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Abstract Settling behavior of operational amplifiers

(opamps) is important in many analog signal-processing

applications. In this paper, the analysis of single-stage

opamps based on settling time has been performed. A

simple yet accurate model for the settling response of first-

order opamps that modifies conventional models is pro-

posed to revise the equations. The presented approach leads

to a new simple settling-based design methodology for

single-stage operational amplifiers. Circuit-level simula-

tions demonstrate the effectiveness of the procedure.
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1 Introduction

Negative feedback operational amplifiers are widely

employed in analog integrated circuits such as voltage

regulators, filters and data converters [1, 2]. Optimization

of these basic building blocks based on their speed and

accuracy have been always of concern. Single-stage

opamps have superior frequency response and higher speed

compared to their multistage counterparts. Furthermore,

with only one low-frequency open-loop pole, they do not

need extra circuitry for closed-loop stability [3]. These

advantages greatly simplify the design complexity and the

specifications of input transistors are remained as the only

critical parameters in settling performance of these

opamps.

The main drawback of single-stage amplifier in modern

technologies is their relatively low open-loop DC gain.

Depending on the required accuracy, a lower bound of this

parameter is needed to adequately suppress the structure

inherent nonlinearities [1, 2]. Advanced gain-boosting

techniques have been reported to alleviate these short-

comings. However these techniques are at the cost of more

complexity, additional power and degraded frequency

response and dynamic range. Compensating for opamp

nonlinearities in digital domain is possible in analog-to-

digital converters (ADCs) [4, 5]. Although the required

post processing might be complicated, the needed accuracy

for analog-domain circuits is greatly relaxed. Hence

opamps can be optimized according to their speed rather

than accuracy. In such applications, low-power fast-settling

single-stage operational amplifiers can be the best choice.

Regarding the importance of settling time for the desired

accuracies in many applications such as regulators and

switched-capacitor amplifiers, the analysis of single-stage

opamps based on settling time have been performed here.

A simple yet accurate model for the settling response of

first-order opamps is presented that modifies the conven-

tional model. As will be shown later, conventional model

always overestimates the amplifier required bandwidth

when a specified settling time is to be achieved. This stems

from the fact that the transition point between nonlinear

(large-signal) and linear (small-signal) sections of step

response is ambiguous [1]. Consequently the large-signal

settling time is conventionally computed for total step

amplitude. Based on the revised model, the optimized

relationships between open-loop gain-bandwidth product

H. Aminzadeh (&) � R. Lotfi � K. Mafinezhad

Integrated Systems Laboratory, EE Department,

Ferdowsi University of Mashhad, Mashhad, Iran

e-mail: haminzadeh@ieee.org

R. Lotfi

e-mail: rlotfi@ieee.org

123

Analog Integr Circ Sig Process (2009) 58:153–160

DOI 10.1007/s10470-008-9226-1



(GBW), power consumption and settling time are obtained.

The proposed approach also leads to a new design meth-

odology for single-stage opamps. Although the analysis has

been performed for single-stage topologies, it can be easily

extended to higher-order cases [6].

This paper is divided into five additional parts. Section 2

discusses about the small-signal settling behavior of single-

stage opamps. In Sect. 3, large-signal settling is also con-

sidered for the case of total settling time analysis. In Sect. 4,

the proposed model is presented and equations are revised.

Finally simulation results are presented in Sects. 5 and 6

gives the conclusions.

2 Small-signal settling analysis

In this section, the relationship between small-signal set-

tling part of the step response and gain-bandwidth product

in single-stage opamps will be derived. A relationship for

total settling time is only possible after taking into account

both nonlinear (slewing) and linear (small-signal) sections

of the response. This will be accomplished in the next

section. The open-loop voltage transfer function part of a

first-order single-stage opamp with one left-half-plane pole

and no zero is as follows [1–3]:

