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Rail-to-Rail Op Amps

There are 2 basic configurations for Op Amp applications:

(@) inverting configuration, and,
(b) non-inverting configuration.

R2
—MWWW—
Vin Vout
R1
~—VWWv - Vout —
Vin o
(@) Inverting Configuration (b) Non-Inverting
Configuration

Vout

—O

Vin

(c) Voltage Follower
( aspecial case of non-
inverting configuration )
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Why Rail-to-Rail Differential Input Stage?

* Theinput and output swings of inverting and non-inverting
configurations

Configuration |nput common mode Output voltage swing
voltage swing
Inverting »0 Rail-to-rail
Non-inverting R1/(R1+R2) * Vsup Rail-to-rail
Voltage follower Rail-to-rall Rail-to-rail

e From thetable, we seethat for inverting configuration, rail-to-rail input
common mode range is not needed. But for non-inverting configuration,
some input common mode voltage swing is required, especially for a
voltage follower which usually works as an output buffer, we need arail-
to-rail input common mode voltage range! To make an Op Amp work
under any circumstance, adifferential input with rail-to-rail common
mode range is heeded.
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How to Obtain a Rail-to-Rail Input

Common Mode Range?

 Weknow that usually the input stage of an op amp consists of a
differential pair. There are two types of differential pairs.

Vi+—] o Vi-

—

To the next
stage

(a) P-type differentia input
stage

Vi+ Q_{

To the next

stage

|
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(b) N-type differential input

stage



How to Obtain a Rail-to-Rail Input

Common Mode Range? (cont’d )

 FHird, let usobserve how adifferential pair works with different input
common mode voltage

— P-typeinput differential pair

Vi Vaes  [1]Veyr (Common Mode Range)
Vdd |
T Vdsat,lb gm
I
° Vasmie \
Vi+ —
M1 M2 ||— Vi- T — |
T
Vewr | nput common
mode voltage range
To the next L Input Common
stage VS Mode Voltage

led Vicm
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How to Obtain a Rail-to-Rail Input
Common Mode Range? (cont’d )

— N-type differential input stage

Ve, Ves  [1] Veyr ( Common Mode Range )
To the next Vad i
stage gm
— VCMR //
-
o__{ ﬂ_r_ﬁ }‘OVi- /Input common
Vi+
vV mqgde voltage range
@ Ib S Input Common
% Ve Mode Voltage
-Vss

|-Vss Vdd
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How to Obtain a Rail-to-Rail Input

Common Mode Range? (cont’d )

* Why not connect these two pairsin parallel and try to get afull rail-to-
raill range? Y es, thisis one way!

Mb3
Ve, Ves  [I] Ve Tjg ﬁmm

There should be an @ b llp
overlap between
VCMR,P and VCMR,N 1

SO the minimum VILHf—‘ RJ }—jx’l-

Vdd

Current
Summation and
subsequent stages

0 power supply M1 M3 M4 M2
c & | voltage requirement
S IS
( 4Vdsat+VTN_|_VTP )
QL -Vss
P Pair N Pair Simple N-P complementary input stage
Almost all of the rail-to-rail input stages are doing
in thisway by some variations! But how well
VSUP3 4\/ds;at_|_\/TN_|_\/TP y by

does it work? 7



How to Obtain a Rail-to-Rail Input
Common Mode Range? (cont’d )

- Transconductancevs. Viem | ¢ -1 p W) _1,p W,
2 LN o2 LT
gm and
Gm, the sum of In=l1p=lra

Region |1 L 9m andgm,  then gmy=gmp=gm=/2Kl.,, .

Region 1l Region1. When Vicmis close to the negative rail, only P-
channel pair operates.The N channel pair is off because
itsV ggislessthan V1. The total transconductance of the

e differential pair is given by gmy= gmp=gm.

IMhy Region [I. When Vicm isin the middle range, both of the P

and N pairs operate. The total transconductanceis given

Ves  Vdd by gmy = gmy+gme=2gm.
Common Mode Voltage

Region I11.When Vicmis close to the positive rail, only N-
Thetotal transconductance of theinput  channel pair operates. The total transconductanceis

stage varies from gm to 2gm, the given by gm; = gmy=gm.
variation is 100% ! 8



Why Is a Constant Gm needed ?
Thetotal transconductance, g,,;, of the input stage shown in the
previous slide varies as much as twice for the common mode range!

For an operational amplifier, constant transconductance of the input
stage is very important for the functionality of the amplifier.

As an example, we will analyze a ssmple 2-stage CM OS operational
amplifier. The conceptual model of the amplifier is shown below.




Why is a Constant Gm needed ?

(cont'd)
The transfer function of the amplifier is given by
Con 1
gmlgmz(l_ Sg—) 1- s—
A(s) » 2= A £
SZC:LC:m +SC:mgm2 + golgL 32 1 +5s 1 +1
ST v
where A, = gg”ﬂ%mz ‘which isthe DC gain of the amplifier.
0l9L
:GBW:gmllcm ’ pzzgmz ’and Z:gmz ’
A A CL o

p, and p, are the dominant pole and non-dominant pole of the amplifier
respectively, and p, << p..

z isthe zero generated by the direct high frequency path through C._.
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Why Should We Have a Constant Gm
(cont'd)

GBW isthe Gain BandWidth product, or the unity gain frequency of
the amplifier, which is given by

GBW = Im_

m

We may notice that GBW changeswith g.,! If g, changes 2 times, the
GBW also does so!

To ensure the stability of the amplifier, we should maintain a sufficient
phase margin. Usually, welet p, to be 2.5 times of GBW. Let’s assume
C.=C, /2, then z=2p,=5" GBW.

If the total transconductance of the input stage, g,,, varies 2 times as
we have encountered in previous discussion, from gmto 2gm, let us
check what will happen...
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Why is a Constant Gm needed ?
(cont'd)

We can change gm by varying some parameters of the input stage. L et
us assume that we design an amplifier with sufficient phase margin
when g, islow (whichisnow gm). That is

_ 0 _ _ Oriiow _ agm
=Jm —95GB =25 =252
P C Wow C C

L m m

— When g, ,=gm, we can get that the phase margin as 57°, which is
sufficient to ensure the stability of the amplifier.

— Whenthe g, isat its maximum value, 2gm, the GBW doubles, at this

point, the phase margin changesto 29° ! It is not enough and the
amplifier may be unstable and may become an oscillator!!

Of course we can do in another way that, when g, IS2gm, we design
the amplifier with sufficient phase margin, which means,
= 2.5GBW

— ngZ =25 gmlC,HIGH -5 gm’
L m

P,

m
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(cont’d)

We haveto push g, to 2 times of its original valuein previous case! It
means mor e power, and may reach near the limitation of the process,
that iswe can only design an amplifier with 50% of the GBW that a
specific process permits. Of course, we do not want either of these
two!

S0, transconductance variation of input stage is not desirable, it
prevents the optimal frequency compensation of the amplifier. There
are other negative effects of the changing transconductance. For instance, gm
variation may introduce extra harmonic distortion because of the changing
voltage gain.

— Let usconsider afeedback voltage amplifier with input gm variation. As
shown in the next dlide.

— Assume the open loop gain of the Op Amp is A, (s), and the transfer
function of feedback branch is H;(s). The close loop gain of the amplifier

is defined by
13



Vi(s) Vo(s)
° + Vo
___7K:>_”W@ g Vi Ao®

L Heg(s) [ '

1

A (9) = 1 —
He () +
T AL(s)
— For the practical case, close loop gain of the amplifier in theright figureis
given by 1
Av(9)= T Where Hp =2
Hes + R*R,
Ay (8)

— A (s) changesif A, (s) varies with the input voltage, although to aless
extent, which will introduce some nonlinear distortion at the output,

especially at higher frequencies when A (s) islow.
14



In summary, We need a transconductance for the input
stage!

In the following, we will study some structures of constant-gm N-P
complementary input stage.
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Techniques for N-P Complementary
Rail-to-Rail Input Stage

There are severa constant gm rail-to-rail input stage structuresin
literature, we will do areview from their implementation basic ideas

1. For input stages with input transistors working in weak-inversion

region, using current complementary circuit to keep the sum of |, and
|, constant [1][2][6];

2. Using square root circuit tokeep (/1 +./1,) constant [3][13][16];

3. and 4. Using current switches to change the tail current of input
differentia pairs[3][4][5][6];

5. Using hex-pair structure to control thetail currents of backup pairs|[7];

16



Techniques for N-P Complementary
Rail-to-Rail Input Stage ( cont’d )

6. Using maximum/minimum selection circuit to conduct the output
current of the differential pair with larger current, aswell as larger gm,
to the next stage [8][9];

7. Using electronic zener diode to keep Vgg, t Vg, | constant [10];
8. Using DC level shift circuit to change the input DC level [11].

We will analyze them one by onein the following sections.

There are still other techniques [12][14][15][17][18], interested readers
may check these references.

Note: Unless explicitly stated in this notes, we assume that the square law
characteristic of MOS transistors in strong inversion and saturation
region. Please notice that for short channel transistors in sub-micron
processes, square law is not exactly followed.

