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4 Rail-to-rail CMOS op amp

*Generally, rail-to-rail amplifiers are useful in low-voltage applications, where it is necessary to
efficiently use the limited span offered by the power supply.

*While conventional amplifiers are capable of linear operation only for signals with a small
excursion around the common-mode levels, rail-to-rail amplifiers are designed to allow signals

to swing within millivolts of either power supply rail.

*The input and output voltage ranges are dependent on the amplifier topology, and the rail-to-
rail operation can be achieved for either the input or the output, or both input and output

»CMOS amplifier with rail-to-rail input
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*PMOQOS differential pair
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*Due to the different dc behavior of each pair, the resulting transconductance varies with the
common-mode input voltage and is not constant.
*When the common-voltage, vCM, is at mid-rail, both n- and p-channel transistor stages
operate normally, as a result, the total transconductance gmT, which is about two times greater
than that obtained in the cases where vCM is close to either of the supply voltages, VSS or
VDD, and only one pair type remains
operational.
*This transconductance variation can be efficiently reduced by using differential pairs based on
improved biasing circuits
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Techniques for N-P Complementary Rail-to-Rail Input Stage

1. For input stages with input transistors working in weak-inversion region, using
current complementary circuit to keep the sum of In and Ip constant

Basic idea:
*For CMOS transistors working in weak-inversion region
W Vas W Iy Vas Iy, 2
— p(—Es g, . =——————F¢eXp( —) = —=k-I,,
T L Ioo EXP(HKT .-"q) S L nKT/q P nKT /q nKT/q o

» So, the total transconductance of
the input stage is

gmi‘" :gmjﬁ,-' +gmp — ;C(IN +IP)
Thus tnhe transconductance or the
input stage is proportional to the sum
of the tail currents of N and P pairs.
‘Mb4 and MDb5 mirror the current
through Msw, Isw, to provide the tail
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.
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*Msw works as a current switch
vWhen the input common mode | s
voltage, Vicm, is close to Vdd, the P ISV )
input pair cuts off, the drain current Ttotal
of Mb2, Itotal is diverted to Msw. And Tb :
then mirrored through Mb4 and Mb5, l % P
to the source node of the N input \ Vit kel [
pair. YE’ """"" ‘ "

v'When Vicm is close to -Vss, the liMsw

switch Msw cuts off, Itotal then flows Vbsw

to the P input pair. Iy
v'In between, part of Itail flows to P LC“”em S I

pair, and the rest to Msw, through Ixt[bJr;_l }*4{ Mb5
current mirror Mb4 and Mb5, to the
N pair.

*Using a first order approximation, the following equation stands, I+I =I_,=const
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*The complete circuit

v'Rail-to-rail constant transconductance is only when the input pairs work in weak inversion

region

vIf the input pairs are in strong inversion region, the transconductance will change by a

factor of 1.4 (\2)

v'/As working in weak inversion region is a requirement to get a rail-to-rail constant
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Subsequent
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transconductance, this structure only applies to amplifiers with low GBW.
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2. Using square root circuit to keep Vlp+ VIn constant
Basic idea:
*For an input differential pair, using a 1st order approximation

gm=2K, (W /L), =\|[K,(W /L),

Where the I, is the tail current of the differential pair. We can change gm by altering the tail
current of the differential pair!
*The total transconductance of the input stage is given by

gmy = gy + giMp = %.“rKR\.-(W [ L)yl + «.h.""KPP (W/IL)s1p

If KPJ\,-(H?L}‘;,; — KPP(HrfL)P::K g”?]— = g}”N _|_g;”P — ,",-'IE( IIIN + IIIP)

-To keep g,,;y contant, we just need to keep Vip+ In constant

|ﬁ Mbp
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*\We can utilize the square law characteristic of MOS transistors to implement the square root

rant hincinA Airarnnid
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1. Veoann +Vseans =Vseaum +Vseaa = CONST,
|
| 27,

o \I'Mﬂ Ve |, as (W/L)m12s=(W/L)mi123=(W/L)mi25.123.
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|' 2] | 21
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+| Ve = const

[ f
1."15._-‘1{123 +y'f_i::-_.u1zﬁ = Cconst,

-2

IntHlsw=Iv7=Ib. Ipm122+ Isw= Ip1=Ib. and Ipmi22= Ipmi1252 In= Ipmios

3. Ipi2st Ipmi26= Ins=Ib. IpM126+ Ip= Ino=Ip. 2 Ip= Ip.Mm123

From 1. to 3., we can obtain +/Zy ++/Ip =const,

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

—_—
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Working Principle:

v'The input transistors work in strong inversion region

v'The square-root circuit M121-M125 keeps the sum of the square-roots of the tail currents of
the input pairs and then the gm constant.

v'The current switch, M111, compares the common-mode input voltage with Vb3 and decides
which part of the current Ib7 should be diverted to the square-root circuit.

v'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 IN
equals Ib7=4Iref=20uA.

v'The sum of the gate-source voltages of M123 and M125 is equal to reference voltage which
is realized by M121 and M124. Since the current through M125 equals IN and the current
through M123 equals the tail current of the P channel input pair IP.
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VIt can be calculated that the square-root of Ip is given by (M121-M125 matched)

NIp =241 =1y

v'In the common-mode input range from -Vss+1.2V to Vss only the P channel input pair
operates. In this range the current Ib7=4Iref=20uA flows through the current switch to the
square-root circuit. Thus, the current through M125 is nearly zero which means that its gate-
source voltage is smaller than its threshold voltage.

vIf the current through M123 is larger than 4Iref=20uA, the current limiter M126 limits the
current of M123 to 41lref=20uA and directs it to the P channel input pair.

v'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 i

— ] 1 W 1 __
gm=2./2KIref Where K =:Kﬂ'(f}_\r =;ELPP(?}P
v'The summing circuit adds the output signals of the complementary input stage, and forms
the output voltage.

