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Abstract This article presents useful guidelines for
designing CMOS class-AB output stages. Three Quality
Factors, which allow analysis and comparison of different
output stages, are used to design two CMOS class-AB
stages. We show that using the proposed Quality Factors
and the related strategy leads to an efficient design in terms
trade-off among area, current consumption, bandwidth and
distortion. Indeed, for one of the two stages adopted as
example, the design through the Quality Factors results in
superior distortion performance with respect to the design
suggested in the original article. Design examples and
simulations are provided to validate the design strategy.

Keywords CMOS analog circuits -
Analog integrated circuits - Operational amplifiers -
Output stages

1 Introduction

In most analog circuits, the power operational amplifier
(OpAmp) represents a fundamental building block. Unlike
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the operational transconductance amplifier (OTA), the
OpAmp also includes an output stage to drive low load
resistances [1, 2], which determines several features of the
OpAmp itself. In particular, the output stage significantly
affects the power dissipation, linearity and bandwidth of
the OpAmp [3, 4].

The performance of output stages is measured in terms
of output swing, drive capability, dissipation (or efficiency)
and linearity. In general, the push—pull topology reported in
Fig. 1 is used to maximize the output swing (in this manner
the output swing, V.., intrinsically reaches the value of
Vop — Vss — 2Vpssar), and the drive capability required is
guaranteed by properly setting the aspect ratio, (W/L), of
transistors MNO and MPO in Fig. 1.

Efficiency generally depends on the bias current, which,
being a tradeoff between power dissipation and bandwidth,
must be properly controlled. Moreover, as a consequence,
linearity, which strictly depends on the above parameters,
is often sacrificed and its final value is determined by the
topology adopted. Several topologies have been presented
in the literature with the objective of satisfying such dis-
parate requirements. However, their different structures
and characteristics make it hard for the designer to choose
the best option [5-8].

In the article [9], the authors defined three Quality
Factors for comparing different output stage topologies
designed for very low voltage power supply. These Quality
Factors can also be used to give the designer a better
understanding of relationships among current dissipation,
area consumption, bandwidth and linearity of a generic
output stage topology. Thus they can be used profitably
during the design of an output stage.

In this tutorial, we present the use of the Quality Factors
for obtaining useful design guidelines for the design of
output stage topologies. In particular, Sect. 2 deals with an
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overview of output stages with emphasis on low-voltage
(LV) applications; then, in Sect. 3 we define and introduce
the three Quality Factors which relate bandwidth, distor-
tion, efficiency and current consumption; in Sect. 4 we use
the three Quality Factors to analyze two output stages and
to extrapolate some useful design guidelines; in Sect. 5
design examples as well as simulations are given and,
finally, in Sect. 6, conclusions are drawn.

2 Overview of output stage features

With the term drive capability we means the ability of an
output stage to provide current to a resistive load. In par-
ticular, considering Fig. 1, with R; being the real part of
the load Z;, it is apparent that the output stage have to
provide a maximum current i;ax) = Viwing/2R, in both
positive and negative direction. Hence, the maximum
amount of current, i;ax), depends on the aspect ratio of
final transistors MNO and MPO and on the overdrive that
the driver stage of Fig. 1 can provide to them. Since, in
general, the silicon area of the final transistors is not neg-
ligible and should be minimized, the driver stage has to
provide the maximum allowable overdrive (i.e., the voltage
Vop — Vss —Vpssar) to MNO and MPO [10-13].

In general, for analog circuits a trade-off between
bandwidth and power consumption exists, and it depends
on the quiescent current, /, of transistors MNO and MPO.
In fact, if we consider the stage used in a complete
amplifier, as shown in Fig. 2, the compensation is typically
achieved by using the Miller (or Nested Miller) approach
[2—4, 14-17]. Thus the maximum achievable amplifier
bandwidth, wgpw (given by g,.014/Cc), is upper bounded
(through the required phase margin) by the second pole,
w,, which results equal to (G + 1/R;)/Cy. Moreover,
since stability must be achieved independently of the load
resistance, the maximum amplifier bandwidth is bounded
by the worst-case second pole, w; = Gy, /Cr , Which is
only due to the output stage [18].
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Fig. 2 Two-stage OpAmp in voltage follower configuration

Noting that both the dissipation and Gy, increases with
I (the former with linear law and the second with a
square-root law), the quiescent current must be properly set
and accurately controlled. Indeed, the ability to accurately
control quiescent current I, is key factor of a real output
stage [19-21].

Finally, also the linearity, which is measured in terms of
total harmonic distortion (THD), is strictly related to the
quiescent current of the output stage, and in particular, it is
improved (i.e., THD decreases) increasing I, [22, 23].

3 Quality factors

The discussion in the previous section highlights the trade-
offs among the various features that an output stage has to
exhibit. In general, for the designer, it is not simple to
choose or design such stages. To overcome this difficulty
we use the three Quality Factors previously presented in
[9]. In particular, two Quality Factors, namely Qg and Qp,
respectively, deal with bandwidth-dissipation and distor-
tion-dissipation performance. The third one, named Qc,
supplies the relationship between the bias current of final
transistors, I, and the (undesired) current, Ipg, required to
bias the driver stage as in Fig. 1. All these Quality Factors
may be used to analyze and compare different output stages
as well as to find useful guidelines which may be used by
designers in the design phase.