17



Rail-to-Rail Input Stage, Structure 1 [1][2][6]

 For input stages with input transistors working in weak-inversion
region, using current complement circuit to keep the sum of I and I,

constant
 Basicidea
— For CMOS transistors working in weak-inversion region,

W V
lowi == o &XP(—22>—)

L nKT /q
W, Voo« low L
o= ex = W =k
I L nKT/q p(nKT/q) nKT/q o

— 0, the total transconductance of the input stageis

ng :gmN +ng:k(|N +IP)

18



Rail-to-Rail Input Stage, Structure 1
(cont’'d)

— Thus the transconductance of the input stage is proportional to the sum of
thetail currentsof N and P pairs.

The following circuit can keep ( 1+l ) constant.

19




Rail-to-Rail Input Stage, Structure 1
(cont'd)

Mb4 and Mb5 mirror the current through Msw, Isw, to provide the tall

current of the N-channel input pair. Mb4 and Mb5 are with the same
geometry.

Mb2 always works in saturation region, and never to ohmic region, by
properly selecting the gate biasing voltage Vbsw of Msw.

Msw works as a current switch.

— When the input common mode voltage, Vicm, is closeto Vdd, the P input
pair cuts off, the drain current of Mb2, I, ., is diverted to Msw. And then
mirrored through Mb4 and MDb5, to the source node of the N input pair.

— When Vicmisclose to -Vss, the switch Msw cuts off, |, then flowsto
the P input pair.

— In between, part of |, flows to P pair, and the rest to Msw, through
current mirror Mb4 and Mb5, to the N pair.
Using afirst order approximation, the following equation stands,
|+ =l =const

20



Rail-to-Rail Input Stage, Structure 1

. ..(cont'd)
e The complete circuit
| ‘Mbl |
— >
1 >
@m M1 V1 M2 Summing Vo
E I‘_ |_|\/|3 M4 }7’ - | Circuit and .
Vi+ ] V2 VI- | Subsequent
4{<— 2 Stages




Rail-to-Rail Input Stage, Structure 1
(cont’'d)

e Transconductance vs. input common mode voltage

Gm Gm ——- gmy
14
............ gm;
10 1.0
1/ ) g — IMgym
kS /-
/" Sl
— —— - L1 s
-Vss vdd Viem  _yss vdd Viem
(@) Input transistors working in (b) Input transistors working in
weak inversion region strong inversion region
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Rail-to-Rail Input Stage, Structure 1

(cont'd)

e Discussion

Thiscircuit isbased on bipolar rail-to-rail input stage [1].

It has arail-to-rail constant transconductance only when the input
pairs work in weak inversion region [2].

If the input pairs are in strong inver sion region, the
transconductance will change by afactor of 1.4 (/2 ).

Theareaislarge, which is necessary to make the input transistors
work in weak inversion region.

Asworking in weak inversion region is arequirement to get arail-
to-rail constant transconductance, this structure only appliesto
amplifierswith low GBW.
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Rail-to-Rail Input Stage, Structure 2
[3][13*][16]
- Using square root circuit to keep (,/1, +4/1,,) constant
« Basicidea
— For aninput differential pair, using a 1st order approximation,

gm:,\/ZKP(\N/L)lD :\/Kp(\/\//L)ITAIL

Wherethe I, isthetail current of the differential pair. We can change
gm by altering the tail current of the differential pair!

— Thetotal transconductance of the input stageis given by
gm, = gm, +gm, =./KP,(W/L) I +KP.W/L), I,

If KP(WIL), = KPo(WIL)= 2K
We can get
gm; = gmy, +gm, = V2K (/1 +4/15)
— Tokeep gm; contant, we just need tokeep (+/1,, +4/1,) contant!

*:[13] isan improved version of thisscheme, in [13] KPy(W/L)N=KPp(W/L)pis not required.

The authors presented techniques to compensate KP variations.




Rail-to-Rail Input Stage, Structure 2
(cont’'d)

|l(_;'r Mbp

Square ,

Root M1 M2 Summin
Biasing i,_H;\{ M3 Ma },;:H_, Circuit and
Circuit Vi+ Vi

i- |Subsequ
I %M bn

St
* We can utilize the sguare law characteristic of MOS transistors to
implement the square root biasing circuit.

* Block diagram
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Rail-to-Rail Input Stage, Structure 2
(cont’'d)

e Thefollowing isoneimplementation of the rail-to-rall input stage with
square root biasing circuit [3].

N-P complementary input stage with square-root circuit

26



Rail-to-Rail Input Stage, Structure 2

o (cont'd)
o Simplified Circuit

______________________________________________________________

' 1 1 i VDD
1%4@ @ 20u v 20u !
P N < M2 |
M121 M123 '
| ‘ | I y o
: r ID,Ml}{ | V P
: D M126 :M 1
! M125 | . M111
M124 D, M123 M126 40/10 ] Py P
1001107 1°°’1° 0010 Tk 1ﬂ G
| M3 » M4 M2
| 1010 |1y 1010 40/10

Current Square Root Circuit




1.

B~ W

Rail-to-Rail Input Stage, Structure 2

. (cont’d)
Analysis
VSG M 123 VSG,M125 :VSG,M 121 +VSG,|V| 124 — ConSt1
21,
Vg = \/KP WiL) + |V |, as (W/L)m12s=(W/L)m12s=(W/L) m125,123,
KPP(\N/ L)M123,125 " KPP(\N/ L)M123,125 " ’

is\/l D,M123 +\/| p.m12s — CONSL

. InFHlsw=lpr=lp, Ipm122t+ Tsw= lp=lp, and Ip m122= IpM1252 IN=

Ip.Mm125
lo m123+ IpM126= l6=lp, IDM126F 1P= 102=1p,2 |P= 1D M123
From 1. to 3., we can obtain /I, +./I, =const,

If M121~M124 are with the same geometry, further calculation
yields

\/W-F\/K = 2‘\/ I D.M121,124 = Z\M

28



Rail-to-Rail Input Stage, Structure 2

(cont'd)

 Working Principle

The input transistors work in strong inversion region.

The square-root circuit M121-M 125 keeps the sum of the square-roots of
the tail currents of the input pairs and then the gm constant.

The current switch, M111, compares the common-mode input voltage
with Vb3 and decides which part of the current b7 should be diverted to
the sguare-root circuit.

In the common-mode input voltage range from Vdd to -Vss+1.8V only the
N channel pair operates. The current switch M111 is off and thus the tail
current of the N channel input pair 1, equals Ib7=4Iref=20uA.

The sum of the gate-source voltages of M123 and M 125 is equal to
reference voltage which isrealized by M 121 and M124. Since the current
through M 125 equals I and the current through M 123 equals the tail
current of the P channel input pair | .

29



Rail-to-Rail Input Stage, Structure 2
(cont'd)

— It can be calculated that the square-root of Ipis given by

Jir =2 - L

Where it is assumed that M121 to M 125 are matched.

— Inthe common-mode input range from -Vss+1.2V to Vssonly the P
channel input pair operates. In thisrange the current |1b7=4Iref=20uA
flows through the current switch to the square-root circuit. Thus, the
current through M 125 is nearly zero which means that its gate-source
voltage is smaller than its threshold voltage.

— If the current through M 123 islarger than 4lref=20uUA, the current limiter
M 126 limits the current of M123 to 4lref=20uA and directsit to the P
channel input pair.

— It can be calculated that the transconductance of the input stage, and

therefore the unity-gain frequency, is constant within the rail-to-rail input
common mode range. The gm is defined by

gm=2.[2Kiref where K =~KP, (1), = KR(),
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Rail-to-Rail Input Stage, Structure 2
(cont'd)

— The summing circuit M21-M 24 adds the output signals of the
complementary input stage, and forms the output voltage at node #20.

e Discussion

— Thecircuit is somewhat complex and the functionality relies on the square
law of MOS transistors. For current sub-micron processes, the square law

is not closely followed, which may introduce large error for the total
transconductance.
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Rail-to-Rail Op Amp Design

Let usdesign arail-to-rail input Op Amp with the following specifications
utilizing rail-to-rail input stage Structure 2.

Process MOSISAMI 1.2u
Power Supply (Vsup) +1.65V

Load Resistance (R, ) 20 KW

|_oad Capacitance ( C, ) 20pF

Power Dissipation ( Py ) <ImW

DC Gain ( Avy) 3 80dB

Gain Bandwidth Product ( GBW ) 31MHz

Phase Margin (PM ) 350°

Slew Rate ( SR) 32VInG

Input Common Mode Range ( CMR) rall-to-rail
Output Voltage Range -145~1.45V
Output Stage Simple Class A
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Rail-to-Rail Op Amp Design (cont’d )

The block diagram of the 2-stage operational amplifier is shown in the
following

— We add Rz in this diagram compared with the figure in slide #8, which is
used to cancel the zero generated by Cm. When Rz=1/gm2, the zero is
cancelled.
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Rail-to-Rail Op Amp Design (cont’d )

— When Rz=1/gm2, the transfer characteristics of the amplifier is given by

A(s) » = I Iz = al
SCC,+5C 0, +9,9. &2 L, < 1 +1
P P Py
BW /C

WhereA): gmlgmz ’ p1:G - gml - ' p2:h1

golgL Ab Ab CL
and GBW=3m

C

m

The rail-to-rail input stage of the amplifier is shown on slide #25.
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Rail-to-Rail Op Amp Design (cont’d )

* The second stage, or output stage, of the amplifier ( M220 and Mb6 )
Isasimple inverter with Miller frequency compensation ( Cm and
M?221).

