 C, C
° = ~ . (1 +5—°
Vddl 1 . <& + &) + 1 CC gmlO
C R
1+5C./9m10 p  9me Imel2
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Supply Capacitance

| |
11
C
VDD
-9 <4 * .-
| M3 ] [ ma
Csup . C
gd1 ¢ o [ M6
Vn — - Vo o= | Vy
+ ————[m M2 B | e T o y
\V4 X \V4 0
e Nt ’
- Cgsi Id5¢ s
sup
|/o—_(;/"/n Vg1 H- | [ m7
1 -
VSS

e Both C 5, and C,,; can function as Cy,,, and noises at V, and V, can leak to the
output.
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Power-Supply Rejection and Supply Capacitance

e The Vj, noise can be coupled to V, through the diode-connected M3 device. The use
of cascode input stage can overcome this problem.

e If /- is modulated by the supply voltage variation, then v, =~ i s/(29,,,). The use of
supply-independent bias reference can overcome this problem.

e The noises at the substrate/well terminals of M1 and M2 can change the V/; of the
devices due to body effect, and cause V,, variation, introducing noises at V. A
solution is to place both M1 and M2 in a single well, and connect well and source
terminals together to eliminate body effect.

e Interconnect crossovers can introduce undesired coupling capacitors to the V_
summing node. Careful layout is required.

e Fully-differential circuit topology generally has better power-supply rejection
performance.
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Device Noise Analysis

VDD VDD
- »w ® .- — - »w ® .-
+ +
M3 ] [ ma4 + M3 ] [ ma +
) T Vbs3 T Vbs3
n3
¢ ¢ ¢

— —>

| |
0 (0]

] L 1

Vn4
M2 M1 M2
an Vn2 VnT
lss 'ss Vv
VSS VSS

d 3 g9, WLC,,
9m3 ?
2 2 m
Ve o= v2 4+ v,fz + (—) (v23 + v§4)
gml
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Thermal Noise Performance

Assuming M1=M2 and M3=M4, and knowing /5; = /p5 SO that

2
. u,C, (W/L u,(W/L
(g 3) ) — ( / )3 - p( / )3 kl’7 = lunCo)( k,IID =lu,OCOX
Im1 u,C, (W/L), u,(W/L),

The input referred thermal noise is

V2 2
_Or _ A4kT (ﬂi) + (%) x AkT (ﬂi) = 4kT (ﬂi) X [1 + %

Af 3gml 9m ngS 3gml Im
w/L
= 4KT %- s x 1+\|up-( /L)
Ny A R e

e The load contribution can be made small by making g,., > g,,3 or (W/L), > (W/L),.

e g, should be made as large as possible to minimize thermal noise contribution.
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Flicker Noise Performance

The input referred 1/f noise is

2
Yanr 2K (%)2 Ko 2Ky HW/L) 2Ky
Af WL\ Coif  \Gpm) = WolsColf ~ WiLiCoif i (W/L),  Wsl3Coyf

_1x 2K 1+Kfp Hp Li
f WlLlcox Kfn Hn Lg

e K, Is typically smaller than K¢, by a factor of two or more.

e The load contribution can be made small by making L5 > L. But longer L5 can limits
the signal swing somewhat.

The width of load devices does not affect the 1/f noise performance. But make it
wider can maximize signal swing.

e Making W, wider can reduce 1/f noise.
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2-Stage Opamp with pMOST Input Stage

VDD
- ® *-
Vp1 oH= o[ m7
M5
Vi
¢ Vo Output ,
@ V o)
Vi- o [ m1 vz Jl—  Cc Buffer
| | *
’1 ¢ l NG
M3 ] [ ma
= 9 ® ® o
VSS
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2-Stage Opamp with pMOST Input Stage

Comparing to the nMOST-input opamps, the pMOST-input opamps have

e Similar dc voltage gain.

Smaller g,,, and larger g .

Larger unity-gain frequency since @, ~ |p,| and |p,| = g,.6/C>-
e Better slew rate since both V, , and @, are larger.

e Better 1/f noise performance.

Poorer thermal noise performance.
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Two-Stage Operational Amplifier with Cascode

VDD
-$ T L 2 @ ®-
: 3
r))°.
M3 ] o I °|EM4 dCmwo —dCwms ° The volage gain A, o (g,,/,)
e Size M8 so that
M3A o I o [ maa 1—°|E|\/|9
I |1V Vps1 = Vps2 2 Vpsar
Cc
VDD
IB1 e Input common-mode range is
M1A ] [ m2A reduced by cascodes.
Vie— [ m1 B M8M2 ] — e The additional poles are non-
—d dominant and located near @;.
Vit
Ve1—HE MS ICwmy © The 2nd stage can also use
cascodes.
+ . -
VSS
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Telescopic-Cascode Operational Amplifier

VDD

—% o e The volage gain A, « (g, r,)°.
M3 ] lo—e—— [ |
M4 e Consider the output current branch,
VB2 — o [ maa
M3A Vv |/DD - (V/C - Vz‘) > AVO + 3Vov
o)
— 1 = Vop—Vie >4V, +3V,, -V,
VDD cL
a1 J; Since V¢ pin = Vi + 2V, + Vsg, we have
M1A ] [ m2A
Vop — Vg > AV, + 5V,
M8
Vie4 [ m1 L w2
oo e Consider the non-output branch,
Vit
Ve1— [ ms Vop = Ve = V) >V, + 2V,
L2 = Vpp-=-Vic>2V,, or Vpp-Vsg>V,+4V,,
VSS
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Folded-Cascode Operational Amplifier

VDD
-9 . *-
M10 e le— Vbsp
M9
9
®
M4 | o le— Veep
M3
Vo
Vi, 4L M1 M2 | — ¢ r—
? M6 | F—Vecen
Vi M5 ik
G I, Mg _| ——_wm7
C
-9 o l - L
VSS
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Folded-Cascode Operational Amplifier

e Consider output stage
Vop = Vsg > AV, + 4V, or Vpp—Vsg >V, +3V,,
Consider input stage

|//C,ma'x = |/DD - |/ov + Vt |//C,min = VSS + Vt + |/ov + Vo,m/n(ll)

e The differential-mode voltage gain is

A,(0) 1 1

A = 1- S/pl AV(O) = gml'qo P1 =~ RO - 902%t909 + Jor

4

ROCL

9I9m3’o3 9mslos

At midband frequencies where @ > |p,|

~ Av(o) _ Im _ @, @ = Im

A = Zm
v _S/pl SCL S Y CL
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Folded-Cascode Operational Amplifier

e The dominant poile is associated with the only high-impedance node at V/,. All other
poles are located near @;, and their magnitude are normally larger than |p,| of the
two-stage opamps.

e C, provides the dominant-pole frequency compensation. Increasing C, improves the
phase margin.

e If lead compensation is desired, a resistor can be placed in series with C, .

e Use nMOST input stage for larger g,,;, and better thermal noise performance.
e Good PSRR since no pole-splitting C..

e Slightly higher noise due to more devices.

e Suitable for low-voltage operation.

e Active cascodes can be used to increase voltage gain.

Opamp-I| 14-6 Analog ICs; Jieh-Tsorng Wu



Folded-Cascode Operational Amplifier

VDD
-9 }—I * }—I -9 . * *-
Vbsp
= = o
M11 M12 M10 M9
[ _ @
¢ ¢
M4 | o le— Veep
M3
Vo
Vi, 4L M1 M2 | — ¢ r—
M6 ] | F—Veen
Vi M5 ik
G I, Mg _| ——_wm7
C
- o l - L
VSS
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Folded-Cascode Operational Amplifier

If bias currents /pq po > Ipz pas 1.€., 11 > Ipg p1os

e Without M11 and M12, the slew rate is

Ipe  Ip1o
SR = =
€, G

e During slew condition, M11 and M12 can be used to clamp the drain volage of M1
and M2 to reduce bias recovery time, and increase /54 and /5, to improve SR.

If bias currents /p; ps < Ipz pa, 1.€., 11 < Ipg pro:

e This slew rate is

/1

e M11 and M12 are not required.
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Current-Mirror Operational Amplifier

VDD
-9 * . * *-
[ M3 Ma_]lo—e— | w6 M5 _] lo—
Mo e o o le— Veep
M10 M12 M1l
_. .—
Vo
VieL M m2 ¢ ¢ +r—
mM13 || F—Vecen —
Vi- M14
| | v
I1 M7 1 —®—1L_M8
CL
l @ o
VSS
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Current-Mirror Operational Amplifier

(7),-(0).- @), %(7). (£).%

1 1 1 Kl,
/Dl,D2 = /D3,D4 =Ipg = Ip7 = E D5 = ? pg = 5/1 SR = C_L
1 1 Kg
A,(0) = KgmA, R, = p1=-— @, = mi

9o5 + 9os8
9Imi1’o11 9I9miaro14

ROCL

e For a given power dissipation, the current-mirror opamps have larger bandwidth and
SR than the folded-cascode opamps. But they also suffer from larger thermal noise.

e For small C,, K may have to be reduced to prevent the nondominant poles from
degrading the phase margin.

e A practical upper limit on K is around 5. For a general-purpose opamp, K ~ 2.
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Rail-to-Rail Complementary Input Stage

VDD
—o—o
I 2p C*) C*) l1p lo.n1
. J -
Vi+ Vi- |p * <+
|
I—| M3 M4 o,n2
*—o
Vit [ = Vi-
M1 M2
® .-
ol | lo,p2
Vi+ n * —>
1 —>
I 2 (+) (+) | 'o,p1
1n