3.1 Quality factor Qg and bandwidth

Consider the real output stage shown in Fig. 1(a). Assume
that its current Ipg biases the driver stage, that current /,
flows in the final branch and that the aspect ratios of MPO
and MNO are equal to Spp and Sy, respectively. Assume
also that, when inserted in an OpAmp, it is responsible of an
open-loop second pole equal to W, = Gy, /Cr Where Gy
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depends on the driver topology and is a function of Ipg, Iy,
Spo and Syo (that is, Gy, is a function of current and area
consumption). The Quality Factor Qjp is defined as the ratio
between m, of the real stage and the open-loop second pole
of an ideal stage, referred to as the normal stage, which
exhibits the same current and area consumption.

The normal stage is defined as the ideal output stage
with the following characteristics: (1) the driver stage has
unity gain; (2) the driver stage current Ipg, is zero; (3) final
transistors MPO and MNO have the same aspect ratios as
in the real stage (i.e., Spo and Syp, respectively); (4) the
total current of the normal stage equals the total current of
the real stage (i.e., the current in the output branch of the
normal stage is Iy + Ipg of the real stage). The normal
stage can be always developed for any real stage. More-
over, assuming that only MPO and MNO are responsible
for area occupation, the normal stage is unique for any real
stage with equal current dissipation and equal area occu-
pation. Hence its open-loop second pole, woyory, can be
used as a normalizing parameter for the open-loop second
pole of the real stage.

Assuming a first-order model for MOS transistors, it is
easy to show that the open-loop second pole of the normal
stage is equal to WonorM = (\/2ﬁP01T0T + \/2ﬁN01T0T)/
Cp, where fpp and fyo are the gain factors of the PMOS
and NMOS output transistors, respectively. Consequently,
we can define Qp as

= () _ GMout
avormt (v/2Bpo + \/2Pvo) ViIror

This Quality Factor tells the designer if both area and
current are worth expending to obtain the present
bandwidth performance. The higher Qg is the better the
stage topology.

(1)

3.2 Quality factor Q¢ and efficiency in bias condition

Referring to Fig. 1, current I, of an ideal output stage
should be set by bandwidth and distortion requirements
while current Ipg should be ideally equal to zero. Obvi-
ously, to work properly, the driver stage requires a finite
current, Ipg, that should be as low as possible (generally
much smaller than Iy). Therefore, we can define the
Quality Factor Q¢ as

Oc = Ipr/Ip (2)

representing the ratio between the current needed by the
driver stage and the current required by the output branch.

Defining the total current of the stage as Iror =
Ip + Ipg, the efficiency of the stage under bias condition
(defined as the ratio between /po—useful current—and the
total current dissipated by the stage, I7or), is: Ngas = Io/
Iror = V(1 + Qo).

A good design should exhibit 145 as large as possible,
that is, close to unity or, equivalently, it should exhibit
Qc close to zero. Somehow the two parameters give the
same information and the reader, when dealing with Qc,
should keep in mind the physical meaning of this quality
factor that also represents a sort of bias-condition
efficiency.

3.3 Quality factor Qp and distortion

Several indicators are used to measure the amount of non-
linearity in analog circuits but, among them, the most
convenient are based on the Fourier decomposition and on
the harmonic analysis. If the analog circuit is fed by a pure
single-tone signal at frequency g, non-linearity causes
undesired tones (harmonics) at the output. Defining Y, as
the amplitude of the kth tone, harmonic distortion com-
ponents, HD, are defined as HD; = Y;/Y, and the total
harmonic distortion is defined as THD = />, HD?. In the
case of low distortion and in a first-order approximation,
HD, and HD; components dominate over higher-order
components and so we may write THD = \/HD3 + HD3.

Another way to characterize distortion is to use inter-
modulation distortion. In this case two sinusoidal tones of
equal amplitude and frequencies w; and w,, respectively,
are applied to the input. The output exhibits intermodula-
tion products made of two tones at w; £ w, and four tones
at 2wy £ w, and at w; £ 2w,. Intermodulation products
are measured in terms of /M, and IM5. The former is the
ratio of the two components at w; & , to the fundamental
while the latter is the ratio of the four components at
2w, £ w, and w; + 2w, to the fundamental. In a first-
order approximation, HD, and HDj; are related to IM, and
IM5 as IM, = 2HD» and IMy = 3HD5 [24]. Therefore, HD
or IM components may be used to express distortion
equivalently. Moreover, IM components may be derived by
the knowledge of HD components and vice versa [24]. In
our discussion, we shall use THD to measure distortion
and, since very often either HD, dominates over HD; or
vice versa, intermodulation components may be obtained
by the knowledge of THD, easily.

In output stages THD decreases while the quiescent
current increases and, for a given bias current, THD mainly
depends on the driver stage topology adopted. Moreover,
THD is a function of the output signal and assuming the
load resistor to be linear, it depends on the load current i;.
At a first approximation, THD increases with the load
current and reaches the maximum value for i;ax) =
Viwing/2R;, as focused in Sect. 2. Consequently, an effec-
tive definition for the third Quality Factor, Qp, is obtained
assuming THD is proportional to i pax, and 1/Iror and
setting the following:
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Qp = THD - 12 (3)
L (MAX)

If THD is really proportional to iz ax) and 1/Iror, Op is
a unique number, independent of current consumption, that
individually defines the stage properties from a distortion
(or linearity) point of view regardless of its dissipation.
Specifically, it tells the designer what is the maximum
distortion the stage can exhibit after paying the price I7o7in
static current consumption. Obviously, the lower the O, the
better the stage, since for a given dissipation and for a given
output swing the stage exhibits better linearity performance.