Vdd
1.65V
1 . M221 isa MOSFET which works
Vbo_{ Mb6 in linear region, taking the role of
Mzl | C, R Rz.

v L] 20pF 20KW M b6 works as a current source.

35



Rail-to-Rail Op Amp Design (cont’d )

 Design procedure

1) Tail current and input transistors

GBW(rad/s) :g—”ﬂ ,Let C, :%CL , then we can get

m

0,=GBW” C_ =2p  IMHz" 10pF =62.8mA/V

To leave some margin for the GBW, let g,q=80n\/V.

SR = | raiL . S0
C

ITAIL =R’ Cm =2V InE’ 10p|: - ZOTTA, |et ITAIL :25ITA

For P pair

_ Ow _ O _ (80MA/V)?

(VV/L)P-PAIR_ - - . -5 2 -
2Kooly  Kppley, 193467 10°A/VZ™ 25mA

To make layout convenient, we choose W/ L)p.par =16,

=13.23
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2)

Rail-to-Rail Op Amp Design (cont’d)
To make layout convenient, we choose (W /L), pur =16.
To make N pair and P pair be symmetrical, we should let

W W
KPN (T)N PAR — KPP(T)P- par + 0

W Y, K . 1.9346° 10°A/V?

w Al =16 = 4.207 , choose
(L)N'PNR (L)P' "R K o 7.3584° 10°A/V?

W

(T)N par = 4-

For current sources lp1, b2, Ib3, Ibs, Ibs, and 7 are al with the same value l+aL =25mA.
| et IS ITA||_/4=6.25nA.

Current switch Mi11

M111 works in saturation region when it is on and cut off region when it is off asthe
common mode voltage swings from rail-to-rail.

The Vs of switch transistor controls the current transition region width with the
common mode voltage. There are some disadvantages if the transition region is too

narrow. We choose Vasa m111=0.5V when all of the current |7 flows through M.
37



Rail-to-Rail Op Amp Design (cont’d)

20, _ 2" 25mA
KoV wus’  7:3584" 10 5A/V? (0.5V)?

W
(T)Mlll = =2.718 !

W
Let (T)Mlll =3.

3) Square root circuit, M121-M126

We should select a proper working point for this part of circuit to obtain agood
sguare root characteristic. If the overdrive voltage Vo, =Vgsa = ( Ves VT ) istoo low,
the MOSFET may work near the transition region, which is between strong inversion
and weak inversion region.

If Vo istoo large, because of velocity saturation effect, the Ips vs. V ps characteristic

may become somewhat near linear rather than quadratic, which will also introduce
some error.

Let us select V,,=0.3V,

Wy _o2, 2° 25mA
LMEME v 2 1.93467 10°A/V2T (0.3V)?

=28.72,
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4)

Rail-to-Rail Op Amp Design (cont’d )

W
Choose (T)M 121-m125 = 28.

M1 iSjust alevel shift transistor, its size is not critical, we just et (%)M126 =28.

Summing circuit, My1~M2s, M211, and Mag»

M3, M 21 and bias current 12 form folded cascode structure, as well as M4, M 22 and
bias current ly3. Although the quiescent current through M, ( My, ) islra/2, its
maximum current is |l a.

Let Vgsa of M21 ( M22) to be 0.25V when it is conducting ltaiL, we can get

W 21, 2 25mA

N = = :4135221
(L)M21'M22 KV, > 19346" 10°A/V? (0.25V)?

Choose (VTV)M amz = 40.
. W
S|m|IarIy for Mos ( M24), we get (T)MZS,M24 =12,
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5)

Rail-to-Rail Op Amp Design (cont’d )

The maximum drain current for M211 and M2 1S 2l1a . We can get

W
(T)M mmze = 24

The output stage Moo and Myo;

To have an output swing from rail-to-rail, the minimum biasing current should be
| :IRLmaX:Vddzl.65\/ _go5m

! R~ 20KW
To leave some margin, we choose the bias current as 100mA.

D,BIAS, min

To have arail-to-rail swing from V yg-0.2V to —V+0.2V asrequired by the design
specification, we should have a small V 4 for the M 29, we choose V gsa m220=0.2V,
the geometry ratio of M 22 iS given by

21, 2" 100nA

= = 67.95,
K,V > 7.3584 10°A/V?" (0.2V)?

W _
(T) M220 —

We choose (V—V) Moo — 08.
L 40



Rail-to-Rail Op Amp Design (cont’d)
L et us check whether gm2 can satisfy the phase margin requirement or not. There

should be p, = %3 2. 5GBW .

L

L et us calculate gn first,

o 8 =\/2|DKPN (VTV)M220 =\/2' 100mA” 7.3584" 10°A/V?” 68 =1000.3mA/V
So

_ 0., _1000.3nA/V
Pz C, 20 pF
phase margin specification can be satisfied.

=50.02" 10°rad/s=7.96MHz 3 2.5GBW = 2.5MHz, the

Actually, if we ignore other higher non-dominant poles except p,, we can calculate
the phase margin as

., GBW ., GBW

PM =180°- tan"™"—— - tan
Py P>
»90° - tan ' Im/Cn = gpe gyt BOMANV/IOPF _ g o
0.,/C, 50.02° 10°rad/s
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6)

Rail-to-Rail Op Amp Design (cont’d )

For M1, which works in diode region and with bulk connected to -V'ss, we can get
itsVr as,

VT,M221 :VTO +g(’\/2|f|: |'VBs,|v|221 B '\/Zlf F )
Vesm221 =" Vas,m 220

====::==VTO +g('\/2|f F |+VGS,M220 ) '\/ZlfF )
= 0.6443V +0.7003V¥2(,/0.7V +(0.2+0.6443)V - +/0.7V) =0.9286V

w g
(_) = m2 =8.903,
L v KPN (Vsup - VT,M221 - VGS,M220)

Choose (VTV)M o =9.

Bias voltages Vb1, Vb3 and Vb4

Vbl
Assume voltage drop for Ib1is 0.4V,

21
Vv = . + | V. =1.209V
Vesusz | \/Kpp(wmm Vi |

42



7)

Rail-to-Rail Op Amp Design (cont’d )
Thus
Vb1=Vdrop, b1+ |Vesmizz|=1.61V, let V ,1=1.6V

Vb2, Vb3 and Vb4

Similarly, we can calculate Vb2 as
Vb2=Varop, 167+ Vesm111=1.67V, let Vpo=1.7V.

For Vb3 and Vb4,
Vbz=Viropmz211+ Vesmzs=1.44V, let V3=1.5V.
V4= Vdrop,lb2+ |VGS,M21|= 1.55V, let Vps=1.6V.

Modifications according to HSPICE simulation

HSPICE simulation shows that all specifications are met without any changes to the
parameters cal culated above, but the output voltage swing, only from —1.6V to 1.4V.
Change the bias current of the output stage from 100nmA to 125mA. Thetotal power

consumption increase by about 80mA to 0.938mW, but still meets the specification.
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Rail-to-Rail Op Amp Simulation Results

e Simulation results
— DC input/output characteristics

1.65 4 . ; : . .
1 1 1 B b LR pret T Pt prid Pl
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Rail-to-Rail Op Amp Simulation Results
(cont’'d)

Phase ( degree)

— Freguency response
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(cont’
— Transient response ( as aunity gain buffer, output voltage swing -1.5V ~ 1.5V )

Rail-to-Rail Op Amp Simulation Results
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Rail-to-Rail Op Amp Simulation Results
(cont’'d)

— First stage transconductance vs. common mode voltage
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Rail-to-Rail Op Amp Simulation File
HSPICE file

2-Stage Op Anp with Rail-to-Rail Input Structure 2

.options |ist node post
.include am n8cu_level 3

. op
* Paraneter definitions

.paramlam= 0.6u In = 2.4u | p=2.4u | n3=4.8u | p1=4. 8u
+ wpl=76. 8u wn3=19. 2u wnlll=7.2u wpl21=67. 2u wp21=96u
+ wn23=28. 8u wn211=57. 6u