Opamp-I| 14-11 Analog ICs; Jieh-Tsorng Wu



Rail-to-Rail Complementary Input Stage

e Total input stage transconductance is

Gm =09m T 9m3

e GG, variation due to V. change can degrade CMRR. Want

I9m T 9m3 = \/:unCox(W/L)lln + \/,UpCOX(W/L)glp = Constant

If unCox(W/L)l = .upCox(W/L)S’ want

\//_n + \//; =\/li, — b, + \/l, — I, = Constant
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Rail-to-Rail Complementary Input Stage

o Let

\//_n+\//;=\/ﬂ+\/1_=2\/7

At l//C A Vss, /n = O and /2l7 = O,

\//;+\//;=\/&+\/Z=2\/7

\//7,7+\//;=\/47+\/O_=2\/7

At Vi, = (Vpp = Vss)/2

e Less than 5% change in G,, is possible.

e The variation of the input-referred dc offset V,s due to ;. change also degrade
CMRR.
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A Rail-to-Rail Input/Output Opamp

VDD
- & *-
O mMit _lle—— [ m12 c,
|| —
(o}
M13 ]| Ml: CCP ypn1
M3 M4 o [
*—o-
_
ViertEd [ Je-vi. AP e Voop | | Vo
M1 M2 M2s L, [ M25 L,
® . :ll —11 Vbon
M24 M26
C| <
M22
M17 ]| —Veen CL
M18
| | |
11
Oxr mis |——Cmis Cc
- -o- .-
VSS
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A Rail-to-Rail Input/Output Opamp

e Two cascaded gain stages.
e Noises in V,,, and V,,, are canceled at output.
e The bias of the output stage Is insensitive to variations in /,, /, and supply voltage.

e The two C, are connected as Miller frequency compensation using common-gate
stages.

e The output pole is
Cc  Gmo

X
Cgso CL
where g,,, and C, are respectively the total g, and C,, of the output stage.

Py =

e Reference: Hogervorst, et al., JISSC 12/94, pp. 1505-1513.
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Low-Voltage Multi-Stage Opamp

VDD

. 4 T . 4 . 4 . 4 . 4 . 4 @
M5 ] [ me
® 1 *di T i

C2a | C2b
L [ ] m2 +—l [ mo

s :“O_ll ¢ 9 [ m10
" ¢ —| [ m11

—— Cla

4 ’—Vo

H- JIRYY = Cilb

I_T | —— [ Mm12
§> ORORORORO

VSS
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Low-Voltage Multi-Stage Opamp

Four cascaded gain stages.

e Hybrid nested Miller compensation.
e Class-AB output stage.
e A supply voltage below 1.5 V is possible.

Reference: Eschauzier, et al., JISSC 12/94, pp. 1497-1504.
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Current-Feedback Configuration

R2 R2
R1 l o 1
— — I
Vi—"\—— Vi—/\ \ —
Vo — Vo

Vx 2 l Zj 2

+ +
\Y4 \Y4 \Y4 \Y4

Voltage-Feedback Opamp Current-Feedback Opamp

For the voltage-feedback opamp, letV, /V, = A~ ®,/s and Z; — oo, then

v

v, R, 1 R, 1
Vi Ay 1+%<1+g—i)

Ay 1+@i<1+g—i)

e Trade-off between closed-loop gain and closed-loop bandwidth.
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Current-Feedback Configuration

For the current-feedback opamp, let/,//, = A ~ ®,/s, then

Zj
, Y B 1-7m R 1
v = - +
|// Rl 1 + % [1 + R1R2+Z;§f/$Z'R2+RL) Rl 1 .\ s [1 N R2+Z/<1+R2RfL>]
@ R
If Z,‘ — O,
R 1
A, ~ _RZ. =
L va (®)

e The closed-loop gain can be modified by changing R,, leaving the closed-loop
bandwidth unchanged.

e For a given RA,, frequency compensation can be optimized. Suitable for high-
frequency applications.
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A CMOS Current-Feedback Driver

VDD
- ® & *-
OX @ 2
V
AO M11 ] lo—Veep M21
M1 o[
R2<” ] [ M3 I
Vi — At Ly M23 ] lo———Vhop Vo
R1 o [ 112 o M24 ] FVibon
° 15 I , %
M12 1 F—Veen Mz R
O) ) 2
- o -9 o-
VSS

Opamp-Il

14-20
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A CMOS Current-Feedback Driver

e This opamp has been designed to drive R, = 25 Q and provide 50 mA of output
current.

e Two-stage opamp with only one high-impedance node.

e Css and C,y of M21 and M22 are large enough to provide adequate frequency
compensation.

e The class-AB common-gate input stage provides large internal slew rate.
e Large voltage swing of V/,5,; and V,,, are required.

e Open-loop current gain is determined by the output stage,

ng @U gmo
A ~ = =
Bl =% =7

go go

Loop gain T (s) ~ A(s)R, /(R, + R,) is independent of R;.
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A General-Purpose BJT Current-Feedback Opamps

VCC
& *-
11 Output
g D Buffer
| f
@ = 1 VO
QS/ \Ql .
0]
< R2
]
<
I
f < R1
\V4
D
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A General-Purpose BJT Current-Feedback Opamps

Due to the symmetry of the input stage, we have V; = I/,

If R || Ry > 1/(9,1 + 9mp), We have

V.-V, V
[y = : -~ - n=Vo i -V i"'i Vo = =1 -
A, Ry A, Ry R, sC.+1/R,

PN LA/SLA) S -
7/ (R, + R))R.] L1+ sC.(R,||R,)

A, =~ 1+'L?2 L
a R,) \1+ sC_,R,

e () (2) = 2
SCC + 1/Ro RZ SCCRZ
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If R, > R,,

Also the loop gain is
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Fully Balanced Circuit Topology

Vio _\i> Vo1 Wﬂ; J\N‘—L
Vig — £ Vo m W\/\_r

[Vod] — [Adm Acdm] [V/d] V/d = |/il — Y2 Vic = (V' + V’2)/2
Voc Adcm Acm Vie |/od = |/01 - |/02 oc (Vol 2)/2

e In practice, want
Agm > 1 An, <1

e If the circuit is fully symmetrical,

Acdm =0 Adcm =0
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Fully Balanced Circuit Topology

e SignaliscarriedinV, ,=V,; —V,,. Let
V., = Asin®t + n, V., = —Asin®t + n, V.y = 2Asin®t + n; — n,
Assuming n, and n, are uncorrelated, then

A% /2 242 242
SNR,; = SNR,, = T/ = SNR,;, = —— = — = 2SNR,4
n? ni + ng 2n2

e Immune to common-mode noise, such as noises from power supplies and substrate.
e No even-order harmonic distortion in V, 4.

e Require additional common-mode feedback circuitry to set V, . = (V. + V,5)/2.
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Small-Signal Models for Differential Loading

T-Network Model

Ti-Network Model

i1 i1 DM Half Circuit CM Half Circuit
V1 —>_T_ V] — o > i
d
Zd “c 2 Ic
2 Zc 44 Vd —» v. —>
- - c— T
2 4 2 Z4
> Zq |l (22 9 — Z
Zg \V/ \v/
2 Zc
V2 _,—l' V2 ——% —>
12 12
Vg = V1 = V3 e = (v —1,)/2 Iy = (ih = 15)/2 Io = (iy +15)/2
Vg Ve
7, =2 7 ==
lg 1vy=0 le 1vy=0
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Small-Signal Models for Differential Signal Sources

Thevenin-Network Model Norton-Network Model DM Half Circuit CM Half Circuit

i1 Id

Zoe <H 1 =

2
. Zod 2
loc —oad ya
> ocC
Vod v
- ocC
Zod |l (-2Z 00 i 2
od 0 od
id
2
@—»
Zod

i2
iod > loc  “Zoc
Voa = Admvid Voc = Acmvic log = Gmdvid loc = Gmcvi
74 / /
od oc od ocC
Adm - Acm = V. Gmd = V_ Gmc = V_
/d /Odzo / iOC=O / V0d=0 IC VOC=0
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Common-Mode Feedback (CMFB)

Vo1
-——

VOd +
Veftb Ve T(‘) oM v -
oc
T(s) Veib
Vod Detector +

-
—.—
Vo2
T 1
chb = (Voc - VCM) -T(s) Voc = Vnc - chb = Voc = m X VCM + 1+7T X Vnc

e Want large CMFB loop gain, T, to stabilize V...
e May want large @; of T to suppress high-frequency componentsin V.

e Must check the frequency stability of 1/[1 + T (s)].
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A Fully Differential Two-Stage Operational Amplifier

VDD
P * » ® .-
M3 ] IO—T—OI [ ma
M6 1 o ¢+ VB2 ¢ d [ ms
o—| |—o
Cec1 Ce2
Vo1 —9 Vit4 L M M2 1 Vi2 — Vo2
M7 1 FVB1 ve1- [ w5 ve1— [ mo
- .-
VSS
VDD VDD
P & .- Y » -
‘;OIEMP, C ve ‘;‘)”:M3 1—01|:|v|6
¢ ” ¢ ¢ ” ¢
Cec1 Cec1
vit— L m1 Vo1 vitr4 L M1 Vo1
v ‘;—| [ m7 ‘;—l [ m7
Jos x
\V4 2 l 2 \V4
DM Half Circuit CM Half Circuit
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CMFB Using Resistive Divider and Error Amplifier

Common-Mode Feedback

VDD : VDD
- e .- : ® & 9-
dCme  d[ s IBlG) - O o
@
@
C2
Vo1 — | | | —¢ Vo2

ve1—4 L m7 Ve1— L mo

-& -9~ -
VSS
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CMFB Using Resistive Divider and Error Amplifier