4 Output stage design guidelines

Starting from the quality factor described above, we can
derive useful guidelines to design CMOS output stages
and, in particular, to size transistors in the driver stage.
We shall show their use through the design of two CMOS
output stages. The first one is the well-known symmetric
differential-input (SDI) stage originally proposed in [25],
the second is an interesting CMOS output stage suited for
LV application and proposed in [26]. As far as the latter
stage is concerned, it is worth noting that, following our
design procedure, we obtain different transistor dimensions
and better linearity performance compared to the original
work [26].

Before starting with the exposition of the two examples,
we define some key parameters that will be useful in the
following. The first parameter is the well-known transistor
gain factor, defined as

By = HCan (VLV) )

Assuming a first-order model for the saturated
MOSFET, the drain current of transistor Mi takes the
following expression
ipi = %(VGSI' - VT)2 (5)

To define the remaining parameters we refer to generic
schema of output stage in Fig. 3 where we identify
transistors MND and MPD as those transistors of the
driver stage directly connected to the output transistors
MNO and MPO, respectively. Therefore, we define

_Pyo _Pro
ﬁND ﬁPD

as the ratio between the gain factors of the output transis-
tors and the corresponding directly connected transistors of
the driver stage. Note that, we assumed that the stage is

symmetric, that is, fiyo = fpo and fxp = Prp-

(6)
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Fig. 3 Geometrical parameters common to output stages

Finally, referring to Fig. 3, we may distinguish transis-
tors MNI and MPI as the input transistors of the driver
stage and define

b bn
ﬂND ﬁPD

as the ratio between the gain factors of the input transistors,
MNI and MPI, and transistors MND and MPD and of the
same type. Note that, depending on the topology of the
stage, either MPI or MNI may not be present. In this case
the existent input transistor defines the parameter 7.

(7)

4.1 Symmetric differential-input CMOS output stage

The SDI CMOS output stage originally proposed in [25] is
shown in Fig. 4. This stage exhibits high linearity thanks
to the symmetry of the driver structure. In fact, all NMOS
transistors are designed with a gain factor equal to that
of the corresponding PMOS transistors (i.e. fix; = fp;) and
A- and B-type transistors in Fig. 4 are designed with the
same aspect ratio.

Parameter n is defined as in (6) and, observing that the
input transistor is MNIA (and MNIB), parameter ) is
defined as

- fm ®

Y=
ﬁND

MPIA  MPIB

Vss

Fig. 4 Schematic of the SDI output stage
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In addition, we introduce the ratio between the gain
factors of transistors MI and M1 as

m:& 9)

B
4.1.1 Large signal behavior

The large signal behavior may be found inspecting the
circuit in Fig. 4. Assuming that all transistors operate in the
saturation region and considering the first-order model for
MOS transistors in (4, 5), following the paths composed by
the gate-source voltages of MNIB-MPIA-MPI1A-MNIA
and MNIA-MPIB-MP1B-MN1B, we obtain

(VCM + VIN) (VCM - vﬂ)

2 2
2i 2ml,

— 2V 42 ’;”D —2Vp -2 ”ﬁ“* (10a)
1 1

(or-3) - ()

2i 2ml

—2Vr 42 ’;ND 2 -2 ’Z B (10b)
1 1

which, considering that ippo = nippp and ipyo = nipyp,
lead to
ZmIB

ippo = oy
2 B

+ (2Vr + Vossar)

2
2ml

iDNOZn—'BI e YN ; forvﬂ>VCM
2 By

2
VIN VIN
) for 2 < —
+ 2) ; or 2 < VCM (lla)

2 (11b)
— (2Vr + Vpssar)

Note that the two conditions of validity of (11a) and

(11b) guarantee either the saturation of MNIB-MPIA or the

saturation of MNIA-MPIB. Consequently, since voyr =
Riioyr, we may write

Riippo o> Vey — (ZVT + Vossar)
vour = 4 Ri(ipro — ipno) | Y < Ve — (2Vr + Vissar)
—Rripno V'N < = Vem + 2Vr + Vpssar)

(12)

4.1.2 Quality factor determination

Manipulating (11) it is easy to show that

(13)

(14)

Ip = nmlp

m—+1
Iror = <1+2 )IQ

nm

GMuut =ngm = \/?85710 (]5)

where the latter term is expressed as a function of the
transconductance of output branch transistors, g,,0-

As we shall demonstrate in the Appendix B, due to the
symmetric structure of the circuit, the main contribution to
harmonic distortion is given by HDs5. This may be evalu-
ated exploiting the approach suggested in [12, 27-29]. The
method gives the third-order harmonic distortion as a
function of the small-signal voltage gain, a;, as well as the
output derivative at the highest and lowest extreme of the
input variation, a” and a~, respectively. In particular, once
we evaluate a;, a” and a”, we may write for the harmonic
distortion term

at +a —2aq
HD; = 16
: 24a, (16)
In our case the small-signal voltage gain is
0
a, = % ~ nguReL (17)
VIN lyjy=0

and, assuming that a sinusoidal input is applied, that is
viy = Vasin(wt),a™ and a~ are

a m. R m.
at = Vour _ 8miL (1+ 8Eml VA) (18)
ov IN |yy=Vv, 2 dml, B
__ Ovour ngmiRy 8mi
=— = 1 V, 19
6V1N viv=—V4 2 +4m13 4 ( )
Therefore, we have for THD
1| g 1 |ir(max)
THD ~ HD; = — Vi—1|=— _
3724 ami ‘ 24| 4l,
1 iymax)
R 20
9 Iy (20)

where iy (yax) & GumouVa > Ip was assumed.
Starting from (13) to (15) and (20) it is easy to compute
the Quality Factors Qc, Op and Qp, obtaining