+ wpb1=153. 6u wnb7=48u wnb8=12u

+ wn220=163. 2u wn221=21. 6u

* Netli st

m. 10 ninm2 2 cnosp Wewpl L=l pl AD=' 5*| antwpl' AS='5*| anfwpl'
+ PS=' 2*wpl+10*1 ami PD=' 2*wpl1+10*| ani
n2 11 ninp 2 2 cnosp Wwpl L=l p1 AD='5*] antwpl' AS='5*| antwpl’
+ PS=' 2*wpl+10*l ami PD=' 2*wpl1+10*| an

nB 8 ninm 1 nvss cnosn Wewn3 L=l n3 AD=' 5*| anfwn3' AS='5*| antwn3'
+ PS=' 2*wn3+10*| aml PD=" 2*wn3+10*| amn
md 9 ninp 1 nvss cnosn Wwn3 L=l n3 AD=' 5*| anftwn3' AS=' 5*| antwn3'
+ PS=' 2*wn3+10*1 ami PD=" 2*wn3+10*| ani

mLl1l 5 nvb2 1 nvss cnosn Wewnl1lll L=l n AD="5*] anfwnlll" AS='5*| anfwnlll'
+ PS=' 2*wn111+10*l ami PD=' 2*wn111+10*| ani



Rail-to-Rail Op Amp Simulation File
(cont’'d)

ml21 7 7 nvdd nvdd cnosp Wewpl21 L=l p AD="5*1 anfwpl21' AS='5*| anmfwpl2l'
+ PS=' 2*wp121+10*| am PD=' 2*wp121+10*| amn

m22 4 nvb4 5 nvdd cnosp Wwpl2l1l L=l p AD=" 5% anfwpl21l' AS='5*| antwpl2l'
+ PS=' 2*wp121+10*1 ami PD=' 2*wp121+10*| ani

nml23 3 4 nvdd nvdd cnosp Wwpl21 L=l p AD=" 5*1 anfwpl121' AS='5*| anfwpl21l'
+ PS=' 2*wp121+10*| am PD=' 2*wp121+10*| amni

nl24 6 6 7 7 cnosp Wewpl121 L=l p AD=' 5*| antwpl21' AS='5*| anfwpl21l'

+ PS=' 2*wp121+10*| ami PD=' 2*wp121+10*| ani

mL25 nvss 6 4 4 cnosp Wwpl2l1l L=l p AD=" 5*| anfwpl2l' AS='5*| antwpl21'

+ PS=' 2*wp121+10*| am PD=' 2*wp121+10*| ani

nl26 3 3 2 2 cnmosp Wwpl21 L=l p AD=' 5*| anmfwpl21l" AS='5*] anfwpl21'

+ PS=' 2*wp121+10*| ami PD=' 2*wp121+10*| ani

nm21 12 nvbl 8 nvdd cnosp Wewp2l L=l p AD='5*| amrwp21l' AS='5*| anmrwp21'
+ PS=' 2*wp21+10*l am PD=" 2*wp21+10*| am
n22 20 nvbl 9 nvdd crnosp Wewp2l L=l p AD=' 5*| antwp21' AS='5*| anfwp21'
+ PS=' 2*wp21+10*| aml PD=" 2*wp21+10*| am

M3 12 nvb3 10 nvss cnosn Wwn23 L=l n AD=' 5*] antwn23' AS=' 5*| anfwn23'
+ PS=' 2*wn23+10*1 aml PD=' 2*wn23+10*| an
nm24 20 nvb3 11 nvss cnosn Wwn23 L=l n AD=' 5% antwn23' AS='5*| anfwn23'
+ PS='2*wn23+10*| ami PD=' 2*wn23+10*| ami

nm211 10 12 nvss nvss cnosn Wwn21l L=l n AD='5*| amfwn211l' AS='5*] anftwn211'
+ PS=' 2*wn211+10*l ami PD=' 2*wn211+10*| ani
nm212 11 12 nvss nvss cnmosn Wwn21l L=In AD='5*l amfwn211l' AS='5*| anfwn211'
+ PS='2*wn211+10*| ami PD=' 2*wn211+10*| am

m220 nout 20 nvss nvss cnosn VWwn220 L=l n AD=' 5% antwn220' AS='5*| antfwn220'
+ PS=' 2*wn220+10*l am PD=' 2*wWwn220+10* | ani
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Rail-to-Rail Op Amp Simulation File
(cont’'d)

nm221 20 nvdd 21 nvss cnbsn Wwn221 L=In AD=' 5] amrwn221' AS='5*| anfwn221'
+ PS='2*wn221+10*l am PD=' 2*wWwn221+10*| ani

nmbl 30 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*] antwpbl" AS=' 5*| anfwpbl'
+ PS=' 2*wpbl1+10*l am PD=' 2*wpb1+10*| ani

nb2 5 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*| anfrwpbl' AS='5*| antfwpbl'
+ PS=' 2*wpbl1+10*l am PD="' 2*wpb1+10*| am

nmb3 2 30 nvdd nvdd crnosp Wewpbl L=l p AD=' 5*| antwpbl' AS='5*| antwpbl'
+ PS=' 2*wpbl1+10*l am PD=' 2*wpb1+10*| ani

nb4 8 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*| anfrwpbl' AS='5*| anfwpbl'
+ PS=' 2*wpb1+10*1 ami PD=' 2*wpb1+10*| am

nb5 9 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*| anrwpbl' AS='5*| antwpbl'
+ PS=' 2*wpbl1+10*l am PD=' 2*wpb1+10*| an

nb6 nout 30 nvdd nvdd crnosp Wewpbl L=lp AD='5*| anfwpbl' AS='5*| antwpbl'
+ PS=' 2*wpb1+10*l ami PD=' 2*wpb1+10*l am M5

nb7 40 40 nvss nvss cnbsn Wwnb7 L=l n AD=' 5*| antwnb7' AS='5*| anfwnb7'
+ PS=' 2*wnb7+10*| ami PD=' 2*wnb7+10*| am
m8 6 40 nvss nvss cnbsn Wewnb8 L=l n AD=' 5*] amrwnb8' AS='5*| anfwnb8'
+ PS=' 2*wnb8+10*| ani PD=' 2*wnb8+10*| ami
mb9 3 40 nvss nvss cnbsn Wewnb7 L=l n AD=' 5% amfwnb7' AS='5*| anfwnb?'
+ PS='2*wnb7+10*| ami PD=' 2*wnb7+10*| am
nmb10 1 40 nvss nvss cnbsn Wewnb7 L=l n AD=' 5*| antwnb7' AS=' 5*| anfwnb7'
+ PS=' 2*wnb7+10*|1 ami PD=' 2*wnb7+10*| ani

cm nout 21 10p



Rail-to-Rail Op Amp Simulation File
(cont’'d)

* Load
cl nout 0 20p
rl nout 0 20k

* Current & voltage sources

irefp 30 nvss 25u
irefn nvdd 40 25u

vbl nvdd nvbl
vb4 nvdd nvb4
vb2 nvb2 nvss
vb3 nvb3 nvss

PEREE
a~Noo

einp ninp ncminput 0 0.5
einmninmncminput 0 -0.5

vecmncmO O
vin input 0 -3.824e-5 ac =1

vdd nvdd 0 1.65
Vvss nvss 0 -1.65

* Test cards
.dc vin -0.5m 0.5m 10u
.ac dec 100 2 100x

. probe ac vdb(nout)

.end
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Rail-to-Rail Input Stage, Structure 3 [3][4][6]

« Using current switchesto change thetail current of input differential
pairs
e Basicidea

— We know that, by first order approximation, for a MOS transistor working
In strong inversion and saturation region, square law applies, that is

lo = K(Vee- V;)?, and gm=2,/Kl,
where K :EKP(W)
2 L

— Suppose for the N and P input pairs, KPR, (VTV)N = KPR, (va)p = 2K
and thetail currents of N and P pairs are equal, with the value of |

tail -
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Rail-to-Rail Input Stage, Structure 3
(cont'd)

— When the input common mode voltage is in the mid-range, both of N and
P pairs are conducting, so the total transconductanceis

gm, = gm, + gm, = 2,/2Kl

— When the input common mode voltage is close to Vdd, the N pair
operates. And when it is close to the -Vss, the P pair operates. In both
cases, the total transconductance is only half of that when both of N and P
pairs operate.

agm. = gm, =gm, = '\/ZKITAIL

We can increase the tail current to 4 times of its original value to have the
same transconductance as that when both of N and P pairs operate.
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Rail-to-Rail Input Stage, Structure 3

(cont’'d)

The circuit

Vi+

M1

—EL

Vb4
14

M121 M122
+300/10 100/10

O,

D S

- M2
M 40/10
_| M124 30/10 ‘(__l |_ M4q:] };:Hb
100/10 10/1

M3
10/10

I O O

! 1 1T—°VvDD
2D 2 OO
20u Vbl

15
M21 21| 1< M2
100/10— ! ' 100110
vi. M23 | 1 M24
50/10<— | 1> 5010
M212
M211 100/1 Vb3
100/1q:—l — l:‘ 15
o .\/SS

M113 M114
50/10 150/10




Rail-to-Rail Input Stage, Structure 3

(cont’'d)
o Conceptual circuit
VDD
1
@ | bp=Ib
SW1A SW1B—]
V1 f c
BiE! S
Vit Vz v E %g’
[ E I- %?gm
©
Ml M3 va[, | m4| M2 L%)%

When common mode input
voltage, Vicm, iscloseto-V,
SW1B and SW2A are on, and
SW1A and SW2B off.

