The common-source (CS) stage is a good
alternative since its output swing can be extented
from rail to rail. Also body effect does not exist.© Ig

A conventional class-A CS stage (see the figure on

the right) will be sufficient in applications like y _|
. i . I

switched-capacitor filters, where the loads are

small capacitors (easy-to-drive).

However, when the load is a low-impedance one (e.g. an off-chip ohmic
load like an earphone , or an off-chip large capacitive load ), the large-
signal driving capability will be limited; particularly because of the
fixed bias current I, (max. value of the current outwards will be 1;). So as
to obtain a good driving capability and/or slew-rate, I, must be
chosen large enough; yielding a large quiescent current, thus a large
quiescent power consumption (the quiescent current I, is equal to I, for
this case).

@} The output stage is the most power consuming part of an
opamp. Therefore, special care must be taken to obtain a power-
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efficient operation, while keeping other performance characteristics
within acceptable limits.

As integration density gets larger, dissipating large power on devices
becomes a more critical problem. Trying to keep the power
consumption as low as possible is important fom this point of view
as well.

The class-B output stage is a very efficient Vbp
configuration, but possesses a dead region M;

along which both transistors are OFF.

Unfortunately, this region is usually located Y Yo
around the quiescent (bias) point (That is why |_{| M, %RL
the quiescent power is ZERO; enhancing the power

@ The output stage must be able to drive the load impedance
without degrading the unloaded performance and without
introducing intolerable distortion.

efficiency @ ). In opamps, we cannot tolerate
the distortion level caused by such a stage.
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By allowing some current flow over the
MOSFETSs for the quiescent condition, we can
avoid the dead region. Then, the quiescent
power consumption is not zero ® but low
enough ©; and the output current can be
increased for large signal operation (as in
class-B). This operation is called the class-AB
operation. The efficientcy is still large enough.

The control of the quiescent current I, is important since it must
guarantee that both transistors are ON for quiescent condition,
besides determining the small-signal behavior of the amplifier.

It is obvious that, as long as the bias voltages

V., and V, are fixed, one of the MOSFETs will Ii
go OFF as v, travels towards one of the rails.
When MOSFETs are employed, it can be
shown that when one MOSFET reaches the
current level 41, the other one goes OFF (B.=8, ; !
andV_, =]V, | assumed). (see the curve) Vi
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THnNn THp

Because of the delay caused by ON-
OFF transitions of the MOSFETs, for
the sake of speed, both transistors
must be kept ON for all cases (at least,
a small amount of minimum current I,
must flow along, otherwise, a large
crossover distortion is observed for high- I,
frequency large signals). S e

The desired curve is given on the right.

Trying to keep both transistors allways ON requires continuous
adjustment (class-AB control ) of V, and V..

example case: When v, tends to V., |v.,| will tend to zero for a fixed
V,, - However, reducing V., accordingly will help keeping M, ON).

The class-AB control of the current I, (and 1,,,) can be performed by
accordingly controlling one or two voltage sources or current
sources, as depicted in the figure below. This control may be
performed by using samples of the input signal or the output signal.
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In other words,
the class-AB
control can be
performed via

. feedforward
techniques

. feedback
techniques

The feedback
technique is
usually better in
achieving an ac-
curate quiescent _
current control “

while enabling operation for lower supply voltages.

3 D‘
Class AB —l

control

The feedforward technique, on the other hand, is faster (the
feedback technique slows down the output stage; furthermore some
stability precautions may be required ).
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A simple feedforward structure is 2 Voo
shown in the figure on the right (The " ETM
input voltages V,, and V,, are not : ’
necessarily voltage sources; they can be ) 1[: M,

formed with aid of input currents).
’ |
’;ﬂ—#g
- o Vas

Although resistors are used to obtain

a fixed voltage V,,, transistors could
Unfortunately, the quiescent
current is dependent on V_, via

also be used (An example for such a
circuit will also be supplied shortly).
V,.,. Furthermore, for Ilarge
fi+ fl,=2- R2 '
“/_1 J-z “fq signals, one of the output
= (W) (L) Lo
a- \L/I\W/s R,

current can be obtained as follows:

M,-M,, M,-M, and R,-R, pairs are
Vasi + Vasa+ Vi = Vass+ Vass+ Va
transistors will be OFF (1,,,=0A)

assumed matched. The quiescent
(see the curve given on the
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right). This limits the large signal speed.