L (21a)

Op =
2 1+2”,';11
m+1
Oc=2 (21b)
nm
1 m—+1
=—1|1+2 21
%o 96< + nm) (21¢)

4.1.3 Design comments

The three Quality Factors are depicted in Figs. 5-8 as a
function of the ratio n and for different values of m. Their
analysis reveals that m and n should be as large as possible.
In this situation, the Quality Factors reach the theoretical
value of Q¢ = 0,0p = /7/2 and Qp, = 1/96. However, as
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Fig. 5 Quality Factor Qp for the SDI output stage (y = 1)
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Fig. 6 Quality Factor Q¢ for the SDI output stage
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Fig. 7 Quality Factor Q) for the SDI output stage

this would require excessive area consumption, recourse to
a trade-off becomes mandatory.

Parameter m plays a role in both Qp and Q. where we
have the ratio (m + 1)/m. This ratio has a maximum value
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Fig. 8 Schematic of the LV output stage

of 2 (for m = 1) and moves to 1 by increasing m. There-
fore, a good choice for this parameter is setting m about
4-6 for which the ratio (m + 1)/m is about 1.25-1.17.
Note that a larger value does not improve Qp and Q¢
significantly.

Parameter n mainly affects Q- which represents stage
efficiency in the bias condition. A good choice for n is
setting it so that the current of the driver stage is not higher
than the 20% of the output-branch current. If we set m = 5,
this means setting n to a value higher than 12.

Finally, parameter y can be found by forcing the stage to
exhibit at least the same bandwidth as the normal stage,
which means Qg > 1. However a better choice is setting
v = m, since this satisfies bandwidth requirements and, at
the same time, saves area consumption.

4.2 Low-voltage CMOS output stage

The considered LV output stage was introduced in [26] and
is shown in Fig. 8. It consists of a push—pull output pair,
MNO and MPO and two adaptive loads made up of tran-
sistors MP4-MPD and MN4-MND which are driven by
transistors M2 and M3, respectively. Two voltages, Vgp
and Vpy are required to bias the adaptive load while the
whole stage is biased by current generators, Iz, and Ip;.
Finally, transistors MI and M1 operate the phase inversion
required for frequency compensation.

4.2.1 Large signal circuit behavior

The output stage depicted in Fig. 8 uses transistors M4-MD
as adaptive loads. In fact, in quiescent conditions, all the
transistors are in saturation region and, hence, the resistive
loads connected to node A and B are small. When the input
level increases, for example in the negative direction,
transistor MI delivers an extra current to M1 which is
subsequently mirrored to both M2 and M3. The extra
current in M2 flows through MP4-MPD and, consequently,
the gate of MPD is pulled down, while its drain voltage
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tends to Vpp because of the presence of MP4 whose gate-
source voltage increases, too. If Vpp is set properly, MPD
enters the triode region thus causing the overall resistance
at node A to increase as well. In such a situation, any small
increment of current from M2 causes large swing at node A
and provides the adequate overdrive to the gate of MPO. In
the meantime, once the extra current in M3 equals Ip,,
transistors MN4-MND and, consequently, MNO turn off.
Therefore the load is supplied by MPO only.

On the other hand, when the input level increases in the
positive direction, the current in both M2 and M3 decrea-
ses. Then, the current in MN4 and MND increases, and, if
Vpy is set properly, transistor MND goes to triode region
thus increasing the resistance at node B. Any other incre-
ment of current through MND, makes node B high thus
affording the adequate overdrive to output transistor MNO
which supplies the load. At the same time, once the current
in M2 equals I, transistors MP4, MPD and, consequently,
MPO, turn off.

It is worth noting that there is a different behavior in
class-B mode. Specifically, when the input level increases
negatively, the current which flows in MP4-MPD is sup-
plied by M2 and, hence, is not limited. Instead, when the
input level increases in the opposite direction, the current
that flows in MN4-MND is bounded by the current gener-
ator Ip,. However, in this condition, the class-B operation is
guaranteed by the adaptive load performed by MN4-MND
which turns node B into a high-impedance node. Anyway,
in order to make up for the current limitation given by Ip,, a
high bias current is required for the output stage in order to
guarantee a proper overdrive to output transistor MNO.

As mentioned above, to achieve proper class-B opera-
tion, both voltages Vgp and Vy must be set so that, in bias
condition, MPD and MND are in the edge between satu-
ration and triode regions. In this manner, a small increment
of drain current in MP4 (MN4) causes Vsgpa(Vgsna) to
increase and Vsppp(Vspyp) to decrease. Therefore, the
stage must satisfy the following design constraint

Ven = Vi + 2Vpssar (22a)
Vep = Voo — |Vip| — 2Vsar (22b)
For the stage to work properly we set

Br=Br="Ps (23a)
Iy = (1 - o)l (23b)
Ipp = (14 o)l (23¢)

being 0 < o < 1 the amount of current /3 used to bias MDP
and MDN and

_ Ig) + Ip

Ip >

=1Im3 (24)

4.2.2 Quality factor determination

By inspection it is easy to show that

Ip = nalp (25)
34+ a

Itor = | 1 I 26

TOT ( + o ) 0 (26)

GMaut = 2ngml = 2\/§ng (27)