When Vicmiscloseto Vdd,
SW1A and SW2B are on, and
SW1B and SW2A off.

In between, SW1B and SW2B
are on, SW1A and SW2A off.

In practice, SW1B and SW2B
are never required, just short
circuits. Say, if SW1A ison,
Ilbp will be diverted to the 1:3
current mirror; if SW1A is off,
Ibp will providetail current for
M1and M2.
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Rail-to-Rail Input Stage, Structure 3
(cont'd)

« Working principle
— If both of the input pairs operate, the total gm of the complementary input
stage is 2 times of the gm with one single pair. In order to obtain the same
gm when only one of the pairs operates, the tail current hasto be 4 times
larger.

— The current switches M116 and M 124 compare the common mode i nput
voltage with with Vb2=1.4V and Vb4=1.4V, respectively. In the common
mode input range from Vssto Vss+1.3V only the P channel input pair
operates. In this range, the current switch M 116 conducts while M124 is
off. The current Iref1=5uA now flows through M 116 to a 1:3 current
multiplier M121-M122. Since Irefl isequal to Iref2, 1, equals
Alref1=20uA.

— Inthe common mode input range from Vss+1.5V to Vdd-1.5V both of the
input pairs operate. In thisrange, M116 and M 124 are off, and the tail
currentsof N and P pairs are SuA.
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Rail-to-Rail Input Stage, Structure 3
(cont'd)

— In the common mode input range from Vdd-1.3V to Vdd, only the N
channel pair operates. The current swith M124 conducts while M116 is
off. The current Iref2=5uA now flows through M 124 to a 1:3 current
multiplier M113-M114. |, equals 4lref2=20uA.

— It can be calculated that for each input range, the total gmis
1 wW 1 W
gm= 2./ 2Klref where K = E KPRy (T)N = E KPP(T)P

— Inthe takeover regions of the current switches, Vss+1.3V to Vsst1.5V
and Vdd-1.5V to Vdd-1.3V, thetotal gm of the input stage increases with
about 15% above its nominal value.

Which can be proved by the following analysis.

If the common mode input voltage is between Vss+1.3V and Vsst+1.5V,
the M 116 is partly conducting, and the rest of tail current flows through
M3 and M4, which is assumed to be Ix here. So the tail current of the P
pair is Iref+3(lref-1x).
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Rail-to-Rail Input Stage, Structure 3
(cont’'d)

Thetotal gm of the input stage is given by
gm, = /2K (+/1x + +/Iref + 3(Iref - 1))

Calculate the maximum value of this equation, we can obtain that when
Ix=1/3Iref, gm; hasits maximum value. Which yields

gm, = /2Kl ref (\/; \3) = 2.31/2KIref = 2./2KIref (1+ 15.5%)

Which is about 15% larger than its nominal value 2,/2Klref .
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Rail-to-Rail Input Stage, Structure 3
(cont’'d)

e Transconductance vs. input common mode voltage

—_—em e = ==

Gm

T71.0

— Rail-to-rall input stage with
current switch

Rail-to-rail input stage

M ~_ without gm control

Vicm
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Rail-to-Rail Input Stage, Structure 4 [5]

Another constant-gm input stage with current-switch. When only N ( or

P) input pair works, activate another N ( or P) pair ( we call it backup pair ) to

compensate the transconductance | oss.

Basicidea

— Inthe previous constant-gm rail-to-rail input stage, when the common

mode input voltage is in the middle range, both of the P and N pairs are
operating, the total bias current is | +1,=2I¢ ( | =l~lg). But when the
common mode voltage is close V, or -V, only one of the differential
pairs operates, the bias current is 4l ;. So the slew rate of the amplifier is
the function of the common mode voltage, and has the variation of 2
times.

— How can we keep the gm constant, and at the same time the slew rate not
to vary so much? ...

— We can have 2 N-type pairs and 2 P-type pairs. One N pair ( or P pair ) are
biased normally, we call it main pair. But another N pair ( or P pair ), the
backup pair, is biased by the current steered from the main P pair (or N
pair ) if the main P pair can not work properly -- the current may also be

controlled by current switch.
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Rail-to-Rail Input Stage, Structure 4
(cont’'d)
 Thecircuit [4]
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Rail-to-Rail Input Stage, Structure 4
(cont'd)

« Working principle

— When the common mode input voltage isin the middie range, P type pair (
M1A, M2A ) and N type pair ( M3A, M4A ) operate. Both of M7 and
M10, which work as current switches, are off, thus thereis no tail current
flowing through the backup pairs (M1B, M2B ) and (M3B, M4B ). The
total transconductance gm;=gmg+gm,=2gm ( assume Iref1=Iref2=Iref,
and KP(W/L)=KP(WI/L)y ). The sum of thetail currentsis
Iref1+lref2=2lref.

— When the common mode input voltage is close to V , the current switch
M10ison, and Iref2 is steered through M 10, mirrored by current mirror
M5 and M6, and providesthetail current with the value of Iref for the N
type differential pair (M3B and M4B ). The total transconductance
gm;=2gm, the sum of the tail currentsis 2Iref.
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Rail-to-Rail Input Stage, Structure 4
(cont’d)

— When the common mode input voltageis closeto V , the current switch
M7 ison, and Irefl flows through M7, mirrored by current mirror formed
with M8 and M9, and provides the tail current with the value of Iref for
the P type differential pair (M1B, M2B ). The total transconductance
gm;=2gm, the sum of thetail currentsis 2Iref.

— Actually, the N backup pair ( M3B,M4B) takes the role of primary P pair (
M1A, M2A ) when Vicmiscloseto V,, and the current switch M10is
on. The P backup pair ( M1B,M2B) takes the role of primary P pair (
M3A, M4A ) when Vicmiscloseto -V and the current switch M7 ison.
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Rail-to-Rail Input Stage, Structure 4

(cont’'d)
e Transconductance vs. input common mode voltage
agm
| 24
,’/ 20 \‘\ == With constant gm
! \ control
______ ’ 110 .
-=- Without constant
gm control
Vss Vdd viem
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Rail-to-Rail Input Stage, Structure 4
(cont'd)

— We may notice that there are 2 bumps on the gm curve, where the

transconductance is 20% greater than its nominal value. The bumps are at
take-over regions.

— By simple analysis we can know why it isso. If Vicm isat its upper take-
over region ( closeto V ), assume that the tail current of the primary P
pair 1, isIx, then the tail current of the primary N pair 1, is Iref, and tail
current of the backup N pair 1 is Iref-1x. The total transconductanceis

gm; = /2K (i/Iref +~/Ix+ \[Iref - 1x)

Calculate the maximum value of this expression, we can get, when
|,.=1.4/2, Gm has its maximum value, which is

gm, = /2KlIref (/2 +1) = 2.4./2K]ref

which is about 20% larger than its nominal value 2./2K|ref -
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Rail-to-Rail Op Amp Design

Let usdesign arail-to-rail input Op Amp with the same specifications on
dide #31 utilizing rail-to-rail input stage Structure 4.

 Design procedure

1) Tail current and input transistors

By the same procedure we have discussed in slide #35, we can get the geometry ratios
for N -and Pinput pairsas (W /L), ppr=16 and W /L) par=4-

For this structure, both of the N pair and P pair are actually divided into 2 branches
each. Let us say the N half, oneisthe main differential pair ( Mza and My, ), which
operates if the common mode voltageis at its working region, the other is backup pair
( M3z and Mg ), which operates only if the P channel main pair ( M, and M, ) can
not operate and the input common mode voltage turns on the current switch M 1o. The
current switch M, and the current mirror ( M and Mg ) accomplish the takeover.
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Rail-to-Rail Op Amp Design ( cont’d )

The geometry ratios of the input pairs should be divided by 2, so

W/ L)'= 0= g and (WL, = Vo

= 2.

Thetail current It ( which is 25mA as calculated in the previous design ) isalso
divided into 2 branches, so lta' =12.5MA= |, eo=l ef1.

Current switches, M7 and M10

The Vs of switch transistors M7 and M 10 controls the current transition region
width with the common mode voltage. We should avoid overlapping N and P
transition regions, because in the transition region, the total gm deviates from its
nominal value. If the 2 transition regions get together, the deviations will also add
together. -- Let us say the extreme case that the transition regions overlap exactly, and
at one point of the common mode voltage, each of the 4 pairs conductstail current

with the same magnitude, Ia'/2. Thetotal gmwill be ./2times of its nominal value
at this point, the same with structure 1 working in strong inversion region!
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Rail-to-Rail Op Amp Design (cont’d)
So we choose V g M7=V st M10=0.25V, arelatively small value to avoid overlapping,

21, 2" 12.5mA

W
(T)w: 2~ . AN 5 2. 7 = 9430,
KonVaeen7  7-3584° 10 °A/VZ" (0.25V)

Choose (VTV)M7 =5.

W 21 2" 12.5mA

(Do =3y h 1.9346° 10 °A/V?” 7 = 2067,
PP Ydsat,M10 ’ (025\/)

Choose (%)M 10=20.