4_@_1_°H:M6 1 A
inc1 | |—e m_qt_gm_m

<+ LCwr Voc mB6 | ——H l | [ mB3

e The Ioop gain |T| ~ gmbS(ro6 ” 1’07) 'gmbl/(zgmbS)-

e C, and C, are used to improve high-frequency response.

e The resistive loading of A, and A, can degrade A,,,. Voltage buffers can be added
between the opamp’s outputs and the resistive divider.
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CMFB Using Resistive Divider and Direct Current Injection

Common-Mode Feedback

VDD : VDD
-¢ & *- : o
dCme  d[ s 1Y) (B2
@ : L
@ o
cl C2
Vo1 ? I I ¢ I I ? Vo2
VDD
R1 | R2 MB1| MB2 MB3
H—L _1FVcwm
ve1— L m7 VB1- [ mo § IB3
- na .- : VSS

VSS
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CMFB Using Dual Differential Pairs

Common-Mode Feedback

VDD VDD :
-9 » 9 P PA > °- :
dLCwme <[ wms O O Mes
IB1 T IB2 :
@ .
¢ :
Yot e .
MB3 MB4 MB2 MB1 | :
Vozt odf,  Jdb——[  Jb— |
'2{ Vewm ; 11 :
I\ 5
@ L 4 >< . 4
L b L
Vi1 [ m7 VB1- [ Mo —H | vB6 MB5 ] ;
MB7 | MB8 :
-® - - ® ® —9- -
VSS VSS
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CMFB Using Dual Differential Pairs

For the MB1-MB2 and MB3-MB4 source-coupled pairs,

k , (W
/BB=/B3=/B4=2>(E'V02V k=k(_)

k Igs lIsg g e qg

/ k /
/1 = % + — (Vc + Vod/2 - VCM)\/4ﬁ - (Vc + Vod/2 - |/CM)2

/
R % + ( — VCM + Vod/Z) \/4V02v - (Vod/2)2 o (Voc - VCM)VOO’

/ k
~ % + =~ (Voo = Vem + Vog/2) \/4V02v = (Voa/2)?

[ VeeVewVou | 1 [Woe=VeulVeo |,
2 4|/2 - (Voq/2)? 4|/2 (Voo /2)?
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CMFB Using Dual Differential Pairs

/
/2 % ( VCM - |/od/2) \/4V02v - (Vod/2)2

2
-V - VeV,
y 1+} CM) 1 cm)Vod N
° 4V2 (Voa/2)? 4v2 (Voa/2)?
K
/3 = /1 + /2 ~ /BB + _(Voc - VCM)\/4V02v - (Vod/2)2

it 1 [ Voo~ VeVos |
4V, - d/2)2 4v2 (Vog/2)?

e The input devices, MB1-MB4, must remain in the forward-active region over the
voltage range of I/,; and V.

e The variation in V,, can produce an ac componentin /5 as well as V..

o IfV,. =V, l; and [, are nonlinear functions of V4, but /; = /; + /, is a constant.
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CMFB Using Transistors in the Triode Region

Common-Mode Feedback

VDD : VDD :

- e - - ? e 9 :

dCme Al s 1) De2 FIOE

Vo1 ¢ ® ¢

Voo ¢ ’ -

MB3 | MB4 ‘ §

J—H [ mB6

: —oVy Vy ® :

ve1— [ m7 VB1- [ mo - HC t é Bl Vem—{ L mBs

1 . | MB1 | | MB2 . | :
VSS : VSS
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CMFB Using Transistors in the Triode Region

MB1, MB2, and MB5 are in the triode region. Let kg, = kg, = kg5 = K,

1 1 1
ot (o 20) 0 (Vb= 20) Ut (- 20)

1 I3
N /1+/2=2k(Voc—|4n—§Vx)Vx VXsz=k(V 7T
cm — Vin—5

y
Voo = Vi — 1V, Voo =V,
I+l = 2lgy - = 21X=2/53<1+ e >
VCM_Vz‘n_EVy VCM_Vz‘n_EVy

e Output swing is reduced, since it is required that V,, ,, > V;, + V,.

e MB1 and MB2 are in the triode region, their effective g,, can be small, thus degrading
loop gain and bandwidth of the CMFB.
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Switched-Capacitor CMFB

Common-Mode Feedback

VDD : VDD
-9 > - : »
dCwms  dCms © 4 - 'BlgD Gglsz IB3 Gg
o [ 1T L
Vo1 ¢ * ¢
V02 ¢ ® *-
1 2 2 1
V -0/ *—9 o—/ V
CM 7S5 S1 * |¢ S2 ‘ s6 ' CM
c3 c1— 12 L2 c4
1 2 V 2 ‘ 1, Vcp ‘
VB1-4 L m7 Ve1- [ mo VeB *8/7 v e—— ~H '_°s/4 o |
MB1 MB2 MB3
-* 9~ - -* ® - o
VSS : VSS
|/oc Vx |/CM - VCB = Voc ~ VCM
15-16 Analog ICs; Jieh-Tsorng Wu
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Switched-Capacitor CMFB

e The opamp operates in two different modes. It is in the normal mode when ¢, is low.

Assuming 4Q charges are injected into C; and C, when ¢, switches are turned off,

A A
_Q = |/oc ~ VCM + _Q
Cs

|/oc_|/)(=|/()M_VCB'|' C
3

The loop gain of the CMFB is approximately

Cy

7] =
C1 + Cgs,Bl

X Omp1* Fot

C, and C, add differential-mode capacitive loading to the outputs.
e The additional common-mode capacitive loading is (C; + C,) || (Cys 51 + Cys 52)-

e The value of C;, may be between 1/4-1/10 of C, , for low-pass filter function.
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Folded-Cascode Operational Amplifier

VDD
-9 & .
M9
M10 ] o He-Vgp1
M3
Ma ] o —He-VBp2
1 ? Vo1
Vit4LCwm1 m2 1 ¢ . Voo
' M6 | H-Ven2  mB3 | H-VBN2
Vi2 M5 MB4
-----9¢
O ms ]| —+H-Ven1  wmB1 ]| —H— CMFB
M7 MB2
-@ ® i ® ® .-
VSS
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Folded-Cascode Operational Amplifier

Frequency compensation is provided by the capacitive loads at the outputs.

e Non-dominant poles are determined by M3 and M4, and ~ ®@;5 (®@;,).

It is not uncommon that /5, p, ~ /p3 pga.

For high-speed designs, use pMOST input stage. The resulting opamps has higher
non-dominant poles.

Active cascode configuration can be applied to M3, M4, M5, and M6.
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Current-Mirror Operational Amplifier

VDD
-9 ® & ® o
o[ m3 ma_]lo—e— [ me M5 ] lo—
Mo ] lo—e —+He —He-VBp2
M10 M2 M1l
I 1 o———
[ @ Vol
Vit m1 M2 _JH—
[ @ V02
@
Vi2 M13 ] | —+H-Vven2  wmB3 ]| —H-VBN2
M14 MB4
>----—-9¢
<+ Il | —1 1 | —1 1
M7 ]| —+H-Vent  wmB1 ]| —H- CVMFB
M8 MB2
-@ l @ @ @ -
VSS
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Current-Mirror Operational Amplifier

The M3-M5 and M4-M6 current mirrors have a current gain of K.

(7).~ (7).-x(7).-% (%),

1 1 1

/D1=/D2=/D3=/D4=?D5=KD6=§/1

e The single-ended maximum output current for slewing is

/ K

o(max) = E

I

e For a general-purpose fully differential opamp, may use large pMOST input stage,
K=2, and wide-swing enhanced output-impedance cascode current mirrors.
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Current-Mirror Push-Pull Operational Amplifier

V_Ii_D
K:1 1:1 1:1 1:K
® G}ED Gﬁ@ CD-ED CDT@ ®
M1 M2 M4 M3
V|1—| |— —| |—V|2
Vo1—9¢ *— Vo2
Vi2 Vi1
11 11
CMFBASD;H ED G? (+; ¥ ) CMFB
l K:1 1:K l

n &
VSS
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Current-Mirror Push-Pull Operational Amplifier

e The single-ended maximum output current for slewing is

lo(max) - Kll

e The small-signal response is slower due to additional signal paths.
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Class-AB Operational Amplifier

VDD
-&-

K:1 1:K
® SID r_(f) CfD_-I (]B+ ®
Vit—H= = ICm3 ma ]l = —H-Vi2
Vo1 —9 >< — V2
M5 ] C vz wms ] [ ™6
O} 10,
I1 12
CMFB D;H Q;) C;; n G CMFB
K:1 1:K
-@ @ @ i @ @ -
VSS
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Class-AB Operational Amplifier

If NMOSTs M1-M4 are identical, and pMOSTs M5-M8 are identical, and all current
mirrors have a current gain of K, then the bias currents are

1 1
Ip1 =Ips = Ip3 =lps = ?/1 = ?/2 =1

e Low quiescent power and large slew rate.
e The input level shifter increases the noise and offset, and adds additional poles.

e Not suitable for low-voltage operation.
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Fully Differential Operational Amplifiers

vDD Telescopic-Cascode VDD
- & 9 i 4 & \ &
VDD VB1 V1
- j > M8 ] lo—e—d [ m7 M9 ] lo—e—o| [ m10
VB1
M8 ] o 9 9 [ mo VB2 *
jW M6 | lo—e—d [ ms 1
b2
virdl e Vo2 —¢ —Vo1 M3 ] lo—e—o| [ w4
— i1l [ m1 M2 i2 B3
Vol C c Voo wa J——Cwm3 Vo1—¢ Vo2
c2 c1 Vit Cmr m2 _1FVi2 b3
—i ¢ Vg ¢ —¢ ms | H—e—L wms
Vit m1 M2 ] FVi2
M5 ] |v|3:||—l—||:|v|4 [ M6 Vpa
Vpa— [ m11 M7 1 —— [ ms
-- ® 9 ® .-
VSS Vea— [ mo g 2 .-
VSS

Two-Stage Folded-Cascode

VSS

AV, (Two Stage) = Vpp — 2Vpgur AV, (Telescopic) = Vpp — SVpsar = 3Viargin
AV,(Folded-Cascode) = Vpp — 4Vpsar — 2Viargin

Speed AV? gm/C AV?
Power kT /C VDD/ Vo

SNR -
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Active-Cascode Telescopic Operational Amplifier

VDD
-¢ 4 -

VB1

Mg ] lo—e—o| [ m7

VpC

Vit [ m1 M2 1 FVi2

VB4 |§L\/|9

VSS

Have the best speed/power ratio.