Also in this case, thanks to the symmetric structure of
the circuit, HD3; dominates over HD, and the former may
be evaluated using again (16). In this case, term a; results

ay = —2nguRy (28)
In order to evaluate a* we assume that MP4, MPD and

MPO are switched off and that MND is in the triode region.
This leads to

Vour = — '8% (vasno — VTn)zRL (29)
. VDSND
ipnp = PBap (VGSNO -V — > )VDSND

~ Byp(vasno — Viu) VDsnpsar (30)
) 2
lDNDZIBZ_%(VDD_VIN_ ‘VTp‘) (31)

which may be used to evaluate

e vour _ Ovour Ovesno Qipp

ov IN

ww=vs OvGsno Oipnp Oviy

odp + gmiVa
5 = —n8mRL

viN=Va

ol + gmiVa

20!13 (32)

~ —ngmRL >
BxoVbsnpsar
where we used the approximation g,,;V4 < 2Ip. A similar
procedure let us find a~ that results

oalg + gmiVa

ol + gmiVa
= _nngRL—

20(13 (33)

a z—ngmlRLﬁ V2
DP " SDPDsat

Consequently, THD, approximately equal to the third
harmonic distortion component, results

1 |adp + gniVa 1 |icmaxy 3
THD ~ HD; — — | "B T 8m7A 5l _ © _3
3T 24| 2u 24| 41, 2
1)
796 I
(34)

where we assumed iz ax) X GrowVa > Iop.
From (25), (26), (27) and (34) we may evaluate the
Quality Factors, that is

n

=\t 1) 13

(35a)
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0c=" (1 n 3) (350)
n o
1 3
QD=%<n+l+&> (35¢)

4.2.3 Design comments

The three Quality Factors are depicted in Figs. 9-11 as a
function of the ratio n and for different values of o. Their
analysis reveals that n should be as large as possible. In
such a situation, the Quality Factors reach the theoretical
value of Q¢ = 0,05 = /y/o and Qp = 1/96 where the
bandwidth can be improved either by decreasing o or
increasing 7 (Fig. 12).

In order to save area while maintaining an acceptable value
for O, the best choice is setting small values for both o« and y as
in the original work where o was set to 0.2. However, o small
leads to very large n (e.g., from (35b), making Q- = 0.2 with
o = 0.2 leads to n = 80). Large n means also setting Qp and
Qg very close to their theoretical limits. Moreover, as far as Qg
is concerned, we may also improve the bandwidth perfor-
mance by choosing y without much effort. As a consequence,
setting o small requires 7 large for the stage to work efficiently.
This is indeed the case of the design in the original work.

5 Design examples

The SDI and the LV stages were designed in a standard
0.35-um CMOS process whose main parameters are
reported in Table 1. Both stages are inserted in two com-
plete amplifiers whose overall open-loop gains are 60 dB.
The amplifiers exploit Miller compensation to achieve
stability and are connected as in Fig. 2 with unity-gain
external feedback. In both cases the OTA was built with
ideal (and linear) components so to obtain an effective
comparison of output stages’ characteristics, only.

4
35

al
25

Fig. 9 Quality Factor Qp for the LV output stage (y = 1)
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Fig. 11 Quality Factor Qp for the LV output stage
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Fig. 12 Distortion simulation of the SDI output stage

5.1 Symmetric differential-input CMOS output stage

The SDI stage was designed following the design com-
ments of Subsect. 4.1.3, therefore ratios m, n and y were set
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-70 THD Original —&— Table 2 Output stage design parameters
75 THD Proposed —®& Parameter SDI stage LV stage
- MI - 45/0.6
e ! _ MNIA, MNIB 25/0.3 -
-~ - _g—B—8—8—8—
c - = i MPIA, MPIB 75/0.3 -
’g r,r"" e ¥ Ml - 15/0.6
g 80 - MNIA, MNIB 5/0.3 -
MPI1A, MP1B 15/0.3 -
.95 M2 - 15/0.6
M3 - 15/0.6
-100 MN4 - 3/0.6
50 100 150 200 250 300 350 400 MND 503 /0.6
Output Voltage (mV) MP4 B 0/0.6
Fig. 13 Distortion simulation of the LV output stage MPD 15/0.3 9/0.6
MNO 60/0.3 150/0.6
Table 1 Main technology MPO 180/0.3 450/0.6
parameters Parameter Value Iy 1.5 pA _
H0Cox 175 parv: - Ian - 8 nA
1p0Cox 60 pA/V? Ip: - 12 pA
Vo 0.55 V Vi - 725 mV
Vipo —0.65 V Var - 160 mV
Vop 3V 1V
to 5, 12 and 5, respectively. Final transistor aspect ratios as
well as bias elements (i.e., Iz and Vpp) are reported in Table 3 OTA and compensation network parameters
Table 2. The circuit was simulated using SPECTRE and, as
expected, it exhibits a simulated quiescent current, o, of Gyors (WANV) — Rora MQ) — Cc (pF) — Re ()
about 90 pA. Some output stage performance parameters  SDI stage 500 1 20 300
were evaluated in closed-loop condition, that is, using the LV stage 100 1 2 60
schematic depicted in Fig. 2. In this case the output stage
was fed back by a proper ideal OTA which was designed so
that the overall amplifier exhibited a dc open-loop gain of ~ Table 4 Simulated amplifier frequency performance
60 dB when loaded with a 500-Q resistor. The compen- A, (dB) £ (MHz) M, (deg)
sation network was designed so that the worst-case phase
margin of the amplifier (without load resistance) would be ~ SDI stage 60 272 73.7
about 70° for a maximum capacitive load of 50 pF. Table 3 LV stage 60 8.61 69.0
reports the OTA and the compensation network parameters
while Table 4 reports the open loop gain, the transition
frequency and the corresponding phase margin. The effi- ~ Table 5 Efficiency simulations
ciency of the stage in terms of power consumption is Proan Psuppry

reported in Table 5.