To avoid overlapping the 2 transition regions, in addition to have asmall Vg for M,
and M ,,, we should also carefully select the takeover voltages Vy; and V,. That is,
V,; and V,, should be small enough to separate the two transitions regions apart, so
the takeover voltage for M- is close to -Vss, and that of M, close to Vdd.
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Rail-to-Rail Op Amp Design (cont’d )

L et us assume when My isfully on, the minimum voltage at source of M7 is—
Vsst+0.25V, the 0.25V isfor the Vps of the current source l ;. Then

VT,M7:VTO+g(\/2|f e |- Vasur - '\/2|fF )

= 0.6443V + 0.7003VY2(;/0.7V + 0.25V - 4/0.V) = 0.7410V,

2l =1.251V,
W/L),,,nKP

Vo2 = Vi e 1 + Ve w7 + Vo 7 = 0.25V + 0.7410V "'\/

to leave some margin, let V,,=1.3V,

Similarly, we can get the bias voltage source Vb1 as 1.33V, let Vp1=1.35V.
Summing circuit, M21~Maa, M211, and M212, and output stage Mz and Ma21
These 2 parts are the same with the design procedure on slide #38 and #39.

Modifications according to HSPICE simulation

No modifications for the input stage. For the output stage we just increased the bias

current to 125MA to increase the output voltage swing.
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Rail-to-Rail Op Amp Simulation Results

Simulation results (as DC input output characteristics, and frequency

response are very similar with those of previous design, we do not plot here).

— Transient response
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Rail-to-Rail Op Amp Simulation Results
(cont’'d)

— Transconductance v.s. common mode voltage

100 ) ) ) ) ) ! '

a0

80
401 -
b

=0

Total transconductance ( mA/V )

10 L

~ Viem (V)

Average Minimum  Maximum
GmyotaL ( UA/V) 83.2 78.1 95
Deviation -6.2% 14.2%



Rail-to-Rail Op Amp Simulation File
HSPICE file

2-Stage Op Anp with Rail-to-Rail Input Structure 4

.options |ist node post
.include am n8cu_level 3

. op
* Paraneter definitions

.paramlam= 0.6u In = 2.4u | p=2.4u | n3=3. 6u | p1=3. 6u

+ wpl=28. 8u wn3=7.2u wn5=21. 6u wp8=28. 8u wn7=12u wpl0=48u
+ wWp21=96u wn23=28. 8u wn26=57. 6u wpb1=76. 8u wnb10=24u

+ wn220=163. 2u wn221=21. 6u

* Netli st

mla 10 ninm 2 2 crmosp Wewpl L=l p1 AD="5*| anfwpl' AS='5*| antwpl'
+ PS=' 2*wpl+10*l ami PD=" 2*wpl1+10*| am
m2a 11 ninp 2 2 cnosp Wewpl L=l pl AD=' 5*[ anfwpl' AS='5*| antwpl'
+ PS=' 2*wpl1+10*1 ami PD=" 2*wp1+10*| ani

mib 10 ninm 4 4 crnosp Wewpl L=l p1 AD="5*| anfwpl' AS='5*| antwpl'
+ PS=' 2*wpl+10*l ami PD=" 2*wpl1+10*| am
n2b 11 ninp 4 4 cnosp Wewpl L=l pl AD=' 5*| anfwpl' AS='5*| antwpl'
+ PS=' 2*wpl1+10*1 ami PD=" 2*wp1+10*| ani
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Rail-to-Rail Op Amp Simulation File ( cont’'d )

ma 8 ninm 1 nvss cnosn Wwn3 L=l n3 AD=' 5*| amrwn3' AS='5*| amfwn3'
+ PS=' 2*wn3+10* amt PD=' 2*wn3+10*| ani
mia 9 ninp 1 nvss cnosn Wewn3 L=l n3 AD=' 5% anfwn3' AS=' 5*| antwn3'
+ PS=' 2*wn3+10*l ami PD=' 2*wn3+10*| ani

mMb 8 ninm 3 nvss cnbosn Wwn3 L=l n3 AD=' 5*| amrwn3' AS='5*| amfwn3'
+ PS=' 2*wn3+10*l amt PD=' 2*wn3+10*| ani
mib 9 ninp 3 nvss cnmosn Wwn3 L=l n3 AD=' 5% anfwn3' AS=' 5*| antwn3'
+ PS=' 2*wn3+10*l ami PD=' 2*wn3+10*| ani

ny 6 nvb2 1 nvss cnosn Wwn7 L=In AD='5*| amfwn7' AS='5*| amfwn7'
+ PS=' 2*wn7+10*l ami PD=' 2*wn7+10*| ani

nb 5 5 nvss nvss cnosn Wwn5 L=l n AD=' 5% amfwn5' AS=' 5*| amfwn5'
+ PS=' 2*wn5+10*| anl PD=' 2*wn5+10*| ani
nm6 3 5 nvss nvss cnosn Wewn5 L=In AD=' 5% anfwn5' AS='5*| anfwn5'
+ PS=' 2*wn5+10*| ami PD=' 2*wn5+10*| ani

nmlO0 5 nvbl 2 2 cnosp WwplO L=l p AD="5*| anfwpl0' AS='5*| anfwpl0'
+ PS=' 2*wp10+10*l am PD=" 2*wp10+10*| am

nm8 6 6 nvdd nvdd cnosp Wewp8 L=Ip AD=' 5*| anfwp8' AS='5*| antwp8'
+ PS=' 2*wp8+10*| ami PD=" 2*wp8+10* | amn
nm 4 6 nvdd nvdd crnosp Wewp8 L=Ip AD=' 5*| anfwp8' AS=' 5*| antwp8'
+ PS=' 2*wp8+10*| ami PD=" 2*wp8+10*| ani

n21 12 nvbl 8 nvdd cnosp Wewp21l L=l p AD=' 5*| antwp21' AS='5*| anfwp21'

+ PS=' 2*wp21+10*1 aml PD="' 2*wp21+10*| am

n22 20 nvbl 9 nvdd cnosp Wewp2l L=l p AD='5*| amrwp21l' AS='5*| anrwp21'

+ PS=' 2*wp21+10*| aml PD=" 2*wp21+10*| am 75



Rail-to-Rail Op Amp Simulation File ( cont’'d )

M3 12 nvb3 10 nvss cnosn Wwn23 L=l n AD=' 5% antwn23' AS=' 5*| anfwn23'
+ PS=' 2*wn23+10*| anl PD=' 2*wn23+10*| am
m4 20 nvb3 11 nvss cnosn Wwn23 L=l n AD=' 5*| antwn23' AS=' 5*| anfwn23'
+ PS='2*wn23+10*1 ami PD=' 2*wn23+10*| ami

6 10 12 nvss nvss cnbsn Wwn26 L=l n AD=' 5% antwn26' AS='5*| anfwn26'
+ PS='2*wn26+10*1 ami PD=' 2*wn26+10*| am
m27 11 12 nvss nvss cnbsn Wwn26 L=l n AD=' 5*| antwn26' AS=' 5*| anfwn26'
+ PS='2*wn26+10*1 ami PD=' 2*wn26+10*| am

nbl 30 30 nvdd nvdd crnosp Wewpbl L=l p AD=' 5*| antwpbl' AS
+ PS=' 2*wpbl1+10*l am PD="' 2*wpb1+10*| am

nb2 2 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*| antwpbl' AS='5*| antwpbl'

+ PS=' 2*wpb1+10*l ami PD=' 2*wpb1+10*| am

nb3 8 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*| anfrwpbl' AS='5*| anfwpbl'

+ PS=' 2*wpb1+10*l ami PD=' 2*wpbl1l+10*| am M:=2

nb4 9 30 nvdd nvdd cnosp Wewpbl L=l p AD=' 5*| anrwpbl' AS='5*| antwpbl'

+ PS=' 2*wpb1+10*l ami PD=' 2*wpb1+10*l am M2

nmb5 nout 30 nvdd nvdd cnosp Wewpbl L=lp AD='5*| anfwpbl' AS='5*| antwpbl'
+ PS=' 2*wpb1+10*l am PD=' 2*wpbl1l+10*l am M=10

' 5% antwpb1'

mb10 40 40 nvss nvss cnosn Wewnb10 L=l n AD=' 5*| amfwnbl10' AS='5*| antwnbl0'
+ PS=' 2*wnb10+10*| ami PD=' 2*wnb10+10*| ami

nbll 1 40 nvss nvss cnbsn Wewnbl1l0 L=l n AD=' 5% anfwnb10' AS='5*| amfwnbl0'
+ PS=' 2*wnb10+10*l ami PD=' 2*wnb10+10*| ani

nm220 nout 20 nvss nvss cnosn Wwn220 L=l n AD=' 5% antwn220' AS='5*| antwn220'
+ PS=' 2*wn220+10*1 ami PD=' 2*wWn220+10*| ani

nm221 20 nvdd 21 nvss cnbsn Wwn221 L=In AD=' 5] amrwn221' AS='5*| anfwn221'
+ PS=' 2*wn221+10*l ami PD=' 2*wn221+10*| ani
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Rail-to-Rail Op Amp Simulation File ( cont’'d )

cm nout 21 10p
* Load

cl nout O 20p

rl nout 0 20k

* Current & voltage sources

i biasp 30 nvss 12.5u
i biasn nvdd 40 12.5u

vbl nvdd nvbl 1.35
vb2 nvb2 nvss 1.3
vb3 nvb3 nvss 1.55

einp ninp ncminput 0 0.5
einmninmncminput 0 -0.5

vecmncmO O
vin input 0 -19.585u ac =1

vdd nvdd O 1.65
vss nvss 0 -1.65

* Test cards
.dc vin -1m 1m 2u

.ac dec 100 2 100x
. probe ac vdb( nout )