Nicriiccinn:
L IVUVUUVUVIVI .

*The circuit 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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3. Using current switches to change the tail current of input differential pairs

Basic idea
*We know that, by first order approximation, for a MOS transistor working in strong inversion
and saturation region, square law applies, that is -

I,=K(W,-V.). and gm=2.KI,. (—)

*Suppose for the N and P input pairs,
J— r
( )x = P(E)P = 2K

and the tail currents of N and P pairs are equal, with the value of Itail
*When the input common mode voltage is in the mid-range, both of N and P pairs are
conducting, so the total transconductance is

Qi = @y + @ = 24/2 M

*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.

_ _ - . 2K
gy = gy, = gy = 4/2KI

*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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*increase the bias current in the differential ampilifier that is on when the other differential
amplifier is off.

*Three regions of operation depending on the value of Vicm:

1) n-channel diff. amp. off and p-channel on

Vien <Vomn» | = 41,

icm onn> ' p

I meff :\/kaP/LP 2\/E
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2) p-channel diff. amp. off and n-channel on
Viem > Vongs 1 =41,

onp>'n

Omett = \/knWN /Ly 2\/E
3) p-channel diff. amp. on and n-channel on
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Result: gm(eff)
4 Al /9, =15%

EmN—EmP——m8— T ~— I ~—

0 ' ' —-Viem
0 Vonn Vonp VoD Fig.

*If the common mode input voltage is between Vss+1.3V and Vss+1.5V, the M116 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).

*The total gm of the input stage is given by

gm; = J2K (x,f"ﬁ' + ﬁw.""fregff +3(Iref - Ix))
«Calculate the maximum value of this equation, we can obtain that when Ix=(1/3)Iref, gmT has
its maximum value. Which yields

n
oy = x;Mref{ |—+ﬂ. 3)=2 31y 2KIref = 2,/2KIref (1+ 15.5%)

Which is about 15% larger than its nominal value 2./2KIref .
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4. Using Maximum/Minimum selection circuit

The basic idea:

*From previous analysis, we know that, when the common mode voltage drives the tail current
transistor out of saturation region, the tail current of a differential pair decreases dramatically
with the common mode voltage.

*The differential pair, whichever it is N pair or P pair, with the larger current should be working

properly. We just try to choose the pair with larger working current, and discard the output of
another pair.

Vit vi- | Maximum
Selection
Circuit

To subsequent
stages
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Maximum Current Selection Circuit: J\ /l
*When lin1>lin2, M2 and M3 try to mirror Q’;‘ Tinl ,L\\ Iin2 y Iout
lin1, but as lin2<lin1, there Is no enough I
current for M3 to sink, M3 will work in Ohmic

region and its VDS is very small. M4 and % | l:
M5 are off. So lout = lin1 : .

*When lin2>lin1, |5,=l5-=lin1, |,=ln=1in2- - .
. " _p2 o=, "pa™ins ML M2 Y Ms
lin1. lout =lps+ I5,=lin1+(lin2- lin1)=1in2

All of the transistors are with the same
*The whole input stage geometry.
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Working Principle:

*Please notice that if we apply a positive differential voltage to the inputs Vi+ and Vi-, the
currents of M1 ( P type ) and M4 ( N type ) will decrease, and the currents of M2 ( P type ) 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 Il.

*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.
*Transconductance vs. input common mode voltage:

gm
g mT

amy,

_ . |
-Vss Commeon W""Tda
Mode Voltage
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*There is another configuration which utilizes folded
cacode circuit and minimum selection circuit to get the

mﬁ\IIMI Irm N

*As in the folded cascoded shown in the next circuit , if
lin is at it maximum value, we will get a minimum lout.
So with this folded cascode circuit, we can not use
maximum selection circuit, instead, we should use
minimum selection circuit.

*The minimum selection circuit:

v'As shown in the right circuit, all N transistors are
with the same geometry, and P transistors are with
the same geometry.

VIf lin2<lin1, I5s=l56=15-=1in2, M2 works in ohmic
region, and M3 and M4 are off. lout= I,=lin2.

VIf  lin1<lin2,  1s=lpe=lp/=lin2,  154=15,=lin1,
lp3=1p4=lin2-lin1, lout= 15,-15,=lin2-(lin2-lin1)=lin1.
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*The input stage with folded cascode and minimum selection circuit:

Folded Cascode and

Minimum Selection

I 1
(p O jl 1?”‘_— Mig ItMlgdd

Circuit 11
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