Al and A2 auxiliary amplifiers are used to increase
output impedance and the dc voltage gain, A,(0O).

Explicit compensation capacitors may be required at
the outputs of Al and A2.

To increase AV,, M7, M8, and M9, can be biased in
the triode region. However, A,(0) is reduced due to the
reduced r, of M7 and M8. Also, CMRR and PSRR are
degraded due to the reduced r, of M9.

Reference: Gulati and Lee, JSSC 12/98, pp. 2010-
20109.

Opamp-Il|
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Fully Differential Gain-Enhancement Auxiliary Amplifiers

Al Aux Amplifier VDD A2 Aux Amplifier VDD
- > o 4 & \ @
Vg1 VB1
] lo—e— [ Vb1 Jlo—e— [
v Vg —
® ! Mb1l °*7 VB3 [
VDD ' Vned L Vied L Vi JF——[
B2
VecHL ViedL  JFVi-  Jlo—e—[ VSS
L J
Mal Vo4 —9 —Vy_ ®
VB4 VB4
Vba— J——LC L
o 9 - -* -9~ -
VSS VSS

o Vg3 = Vs, = V), due to the CMFB of M3, M4, and A2.

o V55 = Vs = Vo, due to the CMFB of M5, M6, and Al.

Opamp-Il|
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Replica-Tail Feedback

Vo2 _4 l—vol VDD
A2
M4 ] [ M3 Ic VN —{-
A3 Vb
Vy I +
¢ ® | | ®
VNC c
C
Vit—9 L m1 M2 1 Vio= [ mir m2r Vi1

i
M9 M9r£' VDD

VSS VSS ® »w -
Va1 e
A3 Aux Amplifier Bl
1 t Vo+ —¢ — V-
VB3
VN [ Jlovy  Vigd [ Vi JF——L
L J
Vpt —9 )|
| ‘ | VB4
] L A2 Aux Amplifier 1L
¢ - ¢ - -9~ o
VSS VSS
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Replica-Tail Feedback

e The feedback loop increase M9'’s output resistance, Ry, I.€.,

Ro9 = r09 [1 + A3 ) (gm9rro9r)(gm1rrolr)] = 109 [1 + A/oop]

e It can be shown the effective common-mode transconductance of M1-M2-M9 is

1+ A -M G

GeszX foop M:l_gmg. mr

1+A/00p 9 mor Gm
9m
G = =
m 1 + meog gm gml + gm2
g
Gmr = 1+ g:rrrogr 9mr = 9mir = mor

e The mismatch M and the bandwidth of the feedback loop limit the enhancement effect.
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Ideal Operational Amplifier

Single-Ended Output

Vi_ \ A Vi_

A X V.

o /,=AxV

e |Ideal opamp:

- A—>o00,Z,—> 00,2, —0.
— No frequency dependence.

Fully Differential

Opamps-BC 16-2
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Operational Amplifier Imperfections (1)

I
e
Vi, ®
o
| +
B V.
Vi = -
g2 ‘B
/5
I ' |//+ + V/—
Differential Input=V,, =V,, - V,_ Common-mode Input = V., = >
16-3 Analog ICs; Jieh-Tsorng Wu
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Operational Amplifier Imperfections (Il)

L . : _av,
e Finite differential-mode gain, A, = Wia |y o
: v,
e Non-zero common-mode gain, A, = 7>
¢ 1Vig=0
A
Common-Mode Rejection Ratio (CMRR) = Adm‘
cm

Frequency response: A,,,(s) and A_,,(S).

Input impedance: Z;, and Z,,.

Output impedance: Z,,.

Power supply bias current: /5.

Opamps-BC 16-4 Analog ICs; Jieh-Tsorng Wu



Operational Amplifier Imperfections (1)

e Input offset voltage: Vs = (Vi, - Vi )|, _o
e Input bias current: /g = (Ig; + 15,)/2
e Input offset current: /o5 = /g, — /55

e Input common-mode range: Vi 4, and Vo, Range of Vi, for which amplifier is
operational.

e Output voltage range: V., and Vy -

and /.

. . +
e Maximum output currents: / o(max)

o(max)

e Internal slew rate: SR™ and SR™. Internally-limited rate of change in V, in response
to a step input.

Opamps-BC 16-5 Analog ICs; Jieh-Tsorng Wu



Operational Amplifier Imperfections (1V)

e Power supply signal gain: App(s) and Ags(s). Power supply rejection ratio (PSRR)

are:
Adm

ASS

Adm

DD

PSRR,, = PSRRg =

e Supply capacitance. Capacitive coupling between power supplies and the opamp’s
Input leads.

¢ Inherent noises in active devices and resistors.

Opamps-BC 16-6 Analog ICs; Jieh-Tsorng Wu



Inverting Configuration

Let Z;,, = oo for the opamp, then

Z
—
/
/-
V, ‘ _\(i) . V, "=l -1=- =0
_I_

Zl V.-V~ V- — Vo

7 /__> 2 Z

/1 /= Ax-

—-AV~
\Y4
. V 7 1 > .
Closed-Loop Gain = A, = _° _ _ _ ( )
Vi Z, 1+l(1+£) Z, \1+e,,
oA Zi)
 Z Z,
Input Impedance = Z;, = -+ = —— ~

/1 1+ % 1+ % . (_Zil)

Opamps-BC 16-7 Analog ICs; Jieh-Tsorng Wu



Inverting Configuration

The error term, €,,(S), is due to the finite opamp gain.

1 Z
6,,=Z 1+Z—
1

e ¢,..(S) can be expressed in terms of magnitude and phase, i.e.,

6rr(/'@) = mrr(@)ejqorr(@) ~ mrr(@) + jCDr,(CQ))

o Ife,, <1,
ACL = (1 6rr)

Opamps-BC 16-8 Analog ICs; Jieh-Tsorng Wu



Examples of Inverting Configuration

Inverting Amplifier Inverting Integrator
R C
/\, [ |
| |
Rj Rj
Vi - Vi -
Vo Vo
+ +
\Y4 \Y4

For the inverting amplifier

R 1 1 R
AcL = - €r=—1+5
R, \1+¢, A R,

For the inverting integrator

Opamps-BC 16-9 Analog ICs; Jieh-Tsorng Wu



Inverting Summer Configuration

Z

Vo

N N
Z 1 Z 1
v0=_z(7v,). X =‘Z(7‘4)'(1+e)
j=1 71 1+ % (1 + D %) j=1 N\ rr

Opamps-BC 16-10 Analog ICs; Jieh-Tsorng Wu



Noninverting Configuration

Let Z;,, = oo for the opamp, then

Z, - /_VO—V_ V'_O
— SF ATz Z,
v o V, = -Ax (V- V")
_ V Z 1 1
Closed-Loop Gain = A, = VO = (1 + ZB) = AcL o(5) ( )
/ A _1+%(1+§—f)_ L+e,
ZO
Input Impedance = Z,, = Z,(1 +T) Output Impedance = Z,, = T T
I = Loop Gain = A x —22
= Loop Gain =
P 7 2,

Opamps-BC 16-11 Analog ICs; Jieh-Tsorng Wu



Switched-Capacitor Applications

Ci1 v, L
Vi —|—e
1

Cp;t \V4
\Y4

Model During ®1

Co

2 |

For the opamp in closed-loop gain calculation, letV, = -A x V.

v, v, 1
A =£=—Cl 1 =—Cl( 1 ) € =l 1+Cl+c,0
o V/ CZ -1 + % <Cl+gz+cp> _ CZ 1+ €rr A Cz

Opamps-BC 16-12 Analog ICs; Jieh-Tsorng Wu



Switched-Capacitor Step Response

For the opamp in step response calculation, let/, = -G, V.

C,(V; = V,) = vaa + Co(V; = Vp) [y, = =GV, =5Cy, - V) +sC,V,

c . - Cy ]
= V. G 1-s-7, G 1-s-3,
“CTVT G|y, (C1+Cp)0x+(01+03+C)0L TG, |1+s-1,
- 2Ym - - -
. (CL+CC,+(CL+Cr+Cp)C, B Ci+Cr,+C, C +[(C+C))| C,l
“ CZGm - CZ Gm
. . G,
Open-Loop Unity-Gain Frequency = @, o; = o C,=C, +[(C,+C))| C,]
L
Feedback Factor = f = C2
- C+C,+C,
Closed-Loop -3 dB Bandwidth = @, = @, o, - = '[i
a

Opamps-BC 16-13 Analog ICs; Jieh-Tsorng Wu



Switched-Capacitor Step Response

The closed-loop step response is

av,
dt

Vo(t) = Vsz‘ep <1 - e_t/Ta>

The settling time is

= Vot sortse)
tsettie = To x IN (E) e=1- OVOZO)Q

e For e < 0.001, require tg,;4, > 6.9 x 7,,.

e Total delay can be estimated by

V

step 1
ty = Lsjow * Tsettie = SR + T, xIn (E)

Opamps-BC 16-14 Analog ICs; Jieh-Tsorng Wu
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Sample-and-Hold (Track-and-Hold) Circuits

Switched-Capacitor S/H

Vo I\

= k=

Vo(k) = (1 +€) x Vi(kT, + At) + V,

S/H 17-2 Analog ICs; Jieh-Tsorng Wu



Sample-and-Hold (Track-and-Hold) Circuits

Impairments:

e Finite bandwidth in sample mode.