As far as the Quality Factors are concerned, they are
summarized in Tables 6-8. As forecasted, the bias current
of the driver is about the 20% of the quiescent current of
the final stage. The analytical value of Q(=0.2) is there-
fore in agreement with the simulated value. Quality Factor
Qg is reported in Table 7. The simulated Qp is the ratio
between the simulated second pole of the loop gain, w,,
and the estimated second pole of the normal stage. The
analytical Qg is evaluated from (21a). Also in this case an
excellent agreement is apparent. Similarly, for the third
Quality Factor, we simulated the THD in closed loop

n
(simulated) (UWW) (simulated) (WW) (simulated) (%)

90.82
92.56

279.6 325
236.6 39.1

SDI stage
LV stage

configuration in terms of the first two harmonic distortion
factors (i.e., HD, and HDj3), as shown in Fig. 12. As
expected, the main contribution to nonlinearity comes from
HD; which is lower than —80 dB up to 2.5 V,, of the
output voltage. The open-loop THD reported in Table 8§
is evaluated multiplying the simulated closed-loop THD
(—84.65 dB at 750-mV output voltage) by the overall loop
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Table 6 Quiescent current and Q-

) Ipr Oc Oc
(simulated)  (simulated) (simulated) (analytical)
(nA) (nA)

SDI stage  108.7 20.4 0.19 0.20

LV stage 94.61 31.57 0.33 0.32

Table 7 Bandwidth performance (open-loop second pole) and Qp

(2] W2NORM Op Op
(simulated) (estimated) (simulated) (analytical)
(Mrad/s) (Mrad/s)
SDI stage  81.2 85.4 0.95 1.02
LV stage 382 81.6 4.68 4.35
Table 8 THD and QOp,
Open-loop THD Op Op
(simulated, dB) (simulated) (analytical)
SDI stage ~ —24.65 1259 x 107> 13.02 x 1073
LV stage —25.18 1159 x 107 1375 x 1073

gain of the amplifier (60 dB) [4]. Finally, we evaluated the
simulated Qp reported in the second column of Table 8§,
which is in agreement with the analytical Qp evaluated
from (21c¢).

5.2 Low-voltage CMOS output stage

The LV stage was designed following the design comments
of Sect. 4.2.3, therefore parameter o was set to 0.2 and n was
set to 50. Parameter y was set to 5 while m (which actually
does not play any role in the Quality Factors) was set to 3.
Final transistor aspect ratios as well as bias elements are
shown in Table 2. The circuit was simulated using SPEC-
TRE and, as expected, it exhibits a simulated quiescent
current, I, of about 100 pA. The output stage was fed back
by a proper ideal OTA which was designed so that the
overall amplifier exhibited a dc open-loop gain of 60 dB
when loaded with a 500-Q resistor. The compensation net-
work was designed so that the worst-case phase margin of
the amplifier (without load resistance) would be about 70°
for a maximum capacitive load of 50 pF. Table 3 reports the
OTA and the compensation network parameters while
Table 4 reports the open loop gain, the transition frequency
and the corresponding phase margin. The efficiency of the
stage in terms of power consumption is reported in Table 5.

The Quality Factors are summarized in Tables 6-8. The
bias current of the driver is about the 33% of the quiescent
current of the final stage. The analytical value of Q¢
(=0.32) is therefore in agreement with the simulated value.

@ Springer

Quality Factor Qp is reported in Table 7. Note the superior
performance of this stage with respect to bandwidth/dissi-
pation performance. Also in this case an excellent
agreement is apparent between the simulated and the
analytical value of Qp. As a final step, we simulated the
THD as shown in Fig. 13. The same figure reports the THD
for a LV stage designed as in the original work, also (see
the Appendix A for details). In this latter case the circuit is
asymmetric and the worst THD behavior is due to HD,
which dominates over the whole output range. The poor
THD performance of the original stage may be evinced by
comparing the Quality Factor Qp in (35¢), which refers to
our design, to the Quality Factor Qp in (A.21), which refers
to the same stage designed as in the original work. Once
again, the open-loop THD reported in Table 8 is evaluated
multiplying the simulated closed-loop THD (—85.18 dB at
300-mV output voltage) by the overall loop gain of the
amplifier (60 dB) [4]. Finally, the simulated Qp, reported in
the second column of Table 8 is in agreement with the
analytical Qp evaluated from (35¢).

6 Conclusions

In this article, we have presented useful guidelines for
designing output stages. Three Quality Factors, which were
previously introduced to analyze and compare different
output stages, are used to design two CMOS class-AB
stages. It has been shown that using the proposed Quality
Factors and the related strategy that arises from their
adoption, leads to an efficient design in terms trade-off
among area, current consumption, bandwidth and distor-
tion. Indeed, for one of the two stages adopted as example,
the design through the Quality Factors resulted in superior
distortion performance with respect to the design suggested
in the original article. Design examples and simulations
were provided to validate the design strategies.