The top and bottom current sources *qf----:
guarantees large input impedances at 'z
the input nodes (required to obtain a large

voltage gain). ;

>l :
| |

N

(g ~__ The circuit on the left, wherein current
1y e | | M}-‘ sources and transistors_ are employed,
is more advantageous since the voltage
difference V,,-V,, can be kept

independent of V_, as long as I, is

Mo supply-independent.
% My The increased number of series V_, drops
Vine ‘ in this all-MOSFET version may limit the

minimum supply voltage. ®

The quiescent and minimum currents
« (1, iS not zero ®) for this circuit are
obtained below:
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Li=2pee 177 lher

v

L, L, L)~
’1W‘I"' ’3W3=( wt W, JRer

=

IZT
L L L L
2 4 6 8
[y * e = [ W 'V_V']»\/"’HEF
2 4 6 8 I e . | q
min { !
hitly = 2lpge e & 18
2 2 This circuit is widely used as output
[/_2f]+[1-2/]=2/ y p
=20l Jh=2.0l 7  stage of LV
Iy = Iner opamps.
2 The input
[ = (2-42)"1 =034/
min = (2= q g currents can
be the

“summed up” currents of the p- and n-type
input pairs. Alternatively, if the input signal is
in voltage mode, a simple double-output
transconductor (an example given on the right)
can be used to obtain these current signals.
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Another output stage example
ET"'D for the feedforward approach is
shown on the left. Here, the
| minimum supply voltage is not
WV limited by several V_ drops ©.
This is made possible with help
of the V,, voltage difference
(such that, V,<V, for LV operation.
When large V,, values are used, it
is wiser to satisfy V,>V,).

l'mm The circuit can be operated
from a supply voltage slightly
greater than the threshold

T' an voltage of the transistors.
v

The quiescent current is well-
defined at a value, 1,=2al, . The additional advantage is that, unlike
the previaous examples, |, is also well-controlled via an expression,
as simple as that of the quiescent current: I, =al, . ©
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-

MIN

So as to avail a proper LV operation, V,.=V -V, must be chosen such
that, the transistors M, M, , M, , M, , M, , M, all operate in (but
close to the limit of) saturation. Suitable values for V, and V, can be

VX:VDD- I VGSlp,Q I - I \ I -AV , VY= V, V +AV

where AV is a small margin (e.g. 50mV) to guarantee saturation.
Then, the appropriate value for V,, is obtained as

VAB: VGs1n,Q+ IVGs1p,QI -2V - VDD + 20V

Then, V, +V,_, can be kept less than 2V for typical processes (e.g.
V,,=0.8V) and large enough transistors.

DSsat3p Gs1n,Q~ Y Dssat3n

DSsat

Since a V,, larger than V_,, cannot be supplied (unless a charge
pump is used), V,, < V,, must be satisfied. Then we obtain the
limitation for V_, as “ V_ ,>1V ”. This is a much better result with
respect to previous feedforward-based output stages.

The capacitors are used to guarantee a stable feedback since the
utilized amplifiers may supply large gain (important: this feedback is
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not using a copy of the current/voltage of the output transistors; it is used
intensively for proper operation of the feedforward circuitry)

On the right, a conceptual

circuit is given which can be é| =
utilized to obtain the V,, voltage. 271
The differential amplifier (DA)
controlling the matched current
I, together with the resistor R,
form the voltage V,,=I R, across
the nodes Z and W. With aid of
the 1’ currents (1'=1) and the
resistor R’ (R/’=R,), the desired
floating V,, voltage is achieved
across the nodes Y and X.
Using  currents =1, the
quiescent voltage values for V,
and V, (V,, and V,,) are supplied.

Below is a practical realization of this circuit.
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Provided that the bias
currents are  supply-
independent, as long as
the V,, voltage is positive,
it remains independent of
the supply voltage V..

This is an appreciated
feature since it enhances
the PSRR.

As V,_, supply increases
above 2V (for the above
limit example), V,, must be negative (i.e. V,>V, must be satisfied). For
such larger V., values, the above circuit can still be used by just
interchanging the X and Y nodes.