. end 77



Rail-to-Rail Input Stage, Structure 5 [7]

e Using Hex-Pair Structure to control the tail currents
backup pairs

e Basicidea
— Theunderlying idea of this structureis similar to structure 4. We
utilize main and backup pairsto have a constant gm, and at the
same time, a constant total biasing current which will not change
with the common mode input voltage. But here we apply an new
bias current sensing scheme, which isalso utilized in [18].
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Rail-to-Rail Input Stage, Structure 5

(cont’'d)
e Thecircuit [7]

Note:

”ef@ @ Iref5 e 1) Iref1 to Iref6 are with the same
, value, Iref.

| . { }_ 2) All of the P transistors have
the same geometry, (WI/L),, for
MoA  MIC M2C
M1A M .

1B M2B al of the N transistors, (W/L),.

and
1
Vi+®
3] e
|v|3jf M§H4 ' \an ' e
| % MSQ{R L

W 1 W
K= SKR.() = 5 KR(D):

Current Summation

Iref@ C]D Iref2 Irefd ¥
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Rail-to-Rail Input Stage, Structure 5
(cont’'d)

When the common mode input voltageis
in its middle range.

Both of the N and P channel devices have
sufficient gate bias to operate. In the N-
channel circuitry, both M3A and M4A
contribute signal current, with a

|ref@ @ 275 Iref transconductance set by half of the total
— current available, i.e., Iref. The other half
e E3F of thetail current, also Iref, is diverted to
' e - M3B and M4B, since al of theN
V1A M1 g —2a MIC . M2C transistors are of the equal size, and have
the same mean gate source voltage. This
Vi+
Vi-1 pair M1C and M2C, switching them off.
On the P side, M1A and M2A contribute
signa current. And the current of M1B,
OO —e by 4 transistors, M1A, M2A, M3A and
MA4A. The transconductance is 2gm, and
the total tail current availableis 2Iref.

diverted current in turn draws the tail
M3 M:’E—‘ M4 M4A  \1aciie L '+ M4C M2B draws away thetail current of M3C
. | 1 &N i ard M4C.
80

« Working principle

Current Summation

current Iref6é away from the P channel
I 1 1_'T_| Hence, the total signal output is supplied




Rail-to-Rail Input Stage, Structure 5
(cont’'d)

Vi+

Vi-“ ]

VDD

e

@ Iref2 Iref& ¥

Current Summation

When the common mode input voltageis
closeto Vp.

None of the P channel transistors have
sufficient gate source voltage to remain
active. The current sources supplying
M1A, M1B, M2A, and M2B collapse and
turn off. M3C and M4C become active
and contribute signal current to the
output. Hence, the total signal output is
again supplied by 4 transistors, M3A,
M4A, M3C and M4C . Thetota
transconductance is 2gm, and the tota tail
current available is il 2Iref.

81



Rail-to-Rail Input Stage, Structure 5
(cont’'d)

VDD

Vi-

Vi+

Current Summation

When the common mode input voltageis
closeto -V

None of the N channel transistors have
sufficient gate source voltage to remain
active. The current sources supplying
M3A, M3B, M4A, and M4B collapse and
turn off. M1C and M 2C become active
and contribute signal current to the
output. Hence, the total signal output is
again supplied by 4 transistors, M1A,
M2A, M1C and M2C . Thetotal
transconductance is 2gm, and the tota tail
current available is il 2Iref.
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Rail-to-Rail Input Stage, Structure 5
(cont’'d)

Transconductance vs. input common mode voltage

——— = = =

With constant gm
control

Without constant
gm control

Gm

— Similar to constant-gm input stage
structure 4, there are also 2 bumps on the
gm curve, where the transconductanceis
20% greater than its nominal value. The
bumps are at take-over regions.

By similar analysis we can determine the
maximum value of the total
transconductance is

gm = \2KIref (v2 + 1) = 2.414,[2K]ref

which is about 20% larger than its
nominal value 2,/2Klref .
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Rail-to-Rail Input Stage, Structure 6 [8][9]

e Using Maximum/Minimum selection circuit

e Thebasicidea

— From previous analysis, we know that, when the common mode voltage
drivesthetail current transistor out of saturation region, the tail current of
adifferential pair decreases dramatically with the common mode voltage.
As shown in the following figure.

— Thedifferential pair, —_—
whichever it isN pair or P
pair, with the larger current I
should be working s S
properly. Wejust try to
choose the pair with larger

working current, and Common
discard the output of | 'V' ode Vol ltage
another pair. Vss Vi
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Rail-to-Rail Input Stage, Structure 6

(cont’'d)
 Theblock diagram
o
J
e > . | Maximum 8
VI"LF“ - | },MI Selection — _g 5})
— Circuit g
|_

85



Rail-to-Rail Input Stage, Structure 6a
(cont’'d)

e Maximum Current Selection Circuit

— When lin1>lin2, M2 and M3 try
to mirror linl, but as lin2<linl, | |
there is no enough current for ¢ linl ¢ lin2 v lout
M3 to sink, M3 will work in

Ohmic region and its Vg is very
small. M4 and M5 are off. So | — = |J =
lout = linl <! | | | |

— When lin2>lin1, M3 M4
o 2= o =N, M1 M2 v 2
: D’M4;||D'M5_:I|I In n21JIr|(r|1i1r.]I2(3ut B All of the transistors are with the same
D,M5" "D,M3
linl)=lin2 geometry.
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Rail-to-Rail Input Stage, Structure 6a

(cont’'d)
 Thewholeinput stage

._@_

w1 [ M1z Mﬁl—ﬁlﬁ M17 o

<
+
T
|_\
<
w
-
S
V
<
RS
+
To the next stage

Tk T T TR

M1l MI12 M13 M14 MI15 M21 M22 M23 M24 M25 -VSS

Maximum Selection | Maximum Selection |1

Please notice that wireswith =~ are connected to Maximum Current Selection |, and the wires with =
are connected to Maximum Current Selection 11. 7



Rail-to-Rail Input Stage, Structure 6a
(cont'd)

 Working Principle
— Please notice that if we apply a positive differential voltage to the inputs
Vi+ and Vi-, the currentsof M1 ( Ptype ) and M4 ( N type) will decrease,
and the currents of M2 ( Ptype) and M3 ( N type) will increase. We
apply the current of M2 and mirrored current of M3 to Maximum
Selection Circuit I, and current of M1 and the mirrored current of M4 to
Maximum Selection Circuit 11,

— When the common mode input voltage is close to Vdd, the tail current of
the P input pair decreases, the maximum selection circuits conduct the
drain currents of N pair to the outputs.

— When the common mode input voltage is close to -Vss, the tail current of
the N input pair decreases, the maximum selection circuits conduct the
drain currents of P pair to the outputs.

— At the outputs, we get the larger currents of the 2 input pairs, and hence
the larger gm.
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Rail-to-Rail Input Stage, Structure 6a
(cont’'d)

e Transconductance vs. input common mode voltage

gms
gm
; meremnes gme
— /
M —1 o
\-\ gmy
| l
-Vss Common Vdﬁ

Mode Voltage



Rail-to-Rail Input Stage, Structure 6b
(cont’'d)

* Thereisanother configuration which utilizes folded cacode circuit and
minimum selection circuit to get the maximum gm

— Asinthe folded cascoded shown in the circuit below, if linisat it
maximum value, we will get aminimum lout. So with this folded cascode
circuit, we can not use maximum selection circuit, instead, we should use
minimum selection circuit.

— Why folded cascode circuit?

— The key advantage of this
configuration over the previous
oneisthat it has awider commom
mode range! If it is properly
biased, we can get acommon
mode range which may exceed the
power supply rails!




Rail-to-Rail Input Stage, Structure 6b
(cont’'d)

e The minimum sglection circuit

— Asshownin theright circuit, all N
transistors are with the same
geometry, and P transistors are with
the same geometry.

— If lin2<lind, Iy ys=lp me=lpm7~11N2,
M2 works in ohmic region, and M3
and M4 are off. lout= I 5 ,,,~=lin2.