Acquisition time and hold settling time.

Aperture jitter At.

Sampling pedestal (Offset V,5 and gain error €).

e Droop in hold mode.

Feedthrough.

Thermal Noise.

S/H 17-3 Analog ICs; Jieh-Tsorng Wu



MOST Switches in Sample Mode

0= @y
-9 T .-
G
C —_ —_—C
S gs gd D Vg
VI O ¢ /\, ¢ O *—
T 9 on 1 1
Csb T T Cdb T C,
B
W
9on ox L (VGS Vz‘) = /JCOXT(CDH - |// - Vt)

1
Cgs = COVS + EWLCOX ng = COVd + EWLCOX

: 1 : 1
CSb = CSb + EWLCJ(VSB) Cdb = Cdb + EWLCJ(VDB)

S/H 17-4 Analog ICs; Jieh-Tsorng Wu



MOST Switches from Sample to Hold Mode

¢

V. —ﬁ Vo
P

| |
|
O

G

#CCH \# Cov

A
/

S - —>

Q cH

V,=V.+ AV = (1 + e)V, + Vg
e AV is due to switch’s clock feedthrough and charge injection.

e AV depends on the waveform of ¢.

e Due to the finite slope of @, the exact turn-off time of the switch depends on V.

S/H 17-5 Analog ICs; Jieh-Tsorng Wu



Switching Errors in Slow-Gating MOST Switches

The body effect of MOSTs can be approximately by

Vi = Vto"‘V(\/Vs"'ZCPf— \/2¢f) ~ Vio + (1 = 1)V,

e nisaconstant,and 1 < n < 2.

For slow gating (slow ¢ fall time), 4V is due to the clock feedthrough after the switch is
turned off.

AV = - Cov V. +V,-@,) = - Cov (nV:+V,o—¢p,) =€V +V
COV + CL / t L COV + CL / to L / oS
Cov Cov
= €=-n- Vo = —(Vig — @;) -
C,, +C, 05 woFl e +C,

S/H 17-6 Analog ICs; Jieh-Tsorng Wu



Switching Errors in Fast-Gating MOST Switches

For fast gating (fast ¢ fall time), assuming the channel charge Q.4 is divided equally
between input and output, then

AV = —(¢py - P,) Cov +30 L =ell +V,
B e +c, 2 °%c, +c, ~

Qcy = —Cop @y = V) =Vi] = -Cpp - (=nV; + @y = Vi)
Cen =Cox - W(L - 2Lp)

Cen
ov + CL

c, 1
= € =+—- VOS - _(¢H - ¢L)C - E(qu - VZ‘O)C

2 C,, +C, o +C;
e In practice, € and V5 decrease with increasing fall time of ¢.

e The body effect of I/, can cause nonlinearity.

S/H 17-7 Analog ICs; Jieh-Tsorng Wu



MOST S/H Speed-Precision Tradeo ff

W

lX

On Conductance = g,, = #CoxTVov
Vi [ o— Vi +Av
. Charge Injection = AQ = a-Q
AQ —c 2
\V4 Q= COXWLVOV =9Gon" 7
. . . C
Time Constant in Sampling Mode = 7,, = —
9on
A L? . Vi1 L?
Absolute Voltage Error = AV = 40 - g Relative Voltage Error = -
c HTop |// /'lTonVDD

e Want7,,, > 71,, for a 0.1% settling accuracy, where T ,, Is the sampling time.
e a can be reduced by compensation.

e Relative error AV/V; is increased when reducing V.

S/H 17-8 Analog ICs; Jieh-Tsorng Wu



Aperture Jitter Due to the Finite Falling Time

(k-1)Tg KTg

oo

()
— VDD
Vi [ — Vg
—cC Vi+Vi - - - -
YV
Van = (V: + 1 V
At = t, x =2 Vi + V) OgAtgtf(l—i))
|/DD |/DD

e The jitter is input dependent, and introduces noise at output.

S/H 17-9 Analog ICs; Jieh-Tsorng Wu



Thermal Noise in MOST S/H

— [S —>

J_ Ron / =1 -

vi — LoV, Vi — A —"——V,
:C\

v v A\

sn> (f) sn(f)

U

During sampling mode, the two-sided noise PSD at V/, is

1
2

4KTR,, - |H(j2mf)[* = ! AKT o B =
on " 17U - 2 1+ (2nfR,,C)? " 4R, C

So(f) = S,(f) =

e For sampling rate f, = 1/T, want

Tson=m-Tg>7-R,,C = B, > -f, or B, >5f,

1
m

o N

S/H 17-10 Analog ICs; Jieh-Tsorng Wu



Thermal Noise in MOST S/H

During the hold mode, the noise is sampled and the noise PSD is

1/(2R,,C
SH(f) = z S(f-i-f) S.(f) /(f"” )xzkmof/;—r-fl
S S S

It is assumed that B,, > f..

The total noise power in the baseband -f,/2 < f < f./2 is hence kT /C.

e Want large C for low-noise performance.

Reference: Roubik Gregorian and Gabor Temes, “Analog MOS Integrated Circuits for
Signal Processing,” John Wiley & Sons, Inc., 1986.
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Charge Compensation for MOST Switches

® ~ Ve ® ~ Y
M1 = Vo o J- Y M2 ==
1 (0]
s e B iy ey g
Rs 4Q, 4Q, AQl AOl AQ,
C J;c
L L
Dummy Switch Dummy Switch with Equalizing Capacitor

Design the M2 dummy switch so that
1
Lz = Ll W2 = EW]_

Then 1
AQl = AQOVl + aAQCHl AOZ = AOOVl + EAOCH]'

e The problem is that a is not exactly 1/2.

S/H 17-12 Analog ICs; Jieh-Tsorng Wu



Differential Sampling

¢
Vi r_IMl l Vo1 Vor = Voo = [Via(1 + €1) + Vopsa] = [Via(1 + €3) + Vps5]
C, = (Vi1 = Vi))l1 + ep] + (Vi1 + Vis)ec + Vos
;I; e, +e, _ _
€Ep = > = Differential-Mode Gain Error
[ 1 —
v Vv €,—-€ _
27T w2 J_ 02 ec = — > 2 = Common-Mode Gain Error
C
J; - Vos = Vos1 — Vos2 = Offset

e The switching errors of M1 and M2 at V/,; and V/,, are to the first order equal and
hence appear as a common-mode component at the output.

e Good CMRR and PSRR. Less sensitive to ¢ waveform.

e The body effect can cause ¢, # 0 as well as nonlinearity.

S/H 17-13 Analog ICs; Jieh-Tsorng Wu



Bottom-Plate Sampling

Jcp_ The charge in C can be expressed as
I M1
RS Qc(A) = C- V(1)
P Qe(B) = C -V/(KT,) - 4G,
x ¢4 Ao Q-(C) = C-V(kT,) — AQ, + AQ, ~ C - V(kT,) - AQ,
# =L w2 e The switching charge 4Q, is independent of V/;, and
\V4 contains little noise due to aperture jitter.
© _ e Since node x is floating during period B and C, the
: . . switching charge 4Q, ~ O.
(ﬁ - - -
A B: C e Parasitic capacitance from node x to ground can

KTe enhance 4Q);.

S/H 17-14 Analog ICs; Jieh-Tsorng Wu



Complementary Analog Switches

Vi
VDD
W
9on oxL(V V V)—:B(V VtO_nVs) :8=/JCOXT VZ‘=VZ‘O+(n_1)Vs
= BulVop = Vio.n — N,V = BulVop = Viop = Np(Vpp = V;)]
nthOp + anz‘O n 2Vt0 .
V oy = ’ ’ V w=—— 1ifn,=n and V, , =
DD(min) n, + np . nnnp DD(min) 2_n n p t0,n to,p

o If Vpp > Vppminy» NO gap between g, and g, curves, thus conduction for any V; is
possible by parallel connection of nMOST and pMOST.

S/H 17-15 Analog ICs; Jieh-Tsorng Wu



A Differential BJT Sampling Switch

- L(LBTQ]D_I - ?

. CF :
c. R3<C < R4 5 q g
| | [ | : :
| | | ; :
~N | T
5 ’ 6
o l g ! 1
—e Vi —1.Q1 Q2 v, *"—
Cy _ . —C
: ® — o7 08 ® RlI< < R2 ¢— 09 Q09 :
\V4 \V4
I 2 1 I 2
VEE
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A Differential BJT Sampling Switch

e The nonlinearities of Q1 and Q2 are canceled by Q3 and Q4.

e The differential operation results in only odd harmonics introduced by the Q5 and Q6
followers.

During hold mode (¢ = 0), Q5 and Q6 are in cut-off region, the feedthrough gain is

Ay(Without Cp) ~ +“°’g A (With Cp) ~ c fé <1 - F )
L jeb jeb jeb

Reference: P. Vorenkamp, et al., Fully Bipolar 120 MS/s 10-b Track-and-Hold Circuit,
JSSC 7/92, pp. 988-992.
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Open-Loop MOST S/H

@
1
1 M2
——¢cC
1 - 1 -
Al \Y% Al \Y
Vi [ + © Vi [ + ©
M1 _T_ M1 J_

e M2 and C,, are used to compensate for the switching error of M1.
e The /5 of the opamp is shown in V.

e The aperture jitter can be reduced by having clock signals that change above and
below V; by fixed amounts.