Appendix A

In the original work, the LV stage was designed setting
[26]

(£);7 00 (2),

Ip = I (A.1b)
132 = (1 + OC)IB (AIC)

(A.la)

As we shall see from the Quality Factor analysis, this
strongly degrades the harmonic distortion with respect to
the design procedure of Sect. 4.2 where aspect ratios of M2
and M3 and bias currents Igz; and Iz, were set as in (23).
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By inspection, it is easy to show that

IQ =n O(IB (AZ)
3+ 20

I =1 1 A3

TOT < + Py ) 0 (A.3)

GMout = (2 + OC)I’lng - (2 + O‘)\/zng (A4)

Due to the different transconductance factor of M2 and
M3, the circuit is asymmetric and HD, dominates over HDj.
To evaluate HD,, we exploit the approach suggested in [30]
and compared in [29]. The method, properly modified, shows
that the second harmonic distortion factor arises due to the
two different paths that process large positive and negative
signals. Specifically, if vy = Vsin(w f), assuming that Vo
and Vy, are the values that the output voltage assumes when
viv equals —V, and V4, respectively, the second harmonic
distortion component is given by

3 16 VPO + VNO
HD, = |Z - |2 ¢
: (2 5n)

Vro — Vno

Assuming the circuit in Fig. 8 is designed following the
constraints in (A.1), large positive signals are processed by
MI, the current mirror M1-M3 and the adaptive stage
MN4-MND-MNO (for large positive signals, the current
through the other adaptive stage is negligible). Transistor
MND works in the triode region while MN4 and MNO
work in the saturation region, therefore we may write

Vpo + Vo
Vro — Vno

=~ 0.48

(A.5)

: v
ipnp = PBap (VGSND —Vr— D;ND) VDSND
~ Pap(Vasno — Vr)(Ven — vesna) (A.6)
I
vesna = Vr + % (A7)
2
. Brno 2
ipNo ==~ (vasnp — Vr) (AB)
Substituting (A.7) in (A.6), we obtain
iz;ﬂ
vesnp — Vr = P - (A9)
Ven —Vr — [ RF
2
and (A.8) becomes
A 2
ipno = Pro o (A.10)
2 \ Ve —Vr— fpe

Pa
2

Current ipyp comes from the drain of M3 and may be
approximated as

! Their aspect ratios are set in (A.la) and it is easy to show that
Ip, = (1 + a)Ips. Therefore g, = (1 + %)gu3-

ipnp ~ 0lp + gmivin (A.11)

Large negative signals are processed by MI, the current
mirror M1-M2 and the adaptive stage MP4-MPD-MPO.
For ippp and ippp expressions similar to (A.10) and (A.11)
hold, specifically

ippp
_ @ [ (A 12)

ippo = ‘
2\ (Vpp — Vap) = Vp — [

ippp = olg — (1 + o) gmiviv

(A.13)

Since for large signals voyr equals R;ippo for vy < 0
and —R;ipno for viy > 0, we have for Vpp and Vyo

2

olg+(140)gm Va
_ ﬁPORL Bep

2 up %)8mi VA
(Vop — Vgp) = Vr — %

Vro

~ Kladg + (1 4 ) g Va]*

(A.14)
2
ol +8&m V,
Ve — ﬁNORL BﬁNDI :
NO — — , v
Viy — Vi — [
2
= —K(odg + gmVa)* (A.15)

where the approximation in (A.14) takes into account the
fact that in the denominator 1 + o~ 1 and, due to the stage
symmetry, K is

ﬂPORL
K — 27
= 2
((VDD — Vap) = Vr — ,/W)
2
ﬁN()ZRL
= 2P (A.16)

3
odp+gmi V.
<VBN = Vr— [T A)
V. =

Substituting (A.14) and (A.15) in (A.5) we have
O‘ngVA[(Z + a)ngVA + ZOCIB}

HD, = 0.48 5 (A.17)
2(gmiVa + olp)
which, considering that irmax) = GmouVa =
(24 a)ngmiVa and Ip = nolp, may be written as
. 1+ i (MAX)
o i I
HD, — 0.48 > LMAY) 2o
24 IQ 1+ i1 (MAX)
' (24+a)lp
1L(MAX)
o I,
~ 0.48 S — (A.18)
LL(MAX)
2t g
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where the approximation holds for 2 + o &~ 2. Note that, if
iramax) > lg, HD, is almost constant and equal to 0.48a.

From (A.2) to (A.4) and (A.18) we may evaluate the
Quality Factors, which result

1 3
Oc = - <2+> (A.19)
n o
2+ "
= A.20
Qs 2 a(n+2)+3 ( )
1 4 322
Op = 0485 X % (A21)
T+ G

Comparing (A.21) with (37) reveals that, for typical
values of iyaax, and Iy, the LV stage has better linearity
performance if designed taking into account constraints
(23)—(24) instead of (A.1) as in the original work.

