AMPLIFIER DESIGN FOR FAST SETTLING PERFORMANCE

by

Yigin Chen” (ychen@rocketchips.com)
Mark E. Schlarmann™" (schlarmann@ieee.org)
Dr. Randall L. Geiger”™ (rlgeiger @iastate.edu)

lowa State University
Ames, |A 50011

Abstract designing amplifiers for fast settling. The issue of rapid

. L settling has received only limited attention in the
A design strategy for minimizing a feedback literature [7,8].

amplifier's step-response settling time is introduced. It is well known that several application and

Central to this approach is the clear identification of thedesign variables affect the settling time of a given

mdepgndent des!gn parameters .characterlzw'lg thgmplifier architecture. These include the size of the
amplifier and the introduction of a figure of merit for

assessing the settling performance of an amplifier th (iapacitive load that must be driven, the sizes of the
g 9p P 6fransistors, the bias current levels, the supply voltage

is independent of power, supply voltage and capacitiveE . e :
. X ) : nd the power supplied to the amplifier. What is less
loading. With this approach, the settling performance o nown, however, are how these variables affect the

a given amplifier architecture can be optimized and th etting time. For example, it is often argued that

relative performance ofdﬁfe_rent amp"f'er ar.Ch'teCturesincreasing the tail current of a differential pair will
can be assessed. Emphasis in this paper is on the tw

stage operational amplifier architecture  but ther%'sult in faster settling. However, increasing the talil
9 P P current also affects operating points, power dissipation,

gepcgrrgggﬁal ;ﬁgllill%/eri)t(rtjcntﬁesto other - widely usdehase margin, an(_:i signal swing. An increas_,e in tqil
' current may require subsequent changes in device
sizing or component values to re-establish the required
operating points or signal swings. These latter changes
Due to the critical importance played by will, in turn, impact the settling time making it less
operational amplifier performance in almost all clear what benefits, if any, are derived from increasing
integrated analog systems, operational amplifier desigthe tail current.
has received considerable attention throughout the This problem can be addressed by deriving the
years. In particular, two-stage structures have beeexplicit relationship between the performance
widely studied and reported in the literature [1,2,3] agparameter of interest and the set of design degrees of
well as in textbooks focusing on linear circuit designfreedom associated with the chosen circuit topology.
[4,5,6]. Some have attempted to formalize systematidhe process of identifying a practical set of independent
design methodologies for this structure including [4,6].design parameters is discussed in [9]. For notational
Collectively, the authors have derived expressions for aonvenience, the key relationships between the
diverse group of amplifier performance parametergperformance parameters and the design parameters for
including DC gain (Ao), gain bandwidth product (GB), the two stage operational amplifier of Figure 1 that
slew rate (SR), phase margin, settling time, etc. It isvere presented in [9] are reviewed here.
well known that there are interrelationships between the
performance parameters and design parameters such Rerameter Spacesfor Amplifier Design
bias current levels and device sizes. Invariably
tradeoffs between the performance parameters are magr% stn
during the design process. Although parameters Suc@efine
as phase margin, gain bandwidth product, slew rate, etc.
may be related to settling time, in many applications _
the settling time of the amplifier itself is of primary SuatuRaL = {VIYYLILL W3, L3, W5, LS, W6, L6, W7,
g , Iss, Cc}
concern with little or no concern about the values of the
other parameters. This paper focuses solely on
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In the two-stage amplifier of Figure 1, the
atural set of design parameters is the sgtS
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In contrast to the natural design parameter set
which contains the minimal set of design parameters
required to fully define an amplifier realization, the
performance parameters such as the gain-bandwidth
product (GB), open-loop DC gain (Ao), phase margin
(om) or pole Q, slew rate (SR), settling time (Ts), and
power dissipation (P) which are available in the
literature and textbooks are expressed in terms of an
alternate but much larger parameter set.

Figure 1 Basic two-stage operational amplifier

SaLternATE = {Go0r Gotr Ims: Ccy Vasior Vessar Vessor
Vess0: Vesro, Iss: o2, Joas Gos, Jos}

The difficulty of using this parameter set is associated
both with its large size and the inherent
interrelationships that exists between parameters in the
Set.

In[9] apractical alternative to the natural
design parameter space, which includes a minimal set
of design parameters, was introduced. It smplifiesthe
fundamental design equations to the point that
performance optimization becomes viable and, in
particular, the expression for settling timeis sufficiently
simplified so that insight into how settling time can be
optimized becomes apparent. The alternate formulation
is based on the design parameter space

Seracticat = { P, 8, Veg1, Vess Vess, Vess, N1, N3, N5,
né, n7}

where P is the total power dissipation, 6 is the ratio of
the magnitude of the quiescent current in M5 to the tail
current Iss, Vggy is the excess bias voltage for the k'th

transistor defined by dMy = Vgso-Vk and R is the

performance parameters and another is the inherent
decoupling between design parameters that exists for
some fundamental performance parameters. A third is
the inherent relationships that exist between common
mode input range and output signal swing and the
excess hias voltages.