S/H 17-18 Analog ICs; Jieh-Tsorng Wu



MOST S/H Using Miller Holding Capacitor

qj_l P2 Sample Mode Hold Mode
M3
M1 B I X 1. -
HT L T H H
| 4 I_I 4 @
M2
—_— Vl —_— Vl -
A1l Vo Al Vo Al Vo
+ + +
A\
Vos Vos
b,
@,
1 @2
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MOST S/H Using Miller Holding Capacitor

To consider the Vs effect, let A; = co and V; = O, then
Vo(t1) = Vos(t1) Vo(t2) = Vos(ts) = Vos(ts)
e The V5 Is sampled in the sample mode, and canceled in the hold mode.

To consider the finite gain effect, let V/,5 = 0, then during the hold mode,

V. 1
Vo-V1 =V, V,=-Al; = V, = I NV/'(l——)
1+Ai1 Ay

e The V, is reset to ground in sample mode. High slew-rate opamp Is required.

e The virtual ground is not ideal at high frequencies in the sample mode.

e The switching errors are concerns.

S/H 17-20 Analog ICs; Jieh-Tsorng Wu



MOST S/H Using Miller Capacitor and Bottom-Plate Sampling

Sample Mode Hold Mode
. A A A
V|1 @ . 4 1 V|1 1
S1 A T CLl _ L1 _L T CLl
C C
H1 H1
S3 —¢ —e
14 2
—o—|— —e V1 —e— V1 —\+ — V51
Vemi 4 18 T >0, L Ve —{: . _> '
S4 7 s6 L~
— —e
. T CH2 1 - T CHo 1.
Vio SZ. )| L2 Vio 4 L2 L2
\Y4 b, =1 \Y4 b, =1 \Y4
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MOST S/H Using Miller Capacitor and Bottom-Plate Sampling

e The opamp is open-loop during the sample mode. Glitches can occur during the
transition from the sample mode to the hold mode.

e /s of the opamp is not canceled.

e The outputs, V/,, and V,,, are precharged to V;; and V;, during the sample mode, so
that the settling time in the hold mode can be reduced.

e The input common-mode voltage, V,,,, can be different from the value of (V;; +V,,)/2.
e The V,,, of the opamp’s CMFB should closely follow the value of (V;; + V/,)/2.

e The mismatches of the switching errors of S3—S8 can introduce a constant offset
voltage in the outputs.
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MOST S/H Using Double Miller Capacitors

jbi Sample Mode Hold Mode
A
Vi 1 ® — Vg Vi — Q1 — Vg
M1 q;a
H1 1 Cho Ch1 Cho Ch1 Cho
[ Ao 5™
@ 9 @
M2 2
- - vy, -
Al Al Al V2
+ + +
\Y4 \Y4 \Y4
¢ =1 ¢ =0
o — | _
¢a
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MOST S/H Using Double Miller Capacitors

Let AQ, be the charge injecting to V/; when M2 turns off. Then

AQ, = Coy(AV, — AV,)) AV, ~ AV, = —A,AV,

C1+A, Cyy 7 1+A, Cyy

= AV,

e AQ2 is independent of V..

Let AQ, be the charge injecting to V/, when M1 turns off. Then

AQ, = Coi(AV, — AV) + Cop(AV, — AVy)) AV~ AV, AV, = —A,AV, ~ —A,AV,

1 AQ,

= AV = -
° 1+A; Cpp

e Small C,; and C,, can be used.
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MOST S/H Using Double Miller Capacitors

e The V,5 is sampled in the sample mode, and canceled in the hold mode.

e The opamp’s output has small voltage variation. Thus, it is easier to design the opamp
for high speed.

e Suitable for high speed.

S/H 17-25 Analog ICs; Jieh-Tsorng Wu



A MOST Recycling S/H

o) P
1 L Sample Mode Hold Mode
. [ [1
Vi M1 M2 Yo
v g
B1
1 o7 1 -
CiT L T CH2 “H2 ToH W
M4
+
, M5 a \V
d)l — I: CH3 d)l
\V4 d)l
oI L T1 T Y
o, I I 1 b,
L 1L
b, P,
S/H 17-26
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A MOST Recycling S/H

e B1 and B2 are two unity-gain buffer.
e M5 and C,; is to compensate for the M4’s switching error.
e The switching errors of M1 and M2 does not affect V.

The switching error of M3 does affect V/,. But its effect is reduced by the opamp’s
voltage gain.

e Mismatch between B1 and B2 can affect /.
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Closed-Loop S/H

)
1
S\ N
Al ® 1 ® VO
Vi —+ M1 /
| / L .,
\V4
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Closed-Loop S/H

e The circuit is in the track mode when ¢ = 1, and is in the hold mode when ¢ = 0.
e High input impedance.

e The offset and gain of the output buffer are not critical.

e The input offset of the A1 opamp is not canceled.

e The speed can be seriously degraded due to the necessity of guaranteeing that the
loop is stable in the track mode.

e The Al opamp is open loop when in the hold mode. It takes time to recover the bias
when switches to the track mode.

S/H 17-29 Analog ICs; Jieh-Tsorng Wu



Closed-Loop S/H with Improved .,

¢
1

5 M3
1
¢
@
M3

N 1

} l ® 1\ ® Vo
Vi —/ M1 i /

| |
|
O

e During hold mode, Al is configured as a unity-gain amplifier. Thus, the slewing time
IS greatly minimized.
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Closed-Loop S/H Using Active Integrator

¢ =L m3 ¢ — [ m2

S/H 17-31 Analog ICs; Jieh-Tsorng Wu



Closed-Loop S/H Using Active Integrator

e When in the track mode, the voltage on both sides of M1 are closed to ground, and
are nearly signal independent.

e Aperture jitter is minimized.
e The switching error of M1 causes a dc offset in V,, which will be signal independent.
e M2 and C,, are to compensate for the M1 switching error.

e When in the hold mode, M3 clamps the Al’s output to ground, speeding up the time
it takes the S/H to return to the tack mode.

e M3 also reduces signal feedthrough when in the hold mode.

e The speed is degraded because of the necessity to guarantee stability in the track
mode.
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An RC Closed-Loop S/H

e The Al opamp need to have low output impedance.
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A Switched-Capacitor Closed-Loop S/H
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A Switched-Capacitor Closed-Loop S/H

e The V/, is always valid.

e The /55, of Al is stored in Cy, during the sample mode.
e The M2’s switching error is canceled by M3.

e The M5’s switching error is canceled by M6.

e The switching error of M1 and M4 doesn’t affect V/,.

S/H 17-35 Analog ICs; Jieh-Tsorng Wu



Charge Redistribution Sampled-Data Amplifier

C2 C2 C2
| | | | | |
11 11 1
AQ tla
o—o/o—o r— *— —9
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Charge Redistribution Sampled-Data Amplifier

To consider the ideal case, let A = oo and /[, = 0, then

Vo(t) =0

C
CVi(t) =Cl(t) = V(t) ==

c, x Vi(t)

To consider the V5 effect, let A = oo, then

Vo (t 1) = VOS (t 1)

Cy
x Vi(ty) + Vpos(ty) + (1 + C_z) X [Vos(tz) - VOS(tl)]

Vo(tz) C
2

C V.(t ¢, VAe(t 1 Gy VAe(t VAe(t
Cz [(1)"‘Cl 03(1)] (+C—2)X[03(2)— s (f1)]

e The input referred offset is V5 - (C,/C>).

S/H 17-37 Analog ICs; Jieh-Tsorng Wu



Charge Redistribution Sampled-Data Amplifier

To consider the finite gain effect, let V,5 = O, then during ¢, = 1

C, 1

= . x V.
C; 1+%(1+g—;>

/

CiVi+ Gy =Co(lV, - W) V, =-Aly = Vo

To consider the effect S3 switching error, let A = oo, Vo5 = 0, and V; = 0, then during

$, =1 40
Vo = Vos = “C,

e /)5 is independent of input.

e If S3 is opened before S1, the switching errors of S1 and S2 have no effect on V.
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Charge Redistribution Summing Amplifier

C
3
| During the sample mode (¢, = 1)
v
@ 4
Vi <o S5 Vo = Vos
> [ SV |
5 C y ©  During the hold mode (¢, = 1)
Vio . !
S? \V/
0S C,
1 Vy = 22y = Vo)
Vi3 ® 3
S3 - C,
, é:l + C_3(V/3 — Viy) + Vos
V. [ 2
14
sS4
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Sampled-Data Amplifier with CDS
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Sampled-Data Amplifier with CDS

Let A = oo, then

Vo(tl) = |/cl = VCZ = VOS(tl)

C C
V) = =g x ) + (1 ; C—;) Wos(ts) — Vos(ty)

e The correlated double-sampling (CDS) technique, resulting in Vyg(nT,) — Vpos(nT, -
T./2), can reduce the effects of the opamp’s input offset voltage and its 1/f noise.

e To minimize switching noises, realize switches with nMOSTs whenever possible, and
turn off the switches near the virtual ground node of the opamps first.

e Reference: C. Enz and G. Temes, “Circuit Techniques for Reducing the Effects
of Op-Amp Imperfections: Autozeroing, Correlated Double Sampling, and Chopper
Stabilization,” Proc. IEEE, Nov. 1996, pp. 1584-1614.
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A Capacitive-Reset Sampled-Data Amplifier