Appendix B

Following the paths composed of the gate-source voltages
of MNIB-MPIA-MP1A-MNIA and MNIA-MPIB-
MP1B-MNI1B, we obtain

(VCM + Vﬂ) - (VCM - W—N)

2 2
20 2i
= Vv + PP+ Vipia + PP Vipia
Buis Bpia
2Ip 2Ip
A Vmva =y (B.1a)
Bpia Buia
=) (1)
2i 2ipn
= Vinaa + 1 |22 4 Vips + 2D o Vipis
Bnia Bris
2Ip 2Ip
A7~V — [ — (B.1b)
Bpig Buis

In MOS circuits mismatch can affect the gain factor, f3,
and the threshold voltage, V. However, in analog circuits,
where small Vg3 — Vp are set, mismatch in threshold
voltages is dominant with respect to mismatch in gain
factors [31]. Therefore, referring to the circuit in Fig. 4, we
may assume that the mismatch of the aspect ratio of two
NMOS transistors is negligible and that the same holds
between two PMOS transistors. More specifically, the
ratios of MNIA-MNI1A, MNIB-MN1B, MPIA-MP1A and
MPIB-MP1B still remain m, the ratios of MNIA-MND,
MNIB-MND, MPIA-MPD and MPIB-MPD remain 7y and,
finally, the ratios of MPO-MPD and MNO-MND remain
n. NMOS and PMOS transistors, however, behave
differently and, in case of mismatch, the condition that

@ Springer

PBni = Pp; cannot be guaranteed anymore and must be taken
into account.

Considering our assumptions on mismatch, relationships
(B.1) become

viy = AViyy + AVrpy + 2\/@ - 2\/@ (B.2a)
B B
—viy = AVina + AV + 2\/% _o, 2™ g o)
B B

where we defined
AVrni = Vv — Vinia (B.3a)
AVrpr = Vrpia — Vrria (B.3b)
AVrny = Vinia — Vivis (B.3c)
AVrpy = Vrpg — Vrpip (B.3d)
and

1 1 1 1
\/B]I:§<\/%+\/ﬁ—1;;> (B.3e)

Solving (B.2) for currents ippp and ipyp yields

2

+ /2’;;B> (B.4a)
2

+ 2’;?) (B.4b)

which, neglecting higher order terms (i.e., AV7), become

i _ B (viv _ AVini + AV
o> =5 | >

; _ ﬁ_f VN AVyyny + AVip,
DND =75 > >

: 2 AV + AV
i = mly + g Y + 21 (V’N) S T ST v

2 2 \2 2 >
AVini + AVypy
- gmlf
(B.5a)
§ (VIN\2 | . AViva + AV
ipnp = mlg — gmzv% +% (%N) B M V%
AV + AVirs

— 8mil )
(B.5Db)
Output currents ipyo and ippo are obtained through
mirrors MND-MNO and MPD-MPO, respectively, and,

considering statistical deviations of threshold voltages they
are [31]

(B.6a)
(B.6b)

ippo = nippp + moAVrp3
ipNo = NipND + 8moAVTn3

being g,,0 the small signal transconductance of both MNO
and MPO, AVyps = —Viypo + Vepp and AVyys = —Vinvo
+ Vpwp. Finally, the output voltage, voyr, takes the same
expression as in (12).
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For evaluating HD, we use (A.5) where Vpp =
[RLiDPO]Vm:VA and VNO = [_RLiDNO]vm:,VA are given by

v\ 2
Vro = gmoRLAVrps +nRy (mlp + &l > +% (7"‘)

- (ﬁE—Fng)(AVTNI + AVzpr) (B.7a)

22 2

Vo = —gmoRLAVins — nRy |mlp + gml < i (_>

2 2\ 2

V, m
— <&—A + & 1) (AVrng + AVipy) (B.7b)

2 2 2

Hence, HD, results

7

[9%]
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UGF. IEEE Journal of Solid-State Circuits, 29(12), 1497-1504.

. Leung, K. N., & Mok, P. K. T. (2001). Analysis of multistage

amplifier-frequency compensation. /EEE Transactions on Cir-
cuits and System I, 48(9), 1041-1056.

. Palumbo, G., & Pennisi, S. (2002). Feedback amplifiers: Theory

and design. Norwell, MA: Kluwer Academic Publishers.

. Palmisano, G., Palumbo, G., & Salerno, R. (2000). CMOS Output

1. IEEE Transactions on Circuits and System II, 47(2), 96-104.

. Ramirez-Angulo, J., Torralba, A., Carvajal, R. G., & Tombs, J.

(2000). Low-voltage CMOS operational amplifiers with wide
input-output swing based on a novel scheme. IEEE Transactions
on Circuits and System I, 47(5), 772-774.

. Karthikeyan, S., Mortezapour, S., Tammineedi, A., & Lee, E. K.

F. (2000). Low-voltage analog circuit design based on biased
inverting OpAmp configuration. IEEE Trans. Circuits Syst I,
47(3), 176-184.

I (ﬁ' Yt )(AVTM + AVrpr — AVrna

— AVrp)

2mlg [

8ml 1+ i VA + 2/31 (ZA)Z}

mIB ITIIB

Some simplifications based on reasonable assumptions
can be made in (B.8). First of all, we may presume that in
the denominator the main contribution is given by the
addend containing V4. Then we may suppose that all AV
gives the same contribution. Hence we have

biva AVr|
HD, ~ 0.48 — Eni T
e |1+ 2% + o (9]

8gml
8mr Va
4mlg

(gm1|AVT|> (B.9)
1+2(ngVA) 4 (ngVA)2 mlip
dmly

Amly

~ 0.48

where the latter term results after a few algebra. Equation
(B.9) has a maximum for V4 = 4mlg /g,,; for which HD,
results

max () 48 m
HD™™ ~ - Sl 1AV (B.10)
Comparing (B.10) with (20) (i.e., HD3 =~ 41 fq’;’ Va), it is

easy to show that HDj is larger than HD, for V4
that is, for a typical case of |AVy| =~ 25 mV, when V, is
above about 150 mV. As a consequence, even in the
presence of mismatch, HD3; dominates over HD, for the
SDI topology.
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