The relationships between this design
parameter space and the natural design parameter space
are readily obtained. These relationships are

P

Vbb (1 + 9) @

s O

for M1 to M4,

Ipg=Iss/2 )
for M5 and M6,

Ipg=0Iss ®)
and for M7,

Ipo=Iss 4

The WIL ratios for all transistors are given by the
expression

21
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The values for W and L for each of the transistors are
obtained from the relationship

Lk = Nk miny
W, = Li(WIL) for (W/L),>1 (6)
and

Wk = nKWmina
Ly = Wk/(W/L)k for (L/W)k>l ()

The common mode input range and the output
signal swing are also of interest. In terms of the
practical parameter space, these levels are given by the
expressions

- ; . Vi =V, —r/ +\pq + 8
minimum feature scaling factor. This alternate imax =VDD ~ Vega|* V11 * V73 @
practical design parameter space was chosen for several Vi =Vt +Vene + W ©)

. . i . imin EB1 " YEB6 " 'T1
reasons. One is because of the simplification of the

expressions that results for some of

the key
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Settling Time Char acterization

The step response of a non-ideal feedback
amplifier often progresses through two distinct phases
of operation as the output settlesto its steady-state
value. Depending upon the magnitude of the input step
and the architecture under consideration, the amplifier
output may slew for afinite period of time directly after
the application of the input step. Eventually, the
amplifier will discontinue slewing and enter alinear
mode of operation. Two possible step responses for a
finite gain amplifier are depicted in Figure 2. In Figure
2a, aninitial lew mode is shown followed by alinear
settling interval. In Figure 2b, the amplifier remainsin
the linear mode throughout the entire settling interval.
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Figure 2 Two example step responses (a) nonlinear
slewing followed by linear settling and (b)
linear settling only.

It can be readily shown that the time required
to settle to within h of the desired value of Fy, for a step

of amplitude X1 with aslew period followed by alinear
settling period is given by the expression

InD R g 1

Oo~pe (1 m_1\d

Ts :b + m;BFD(y-F h_l)D (12)
R [GB

where SR isthe amplifier slew rate, GB is the amplifier
gain-bandwidth product, B isfeedback factor, Ao isthe
DC amplifier gain, y=pAo/(1+pBAo) and FD=X1/3. The
first term on the right side of (12) isthe time during
which the amplifier isin slew and the second term
corresponds to the linear settling period. For the case
of no dew, the first term vanishes yielding

O R a
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T — WBFD (y+ h _1)D (13)
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Equations (12) and (13) are not yet in terms of the
proposed design parameters. If the amplifier is
compensated for a pole Q of ( fz) which iscloseto

the value of Q needed for a 60-degree phase margin, it
follows readily that the parameters Ao, GB, and SR in
(12) and (13) can be expressed in terms of the practical
design parameters as

4
Ao = 5 (14)
(/‘n +/‘p) Vegy | Vess |
GB P (15)
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where the compensation capacitor Cc is given by
\Y |V |
eB1 | VEBs

(29‘/ eB1 ~ B |Vess |)

Now, replacing parametersin (12) and (13) with the
expressions of (14)-(18), it follows for the slew
scenario that
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and for the no-slew scenario,
mc WDD (1+ 9)\/EBl IVEBS I

O (29‘/531 B Vess I) (20)
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Equations (19) and (20) are expressed in terms
of the practical design parameters. More importantly,
however, is the observation that the total power, P, the
load capacitance C, and the supply voltage Vpp all
appear explicitly as factors in these two equations.
Thusthese can be factored out to obtain a normalized
settling time characteristic which has units volts defined

by

Vg = TP 1)
VDD CL

It thus follows from (19) that for the slew case, Vgyat iS
given by

_ 49,3(1"‘ 0)\/EBl |Vess | U X, A0 +
SHAT _ 2 B+
(29\/531 B |Vess |) pho (22)
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and for the non-slew case from (20), VgqaT iSgiven by
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Theterm Va7 isafigure of merit for
characterizing the settling performance of an amplifier
and does not depend upon the independent design
parameter, P, or upon either the load capacitance or the
supply voltage. Theterm Vg7 IS determined by the
architecture of the operational amplifier and by the
parameters used to characterize the fabrication process.
It follows from an examination of (22) and (23) that
V gat iS determined by the three independent design

parameters 6, Vegg, and Veggs. The balance of the
parameters that appear in V giat are system
specifications and process parameters. It also follows
from (22) and (23) that the settling time improves
linearly with the independent design parameter P and
inversely with Vppand C,.