2 i i
v S6 |
1a\8502 . Co
. <> +— >
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C
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A Capacitive-Reset Sampled-Data Amplifier

To consider the Vs effect, let A = co and V; = 0, then

Vl(t 1) = Vos (t 1)

C,
V,(t5) = (1 + C_) x [Vps(ts) = Vps(ty)]
2

C,+C,

3

Vo(t3) = Vos(ts) + V,(t,) + & x V,(t;) + (1 +

C ) X [Vos(ts) - Vos(tz)] ~ Vos(ts)
3

o
Vo(t,) = (1 + C_) x [Vos(ts) = Vps(ts)]
2

e During ¢, = 1, the effects of opamp’s Vg and 1/f noise are reduce by CDS.
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A Capacitive-Reset Sampled-Data Amplifier

To consider the finite gain effect, let V5 = 0O, then

—CiVi(ty) = Coli(ty) = CulVi(ty) = Va(to)] + Colly(fy) = Viltr)l - Vo = =V, /A

= V()= G L xV(z‘)+1(1+Cl) L x V. (t,)
2) — — i\*2 i 1
’ CZ 1+43 <1+Cl> A Ca) 141 <1+Cl> ’

C
2(1 €1) x Vi(ty) + e1(1 —e) x V,(ty)

Cl CZ Cl
V,(t3) =~ (1 — e5)V,(t,) + C_(l - e,)V(t,) + C_(l — e3)l, (1) = V,(t,) ~ —C—V/(tz)
3 3 2

C
V,(t,) ~ ‘c_i(l —ey) x Vj(t,) + e,(1 — eq) x V,(t3)

Cy V(z‘)+eC x [Vi(t,) V(z‘)]+eC Vi(t,)
N —— X = x V;
CZ 4 102 4 2 CZ f\*2

C C C
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A Capacitive-Reset Sampled-Data Amplifier

e During ¢, = 1, the effects of opamp’s Vg and 1/f noise are reduce by CDS.

e During ¢, = 1, the errors due to opamp’s finite gain, A, are proportional to 1/A2 for
low-frequency input.

e During ¢, = 1, the output keeps the value obtained in the previous ¢, = 1 period.

e C4 is an optional deglitching capacitor used to provide continuous-time feedback
during the nonoverlap clock times. This capacitor would normally be small.

e The clock phases for S1 and S2 can be exchanged, to obtain noninverting gain.

e When CDS is used, the opamps should be designed to minimize thermal noise rather
than 1/f noise.
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A Capacitive-Reset CDS Amplifier
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A Capacitive-Reset CDS Amplifier

e During ¢; = 1, C; and C, are used in the feedback network to have

C
V)~ -V,
CZ

but with errors due to V5, 1/f noise, and A.

e During ¢, = 1, the opamp input voltage is sampled and stored in C; and C..

e During ¢, = 1, C; and C, are used in the feedback network, the output errors
due to Vg, 1/f noise, and A are canceled by the correlated double-sampling (CDS)
operation.
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Comparators

Vi1 — +J_
Vo . .
Typical Architecture
Vig —= P
Vil —
Vo A Latch ——V,
A Vijo —
CLK T
> Vi1—Vi2
0

e A comparator compare the instantaneous values of two inputs generate a digital 1 or
O level depending on the polarity of the difference.

e Usually a clock is applied to improve the performance.
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Comparator Design Considerations

e Resolution (gain).

e Accuracy (offset).

e Input range (dynamic range).

e Common-mode rejection.

e Speed (conversion time, over-drive recovery).
e Power dissipation.

e Input kickback noise.

e Area

Comparators 18-3 Analog ICs; Jieh-Tsorng Wu



Comparison with Single-Pole Amplifier

Vo Vi
.—

vi® <k To

® -
ngi %

> 1
t
a
C
U=—==A, [1—948/(90)] A,=9.,R T, = —
/ gm
t 1 t .
= =A,xIn = Z~U if UxA,
Tm _/(1]_0 Tm

e The amplification in a comparator need not be linear.
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Comparison with Multi-Stage Cascaded Amplifier

Vo1 Vo2 Vo
® o— o o *—
@ & -
ImV; m Vo1 m Vo(N-1)
t
2 X UxNY  for t, < AT,
Tm

e There exits an optimum number of cascaded stages for minimum £,.
e Optimum in N is very broad.

e Gain of V10 (i.e. 10 dB) per stage results in near optimum delay (within 10%).
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Comparison with Positive-Feedback Regeneration

Vo1 [l- -|] Vo2
R ¢ R

m % g

Vo()

' >
C m C t,
_ Vo(ta) _ e(AoI;é)fa AO _ ng 7 = £
V,(0) 9m
t 1 t .
a - x In(V) = — ~InU) if A,>1
Tm 1- A_lo Tm
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Comparison with Positive-Feedback Regeneration

e The gain is not bounded by A,.
e It is faster than the multi-stage cascaded amplifier, and dissipates less power.
e Require a strobe signal (clock).

e Let 7, be the conversion time, the final output V,(7.) = V, and the initial sampled
input V,(0) has a uniform distribution between -/ and +V/. Then the probability of
observing a metastable state is

V/U 1 (Ag=1)T, _ e
P=/—=—=e_ O/-?Ccze C/9m

V U

The metastable state occurs when the sampled input is so small that the regenerated
output, |V/,|, cannot reach |V| after the T, period.
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Output O ffset Storage (O0S)

2 T VT v
Vi ° ® +\ | | ® ,0 + Latch |~V
N %A\ c Aol L - °
1 ° e .. T L
Vos 1a\- >3 VosL
\Y4 \Y4
\Y4
During the reset mode (¢, = 1)
VO = O VC = A X VOS
During the amplification mode (¢, = 1)
C AQ C AQ Vpg, C,+Cy
V=V, x A —2 4 Ve = A —22 [y &+ _ o
o= v e, T C,+C,  ost CO+CL(’ AC, A C, )

1 AQ _ Vost C,+C;

Input-Referred Offset = V5 ;, = 1T 2 C
0 o
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Output O ffset Storage (O0S)

During the reset-to-amplification transition, let S3 open before S2, so that AQ can be
a constant.

Amplifier A cannot employ high gain.

Amplifier A must cover the input common-mode range.

Want latch with high-impedance (capacitive) input so as not to discharge C, during
amplification.

e Make C, > C, to avoid attenuation.
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Multistage Output O ffset Storage

31 —VC1+X —vC2+Y -V g+
V. oo +\ | —e +\ | —e +\ | | —V,
( J / [ J / [ J / ( J
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Multistage Output O ffset Storage

During Period I, S1 open, S2-S5 closed.
Ver = A1Vos1 Veo = AoVos Ves = Asloss
During Period Il, S3 open.
Vy = e, = S3 Switching Error Vo, = AVpsy + €5 V., = A,(Vpgo — €5)
During Period Ill, S4 open.
V, = e3 = S4 Switching Error Vo = A,(Vpsy — €5) + €5 Vs = As(Vpss — €3)
During Period 1V, S5 open.

V, = e, = S5 Switching Error V.3 = A3(Vpss — €3) + €4
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Multistage Output O ffset Storage

During Period V (amplification mode), S2 closed, S1 open.

Vo=A1-Ar-As-Vi + €4
€4
Vos in =
0S.in /41./42./43
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Input O ffset Storage (I0S)

14
AQr./.

—_ V + S3 l
2 C
+
S1 C. \

During the reset mode (¢, = 1)

VO=VC=VOSX

During the amplification mode (¢, = 1)

V,
VO’=—|/,><A+VOSA'_?_1—AQA—VOSL=_,4(|/._ s,

C, A+

I V’
_ Latch 0
AQ Vost )
+
C, A

Vos  AQ N Vost

Input-Referred Offset = Vs, = a1t T

/

A
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Input O ffset Storage (I0S)

e The S3 switching error AQ is input-independent.

During the reset-to-amplification transition, let S3 open before S2.

The 10S allows rail-to-rail input common-mode level and quick overdrive recovery.

Amplifier A can employs high gain.

Amplifier A may require compensation C, to ensure closed-looped stability. C,. can
be switched off during the amplification mode.
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Multistage Input O ffset Storage
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Multistage Input O ffset Storage

During Period I, S1 open, S2-54 closed.

Al AZ AZ Al

During Period region I, S3 open. Let e, be the 3 switching error.

Ay A,
Ver = A+ 1V081 + € Veo = A +1 0S2 ~ A1 VOSl + A€,
During Period Ill, S4 open. Let e, be the S4 switching error.
A, A, A,
Voo = A +1 0S2 ~ A+ V031 + A€ + 6 Vo = A+ 1Vosz - A6,

Comparators 18-16 Analog ICs; Jieh-Tsorng Wu



Multistage Input O ffset Storage

During Period IV (amplification mode), S2 open, S1 closed.

Vo = A1AV; + A Vos2 = Ax€, = A1A; |V + osz__ 22
° A+ 1 A A, + 1) A
Vos2 €2

Input-Referred Offset = Vs, =

A(A, +1) A

Comparators 18-17 Analog ICs; Jieh-Tsorng Wu



MOST Comparator: Auto-Zeroing Inverter

VDD v A
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— X
VSS
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MOST Comparator: Auto-Zeroing Inverter

Trade-off between speed and resolution by selecting different value of C.
e \ery sensitive to supply noises.

e Power dissipation is strongly process- and supply-dependent.

Kickback noise presented at the inputs.