Another interesting feedforward-based circuit for obtaining a well-
defined I, is shown below. This circuit uses “dynamic biasing” with
aid of switches and capacitors, so as to achieve the required
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W guiescent voltages of the

oo
v b 8, nodes A and B (respective
woz A s It”m gate voltages of the pMOS and
51 82 nNnMOS output transistors). @,
. N and @, are non-overlapping
Ts1 “or :_: :_: Coq i, clock phases.
Vs 2, 22 N our * When g is “1™
y r—“" /. o o S1, S3 and S5 are closed
b 53 S (others open) ; thus the
Yano N required V, voltage is
gz Coa - T Pos obtained across C_, and V,
: ¢ voltage is obtained over C, .
'I.I"B 1 4
MO4 |——"E ; EI—]MOE e When @, is “1”:
v. S2, S4 and S6 are closed

% (others open); thus the
required voltage difference V,, is obtained across C_,, and C_, -in
series. (note: Actually, this equalization process will require several clock
periods to settle, since the function is a damped SC integration).

7

If we choose I,,=I_=I, and achieve a ratioed matching among the
transistors, such that B,,/B..=B.,/B.,= a, then, for the steady-state
(quiescent) case for which 1,,,=1,,, (equal to I,, by definition), the output
transistors are forced to be ON with a well-controlled quiescent
current: 1 =al;.

This design focuses on obtaining a well-controlled 1, but
unfortunately does not supply a non-zero |I,,,. ®
C,; and C_, must be chosen large enough compared to C, and

C.so, » SO as to avoid the charge loss during large-signal transients,
as far as possible.

Due to a large input drive, V_,, and V., may be pulled beyond Vg
and above V_, , respectively. This swing is limited by the forward
biasing of the switch bulk junctions (the forward-biased junctions
rapidly discharges the capacitances C_, and C_,)

Note that the switches S3 and S4 -even for steady-state- will have
their sources/drains connected to the mid-rail. Assuming that “1”
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and “0” levels are corresponding to V_, and V., and considering a
typical threshold of V,,=0.8V, we find that, the minimum power
supply requirement (V +]V. | for this example) is typically limited
by 1.5V.

If we could have supplied a larger (>V_,) gate voltage for the switch

transistors, we could have coped with this limitation.
v

As a solution, a clock oo

booster can be used. An e

example is given in the 4[‘“52 |

figure on the right. Such

a circuit can supply “1” T ME4 our
1

levels which are >V_,. It
is more convenient for

- |
B1
such circuits if the "o l | T e
driving point impedance is [__ﬂmm 0

high (drawing small
currents).

el

In steady-state (clock LOW), M., and M_, operate as an inverter.

When the clock is HIGH, capacitor C,, is precharged to V_, through
transistor M,, (during this process, the upper terminal behaves like a
source and the transistor is usually in the triode region). During this
process, V.,=V,, and V., travels from V, to V_, ; M,, is OFF,
whereas M., is ON, discharging load capacitor C,, .

When the clock goes down, the output of the inverter M,_,-M_, goes to
V., - Then, M_, and M, are OFF , whereas M., is ON. If C_, is chosen
much larger than C_, the output voltage is boosted above V..
Although V_, tries to reach 2V_, during the last part of the
transient, the bulk junctions of M., limit this to approximately
V,_,+0.6V. Nevertheless, this is a sufficiently high voltage to drive the
switches S3 and S4 in the output stage, when a power supply of
VotV |=1.2V is used.

So, the SC techniques seem to be quite promising for obtaining
functional analog circuits operated from low power supplies.
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The feedback approach for class-AB control is generally performed
by using copies of drain currents or gate voltages of the output
transistors, to obtain an information about the output signal.

Mb M3 M4 Vdd Mb M3 M4 Mpl Vdd
I'm
| I|<J | [ |(_l | L'| | |
- |[:J - |E I
Lpy=Ip/m
Iy v, ”"’i-,:’ Class AB I Vy h % Class AB current Vo
"3 : _ feedback control v : _ feedback control T
i f..;;j [ nonlin.ear )] B ;‘;_;;‘ ( nonlinear ) . 0
Ly =hy/m Ty
1’1 L‘!
IL—q I[% ’ IL_ﬂ IE ﬁl [, Mn
I'm
MI M2 -Vss M1 M2 Mnl -Vss
(a) (b)

In the figure above, (a) and (b) shows generalized structures for
feedback-based class-AB control via using the gate voltages and
drain currents of the output transistors, respectively.
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On the left, a good
example for feedback
approach is supplied.

l1a =2 ger

A copy of I, flows on R,
and acopyof l,on R, .