Settling behavior of the two-stage amplifier

In the preceding section, a figure of merit,
V sya1, Was introduced for characterizing the settling
performance of the two stage operational amplifier.
This section emphasi zes the practical design tradeoffs
that can be made to improve the settling performance.

Since the parameters P, Vpp and C. have been
normalized out of the expression for Vgyat, it suffices
to consider the effects of 6, Vg1, and Vegs 0N Vgyat.
An examination of (22) and (23) shows a nonlinear
dependence on these three parameters. Although an
analytical analysis of the effects of these parametersis
manageable, a better appreciation for performance can
be obtained numerically. Inwhat follows it will be
assumed that, power dissipation is fixed at 3.43E-4W,
Vpp=3.3V and C_ =1pF. A 1V step input was applied
inaunity gain (3=1) feedback configuration. To
mai ntai n acceptable common mode input and output
signal swings the excess biases for M7 and M6 were
chosento be 0.8V. It was aso assumed that a 0.35u
CMOS process was available for circuit fabrication.
Under these conditions, we will consider three cases.
The first will focus on the effects of independently
varying 6, the second on the effects of varying Vegs
and the third on the effects of varying Vgg;.
Corresponding predictions of Vgyat as computed by
(21), (22), and (23) appear in the following tables. Also
appearing in the tables are the predicted settling times
and simulated values of V gya1 obtained from full
SPICE-level simulations of the operational amplifiers
with the device sizes as extracted from (2)-(5).

Table1 Case 1: Vary 6, Fixed VEB1=0.596V,
VEB5=0.386V (error: +/-7mV)

Split factor, © | Teee Vshat | Vshat (calc.)
0.62 130.9ns 13.6V | 21.1V
1 83.33ns 8.64V | 12.2V
15 70.08ns 7.28V | 9.7V
3 59.3ns 6.21V | 8.0V
4 58.73ns 6.02v | 7.54V




Table 2 Case 2: Vary VEBS, Fixed VEB1=0.596V (error
+/-8mV), split factor 6=3

VEB5 Settlingtime | Vshat | Vshat(calc.)
0.669V 53.2ns 559V | 6.1V
0.390V 59.3ns 6.21V | 8.0V
0.174V 70.67ns 7.39V | 9.85V

Table 3 Case 3: Vary VEB1, Fixed VEB5=0.390V (error
+/-0.4mV), split fact 6=3

VEB1 Settlingtime | Vshat | Vshat(calc.)
0.4602V | 66.43ns 6.97V | 8.84V
0.6032V | 59.3ns 6.21V | 8.0V
0.7969V | 55.26ns 577V | 7.38V

From the simulation results, it is apparent that
the settling time improves as more current is split to
the second stage under the assumption that total power
dissipation and Vpp are fixed Correspondingly, raising
the excess hias voltages on M; and Ms improves
settling aswell. In addition to explicitly demonstrating
the tradeoffs between the design parameters 6, Veg, ,
and Vggs and the settling time, it is apparent that
settling time improves linearly with power and
inversely with supply voltage and load capacitance.
Finally, these results shed insight into questions such as
that posed at the outset of this work about whether
increasing thetail current Iss will actually improve
settling. In particular, Case 1 shows that under a fixed
power assumption, increasing the tail current Iss results
in adecrease in the split factor 6 and thus a
deterioration of the settling time.

Conclusions

Using the traditional expressionsfor the
performance parameters of an operational amplifier,
performance optimization is difficult because the
relationships among the performance parameters and
the circuit’s degrees of freedom are unwieldy. If the
performance parameter equations are expressed in
terms of the practical alternative design space that is
based on relevant design parameters rather than the
natural design parameters, then the expressions for
some of the key performance parameters are
significantly simplified. Depending upon the

application, certain performance parameters are critical
whereas others are not. As a result, a “one-size fits all”

design procedure is not possible. Rather, the design
procedure has to be tailored to reflect the priorities of
the specific application.

A figure of merit, \GHAT, has been introduced for
characterizing the settling performance of operational
amplifiers. This figure of merit is independent of the
power dissipation, total load capacitance and supply

voltage for the two-stage operational amplifier. Simple

expressions relating the relevant design parameters to
the settling characteristics of a feedback amplifier were
presented. From these expressions, it is apparent that
significant improvements in performance are attainable
through judicious selection of the excess bias voltages
and partitioning of the bias currents. Although
emphasis in this work is on the two-stage amplifier, the
technigue readily extends to other widely used
structures including the folded cascode and the
regulated cascode structures.
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