Reference: T. Kumamoto, et. al., JSSC, 12/86, pp. 976—982.
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MOST Comparator: Cascaded Auto-Zeroing Inverters

VDD VDD
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MOST Comparator: Preamp + Regenerative Sense Amplifier
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MOST Comparator: Preamp + Regenerative Sense Amplifier

e During the track mode (¢ = 1), want g,,7 ;s < 9m9 mio SO that the combination of
M7-M8 and M9-M10 pair become the resistive loads for M5 and M6. The small-signal
voltage gain is

Vo ~ gml ) (W/L)6
Vi 9mo = Imr (W/L)4

e During the latch mode (¢ = 0), M7, M8, and M11 must be large enough to prevent
the change of latched state by the V; variation.

e All nodes are low impedance, thus giving fast operation.

o Overdrive recovery can be improved by adding an equalizing switch between the V/,
nodes.

e The preamplifier buffers the kickback from the input circuitry.

e Reference: B. Song, et al., JSSC, 12/90, pp. 1328-1338.
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MOST Comparator: Preamp + Regenerative Sense Amplifier
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MOST Comparator: Preamp + Regenerative Sense Amplifier

e During the track mode (¢ = 1), need M7 and M8 large enough to overpower the M9-
M210 cross-coupled pair and pull I/, and V; below the input threshold level of IVT1 and

IVT2.

e During the latch mode (¢ = 0), the M9-M10 and M11-M12 pairs provide regeneration.
They must be large enough to to prevent the change of latched state by the V,

variation.

The input threshold level of IVT1 and IVT2 must be high enough to avoid false
triggering.
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MOST Comparator: Merged Preamp + Sense Amplifier

VDD
-¢ ® & ® 9-
M5 " Ms e NOo power dissipation when
e M7 X M8 ol | CK=0.
CK )\ )\ CK
Y + e When CK=1, the M1-M2 pair is
) o 1 activated first, the M3-M4 pair is
second, and the M5-M6 pair is
M3 ] I—' :—| [ ma4 the last.
® @
e Kickback noise is generated at
+—Lm M2 ] input during the 0-to-1 transition
Vi * of CK.
cK — [ m11 e Reference: B. Razavi, 1999
ISSCC Short Course.

VSS
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Offset Canceled Latches: Idea

N\ N\ C1q
\S S3 < R l ;

S1 1 L1 SH
+—o"e ¢ +\ ¢ . + o >
_ h +

VI— 3/0 ® —/_> ® V:O ® <_\——o i/o D
G Gm2
S2 \:84 ml 2 S6
1 N
\Y4 \Y4 Co

e During reset mode (¢, = 1), the OOS is applied to both G,,; and G,,,.
e During reset mode, the finite on-resistance of S5 and S6 may cause oscillation.

e During reset-to-regeneration transition, any mismatch of the switching errors between
S5 and S6 can trigger a false regeneration, yielding a large input-referred offset.
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Offset Canceled Latches: Simplified Schematic

N\ C1 1S7
\{ S3 < | ! >

S1 1 RL1 S9 S5
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Offset Canceled Latches: Simplified Schematic

During reset mode, the positive feedback loop is completely broken.

e The regeneration begins only after VV; has been sensed and amplified.

Buffers B1 and B2 isolate output nodes from C; and C,, thus enhancing regeneration
speed.

The residual offset is primarily cause by the switching errors of S5-S10.

Reference: B. Razavi, et al., “Design Techniques for High-Speed High-Resolution
Comparators,” JSSC, 12/92, pp. 1916-1926.
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Offset Canceled Latches: MOST Implementation
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Offset Canceled Latches: MOST Implementation

e M7 and M8 are active loads, which both decrease the voltage drops across M5 and
M6, increase available gain, increase V/, output swing, and enhance speed.

e An equalizing switch driven by qbf can be placed between node C and D to eliminate
the switching error mismatch between MS7 and MSS.

e An equalizing switch driven by qbg can be placed between node E and F to eliminate
the mismatch between MS5 and MS6. In this case, MS9 and MS10 are driven by
qbgd and the charge absorption mismatch between MS9 and MS10 becomes the only
significant contribution to the offset, which is

v _ AQ ng + gm?
OS(in) — C ) G

e Reference: B. Razavi, JSSC, 12/92, pp. 1916-1926.
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BJT Latched Comparator
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BJT Latched Comparator

e During the track mode (¢ = 1), the variation of input capacitance with V; causes
Input-dependent delay and hence harmonic distortion.

e Speed may be limited by overdrive recovery.

e During latch-to-track transition, Q1 and Q2 are initially off, the 11 current then flows
through Q5 and the emitter junctions of Q1 and Q2 to the input, creating kickback
noise.

e Usually preceded by a buffer.
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BJT Comparator with High-Level Latch

VCC
-~ o
RL< < R2
[ T +Vo e During the latch mode (¢ = 0), the variation
! - in V; will not disturb the latched state.
Q3 Q4 e Q1 and Q2 are never turned off, thus
reducing kickback noise.
Q5
@ Q6 Q7 o
5 er' 4 e The kickback noise results only from the
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@ 11
VEE
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A Sampled-Data Amplifier with Internal O  ffset Cancellation
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A Sampled-Data Amplifier with Internal O ffset Cancellation

e During reset mode, OOS is applied to al and 10S is applied to a2. al is low gain and
a2 is high gain.

e The OOS and I0S perform correlated double sampling (CDS) so that the effect of 1/f
noise is also reduced.

o Additional capacitors in the signal path (i.e., Cs and Cg) can degrade the closed-loop
settling behavior.

e Reference: Yen, JSSC, 12/82, pp. 1008-1013.
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Operational Amplifier with O ffset Compensation

N\
\s S3
S1 1
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e The G,,, compensation circuit is not in the signal path. The original frequency/speed
performance can be maintained.
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Operational Amplifier with O ffset Compensation

During the reset mode (¢, = 1)
Vo = Vos1 - GmR + (VOSZ - Vo) -G

Vos1 - G R + Vpgo - GopR
=8 T ov2 “me = VOzVOﬂ-—ml+VOS2 If G,,R>1

= V
° 1+G,,R G,

e V/hs; and V5, are the input-referred offset of the G,,,-F and G, ,-R pairs.

During the amplification mode (¢, = 1)

G Vos1  Voso G o
Vy = V;- G + Vosi ™ + Vosa + AV - Gpat = G (v, et aRt AVG—:l)
Vos1  Voso G2

Input-Referred Offset = Vs, =

+ + -
GmZR Gml’q Gml

o AV is due to the mismatch between the switching errors of S5 and S6. Its effect on V
can be reduced by making G,,,/G,; small.
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Operational Amplifier with O ffset Compensation
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The Chopper Stabilization Technique

e The bandwidth of the amplifier A must be wider than f..

e The amplifier A should employ design of minimizing thermal noise.
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A Chopper Operational Amplifier

VDD
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A Chopper Operational Amplifier

e The M1-M2 is a low-gain low-noise stage.

e The M3-M4 is a high-gain stage with low G,,. A common-mode feedback circuit is
required to stabilize the drain voltages of M3 and M4.

e The M5-M8 is a high-gain Miller stage for frequency compensation and low-pass
filter.

e The M9 is a low-gain buffer stage.
e The chopper can introduce additional kT /C noise.

e Reference: A. Bakker, et al., “A CMOS Nested-Chopper Instrumentation Amplifier
with 100-nV Offset,” JISSC 12/2000, pp. 1877-1883.

e Reference: C. Enz and G. Temes, “Circuit Techniques for Reducing the Effects
of Op-Amp Imperfections: Autozeroing, Correlated Double Sampling, and Chopper
Stabilization,” Proc. IEEE, 11/1996, pp. 1584-1614.
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Residual O ffset of Chopper Amplifier

LPF

» t  Modulation Signal

[\ [\ [\ >t Spikes at Input
/ / /

»t  Demodulation Signal

[&( \( \( \( \( \( /Residual Offset
R T\ VR VTP S\ IR S\ WP o\ e »t Demodulated Spikes
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Chopper Modulation with Guard Time

LPF

» t  Modulation Signal

k k k »t  Spikes at Input

» t Demodulation Signal

/ Residual Offset

»t Demodulated Spikes
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Chopper Modulation with Guard Time

e The spikes at the input is due to the switching error mismatch of the chopper.
e The residual offset is linear dependent on chopper frequency.

e Reference: Q. Huang and C. Menolfi, “A 200nV Offset 6.5nV/vHz Noise PSD 5.6kHz
Chopper Instrumentation Amplifier,”, ISSCC 2002.
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The Barkhausen Criteria

The feedback system oscillates at @,,, if

SO=3-89 Sfb=f'SO

. S,
Closed-Loop Gain = A =

NN
e

¢

da

TU®,)| =1

da

Si 1+af 14T

Se =5;— 5

LoopGain=T=axf

(T(j®,) = 180°

OSCs

19-2
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Three-Stage Ring Oscillator
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Three-Stage Ring Oscillator

From the Barkhausen criteria,

e The phase difference between the neighboring nodes is 180° + 60° = 240°.

o If Ay > 2, the oscillation amplitude increase exponentially until nonlinear effect limits

the growth.
Ay -2 A
V() o exp > @,t | cos ?@Oz‘
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Three-Stage CMOS Inverter Ring Oscillator

VDD ® ® ®-
— [ —| [ — [
—e .L. .L. ._V3

— L — [ — [

L L L > t

1 1 1
fO = — t,O = — (t,OHL + t,OLH) = — (069Reqnc + 069Reqp0)
GZ‘p 2 2
-1 Vbp/2 V 3V 7
Req = / dV N — DD <1 — _/]'VDD)
Vop/2 Wpp  Ipsar(l + AV) Alpsar 9

e The oscillation frequency f, can be varied by changing V.
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Four-Stage Di fferential Ring Oscillator

M5 » {
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F