Assuming M,,-M,, and
R,,-R,, pairs matched,
we find V=V, for

quiescent conditions.

Ving &

Then, assuming M,

matched with M,, M

W, L and R, matched with R, R13 ,
obtaln V V.6 » thus |I11|—I

& Vg5

( In this way, the quiescent and
/

2= 2L, | minimum currents are well
min qL = J

12 APpCoxWiylpee) defined as given on the left.
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I,.n is kept non-zero with the aid of the feedback loop, as described
below.

If M, tries to go OFF (i.e. reduce its drain current to very low levels), R,
will receive a very low current; thus V. is pulled towards V (note
that for low currents of M,, V,, will be much larger; thus it is practically
OFF). Then, M,, will receive all of the current 2I_... Thus, V. will be
controlled by only V . (i.e. by the small current of M)). In this way,
The drop in V, will in turn reduce V., and that will — via the
differential amplifier M,;-M,, — increase V_, and reduce V., . These
supply an extra I,,,, current left behind from the net output current.
Thus, the minimum current never becomes zero. When M, tries to
go OFF an opposite similar process keeps its drain value equal or
above I, .

The above |,,,, expression, however, requires additional care to be
understood in detail.

Below, another very similar class-AB output stage, based on the
feedback approach, is given. Here, R, and R, , receive not only
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2gr v copies of the drain
#Y% currents of M, and
M M 2
1o “t”ﬂ[j " M, but also those of
M, and M
respectively.

15 ’

Two different current
references are used
in this circuit;
namely, I... and I

v,

IN2 2F

LT*—{ erM‘;‘! |
REF2"

M :
l:‘ " 1 Ml_-‘—“:I—" !. The feedback will try
aﬂm l'zs[}% QRW ‘ to achieve V=V, .

#Vss Assuming R, -R,-R,,
and M,,-M,-M,, matched, we find that, for quiescent conditions,
(when 1,,,=0A 2 I.=1,=I,) the equality I_,=I.,, , thus V .=V, , will be
satisfied. This vyields I,.=Il,,,=l.,, (since V .=V, as a result of
connection). Assuming M,-M,, and M,-M,, matched, we obtain

v R + (I 1R

+ 1

Gs18 REF GSlS REF2
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Then we obtain I, as
I = I IREFZ + (V6518 _VGSlS)/Rl3

l.er IS usually chosen slightly larger than 1., to supply a small I,
Therefore, typically V,, -V, is very small. Thus, 1= I - I, is
obtained. Obtaining I, as a difference of two currents makes design
more flexible.

Q REF

Usually, B,,/B, and B,,/B, are chosen less than 1 to avoid large
currents flowing along the control circuitry in large signal
conditions. Therefore, more generalized expressions for I, and |
are given below.

MIN

W L”
lg= W, ('ner~rer)
/ _ (l IH‘EF?_ B ﬁ~1 ( 2IF?EFLM J}
min < -4 lagr—Trers  Uper=lrer) B\ NHaCoxWiy
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Avoiding the drain currents of M, and M, from being zero for large
signal conditions is achieved similarly as the previous circuit.
Depending on which output transistor is starting to go OFF, the
voltage V., is modulated to supply an opposite move to regulate the
drain current of that output transistor at a minimum value.

The resistors may 14 =2l

. |
| 2 Vpp
be a problem, for 1=t | 1@1? 1O S e 2een L
example in area ol Y| i Myl

consumption o 2 =
point of view.
Therefore, an all- Ly
MOS  structure e
like the one on
the right would
be appreciated.
The operation is
slightly different
but the main principle is same as the two circuits explained above.

2 Vg
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The quiescent and minimum currents for this output stage are

AN
q = I, W (2/ger; — Iper)

/
[ . =111- RE
mn g ZIREFZ - IHEF

WioLs
2(J2-1) [—18 +(3 2./2) 1918 ‘9L18
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