— I linl<lin2, 15 y5=15 we=1p m7~11N2,
Io m1=lp m2=11N1,
loms=loma=liN2-1ind,
lout= 15 715 ma=11N2-(lin2-1in1)=linl
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Rail-to-Rail Input Stage, Structure 6b
(cont’'d)

The input stage with folded cascode and minimum selection circuit

Folded Cascode and
Minimum Sdlection

Circuit 11

M1

//
77

! O e B ltm;"’d
/b
M3 M4 }—;Hﬂzvi- °_p{[i'\"15 N@_.\{bn -
N
Mg: 2 ljvllzvlﬂ}——@vlm
| | Vss

Folded Cascode and Minimum Selection Circuit |




Rail-to-Rail Input Stage, Structure 7 [10]

* Using electronic zener diode to keep Vo + Vg, | CONstant

e Basicidea

— We have know that to have a constant gm, we can use square-root circuit
to keep ( /| o+ /| \ ) constant, -- IS there any other way to do that?

To summing and subsequent stages

— Please observe the complementary input stage

Vi, =Vi- V, =Veq + [Ves |

| / |
Ve = i”vm and |Ves I i*‘ Ve |

1 wW 1 W
where K = ZKR (T =5 KR(T);

SO

(\/K"‘ \/K) = \W(VGSN"' Vs |- Vin- Ve )
= '\W(Vlz - VTN - |VTP |)
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Rail-to-Rail Input Stage, Structure 7
(cont'd)

Tokeep(4/1, + 4/l ) constant is equivalent to keep Vg, + | Ve | cONstant
If the transistors work in strong inversion region!

We can get this conclusion by another way

gm; = gmy+gmp
IM=2K(Vgey- V) and gme=2K(|V el Vpl)
0

gmy = gM+gMp=2K(Vey * Vel -V ~1Vipl)
To get aconstant Gm, we should keep Vg, + |Vl constant.

Instead of controlling the tail current of the differential pair to have a
constant gm;, we can keep Vg, +|Vge| constant!

Thisideais shown in the block circuit diagram in the following.
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Rail-to-Rail Input Stage, Structure 7
(cont’'d)

* Thecircuit showing the principle

subsequent stages

o
(<)
e
N
| =
—<
SPAENE.
H
To summing and

To summing and
subsequent stages

Please notice that the floating voltage source V z keegps V GSN+|V GSP| constant,
the value of Vzis defined by vz - M/ v, 4 |v,, | 95



Rail-to-Rail Input Stage, Structure 7

(cont’'d)

e Transconductance vs. input common mode voltage of the circuit in
previous slide ( with ideal voltage sourceVz)

Gm _
— With gm-control of Vz

————————

1.0

————— Without gm-control

N -
o = mm omm e =
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Rail-to-Rail Input Stage, Structure 7

(cont’'d)
e Oneimplementation with asimple electronic zener of 2 dioded
connected CMOS FETs[10]
b | Mbl | E In this circuit, the voltage source
| Vzisreplaced by 2 diode
V1 connected MOS transistors.
Q Ib BT L .
J 2 % The small and large signa
o B behavior of this electronic zener
| »VI"E T deviates from that of an ideal
v.ﬁ > N F = g voltage source, which may
M1 m3 Ma | M2 o3 introduce gm control error shown
V2 in next dlide.
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Rail-to-Rail Input Stage, Structure 7

(cont’'d)

e Transconductance vs. input common mode voltage

——  With gm-control of diode
connected transistors

——————

Without gm-control

1.0

SN ==

Because of the non-ideality of
the diode-connected transistors
from ideal voltage sources,
there are 2 dipsin the
transisconductance curve.
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Rail-to-Rail Input Stage, Structure 7
(cont’'d)

* A more precise eectronic zener implementation [10]

T—>||\/|b4
|

Mb5 |
|

<] 8:1||(_,T
| Mb6

@ b
Viﬁ

IPT 1

(JI\/IG -—|lfM8

y
To summing 'and subsequent

stages




Rail-to-Rail Input Stage, Structure 7
(cont'd)

 Working Principle
— Inthiscircuit, the electronic zener is implemented by transistors M5-M8,
Mb3, and Mb6. Mb3 and Mb6 are current sources.

— Astheload of M7 isacurrent source, and M5, M6, M7 and M8 form a
feedback loop which defines the current through M7. Please note that M5
and M7 are current mirrors, | ;5 =1 \,,- S0 the current through M5 and
M6 is constant. M5-M8 loop is equivalent to a zener with very low
resistance. By small signal analysis, we can obtain the conductance for the
electronic zener is

_ gmsgme gm? gm8
gequ - ( + 1)
gm5 + gm6 gm5 go? + go,Mb6

whichis (gm7 I
gm5 go? + go,MbG

zener implementation.

+ 1) timeslarger than that the smple
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Rail-to-Rail Input Stage, Structure 7
(cont’'d)

e Transconductance vs. input common mode voltage

————————

1.0

With gm-control of modified
zener

Without gm-control

Gm

~
--ﬁ————--
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Rail-to-Ralil Input Stage, Structure 8 [11]

« Using DC shifting circuit to change the input DC level
« Basicidea

gmy

Total Gm ( after shift)

""" gm( before level shift)
————— gmy( after level snift)

Gm
e gms
\ - N ) gmN
\ \
\\ “
Level |
shifted /! \
ng \\ ’\
‘o ‘e |
-Vss Common Vdd
Mode
Voltage

— We may notice that there is an overlap between gmy
and gm,, so in the middle of the common mode
voltage, the transconductance is doubled.

— How about shift one of the gm,, and gm,, curve? And
let the transition regions of gm, and gm,, come
together, so that the total transisconductance will be
nearly constant among the common mode input range.

— Level shift can be implemented by common source
voltage follower. We can change the shift level by

altering the bias current 1b.

T
Ib

VI_‘ Mn

n out ° Vout

> Mp
? b Vin
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Rail-to-Rail Input Stage, Structure 8

(cont’'d)
 Thecircuit [11]
yDD
L. II(J |
Mbi]| = ||:JMb3
al M2 © M% Mo
(V) 1b Ip | M% w10
—(f M1 MZ]F
M
V;Jt IRVERY| Mal " Vi- .
®IN next
stage
-Vss

Note: 1) M5 and M6 are level-shifting transistors
2) The voltage shifted by M5 and M6 can be altered by changing Ib 5



Rail-to-Rail Input Stage, Structure 8
(cont’'d)

« Working principle
— Theinput voltages are shifted by M5, M6 by |V 5 5 w6l towards the
positive power supply rail, so the transition region for gm;, is shifted by
the same value towards the negative power supply rail.

— Thetransistions region of gm,, and gm,, overlap and we can get an
constant gm over the common mode range.

GMyoraL

|P-saturgfion N-saturation
I /i/ ) —
/
/
i : . |
-Vss Vicm Vdd

P-saturgtion

5 GMyoraL
% N-saturation

7 P
) . —

P-transition /
N-transiy og—

| i

, Lwdm@

-Vss

Vicm Vad
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Rail-to-Rail Input Stage, Structure 8
(cont’'d)
o Characteristics

— We can obtain very small gm variation ( +5% ) if the DC shift level is
tuned well [11].

— Thiscircuit structure is sensitive to the power supply changes and V;

variations, but we can add some auto-bias circuit to overcome this
problem.
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I I IBP (Vi,cm)
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Experimental amplifier behavior in unity-gain feedback configuration: (a) dc transfer characteristic,
(b) transient response.
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Summary and Com

parison

Case Principle Dgm Slew Rate CMRR Advantage Limitations
1 I+ 1o =const [1][2][6 | N/A for weak Constant 56dB@10Hz, Small gm Only work well in weak inversion, can
] inversion 52dB@100KHz, variation (6% ) in | not used in high speed application
40% if in strong measured in [2] weak inversion
inversion operation
2 \/K + m = congt [3] -12% +6% ( J2times 80dB /53 dB Depends on quadratic characteristics of
[16] simulated in this variation (' measured in [3] ) MOSFETSs, which is not exactly
presentation ) followed for short channel transistorsin
sub-micron processes
3 4 times I or I, when +15% systematicgm | 2timesvariation | 70dB / 43 dB Somewhat simple | 1) Same with case 2, but we can
only one pair operates variation (measured in [4] ) change 4 to other numbersto have
[3][4]1[6] smaller gm variation for short
channel transistors
2) Systematic gm deviation of 15%
even for ideal MOSFETswith
quadratic characteristics
4 Current switch, backup +20% systematic gm Constant N/A Constant slew rate | Systematic gm deviation of 20% even
pairs[5] variation for ideal MOSFETs with quadratic
characteristics
5 6-pair structure, back +20% systematic gm Constant N/A Constant slew rate | Same with Case 4
pairs[7] variation ( analytical
),
$£10% ( measured in
[71)
6 Max/min selection [8][9] | 7% ( simulated [9] ) Constant N/A Somewhat complex
5% ( strong
inversion, measured
[81)
20% ((weak
inversion, measured
[8])
7 Electronic zener [10] 8% ( measured ) 80dB/43dB Same with Case 2
( measured in [10] )
8 Level shift [11] +4% after tuning $80dB (DC) Simple Gm variation sensitiveto V. variation

13% before tuning
( measured )

(measuredin[11] )

and power supply voltage change
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