AVðsÞ ¼
A0

1þ s=x0

; ð1Þ

where A0 and x0 are the open-loop DC gain and -3dB

angular frequency respectively. According to the required

accuracy, the closed-loop total settling error (eSS,t) is

achievable. Assuming that the opamp is not slew limited,

this error is comprised of two different sources, one

originated from opamp finite open-loop DC gain (eSS,A) and

one from its finite open-loop gain-bandwidth product (to be

named eSS,GBW or eSS for convenience). In closed-loop

systems with negative feedback, one can easily show that

the error caused by finite DC gain is as follows [2]:

eSS;A ¼
1

1þ A0b
ffi 1

A0b
; ð2Þ

where b is the closed-loop feedback factor. Thus, the total

settling error is obtained from:

eSS;t ¼ eSS þ 1=A0b: ð3Þ

The time domain expressions for the closed-loop

configuration can be manipulated to achieve the

following relationship between small-signal settling time

(tSS) and the error caused by finite bandwidth [2]:

eSS ¼ expð�tSS=sÞ ¼ expð�b � GBW � tSSÞ: ð4Þ

In this equation, s is the closed-loop time constant

(s = 1/(b � GBW)). GBW represents the opamp gain-

bandwidth product (or its angular open-loop unity—gain

frequency where |AV(jGBW)| = 1). Equation 4 shows the

relationship between tSS and GBW. It can be rearranged as:

tSS ¼ ns ¼ n � 1

b � GBW
; ð5Þ

where n is the number of required linear time constants, in

which the error caused by the finite bandwidth becomes

less than eSS. It is a function of eSS and can be expressed as

follows:

n ¼ tSS

1=ðb � GBWÞ ¼ ln
1

eSS
¼ f ðeSSÞ: ð6Þ

In addition based on (5), the required gain-bandwidth to

achieve a specified small-signal settling time is given by:

GBW ¼ n

b � tSS
: ð7Þ

3 Total settling analysis

The analysis performed here, includes all single-stage op-

amps assuming single-pole transfer functions i.e. the effect

of parasitic poles and zeros should be ignored. Figure 1

shows a fully-differential instance. In this circuit, the tail

current is expressed as:

ITail ¼ 2Ii ¼ CL � SR ¼ CL � VSwing=tLS; ð8Þ

where SR, VSwing and tLS are slew rate, peak-to-peak dif-

ferential swing of output voltage and large-signal settling

time respectively. Besides, CL and Ii are the load capaci-

tance and the current value of input transistors, respectively.

Equation 8 shows that to ensure the amplifier reliability,

large-signal settling time should be calculated for the

maximum output swing as the worst case [1, 2].

+inV −inV

LC

VDD

TailV MTail

MC

Mi

+
OV−

OV

CMFBV

LC

Fig. 1 A single-stage fully-differential amplifier
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The goal of the analysis performed in this part is to

obtain the optimized GBW in which the amplifier is able to

settle within the desired amplitude with the required

accuracy. The relationship should be obtained for maxi-

mum step amplitude as the worst case so that the required

accuracy for smaller amplitudes is guaranteed. If there was

a relationship between GBW and tLS, it would be possible

to express the total settling time in terms of this parameter.

As will be seen later, such a relation is achievable if the

required current to satisfy large-signal settling constraints

is set equal to the one required to satisfy small-signal set-

tling constraint [7]. The equation derived by this method is

indeed optimized because if the large-signal and small-

signal settling times are predetermined independently (as

proposed in [8]), the tail current is to be chosen as the

larger value which satisfies both of them. However, if the

large-signal and small-signal currents are set equal (by

appropriately choosing the overdrive voltage of input

transistors (Veffi)), optimum condition is obtained:

ITail ¼ 2Ii ¼ gmi � Veffi ¼ CL � VSwing=tLS; ð9Þ

where gmi is the transconductance of the input transistors.

Since:

GBW ¼ A0x0 ¼
gmi

CL
; ð10Þ

the relationship between tLS and GBW becomes:

tLS ¼
VSwing

Veffi � GBW
: ð11Þ

The total settling time is comprised of both small-signal

and large-signal settling sections. The analysis for small-

signal part is performed formerly in Sect. 2. By adding (5)

with (11), the total settling time becomes:

tS ¼ tSS þ tLS ¼
1

b
lnð1=eSSÞ þ

VSwing

Veffi

� �
1

GBW
: ð12Þ

So by appropriately choosing the gate overdrive voltage

of input transistors, the following meaningful relation

between gain-bandwidth product and settling time is

obtained:

GBW ¼ n

b
þ VSwing

Veffi

� �
1

tS
: ð13Þ

This expression clearly proves that by reducing the

required small-signal settling accuracy (decreasing n

according to (6)) and output swing, the needed GBW for

a given settling time decreases. It also reveals that for a

particular settling time, decreasing b increases the required

GBW.

From (13), the required slew rate (SR) for a particular

settling time can be acquired as well if the following

relationship between GBW and SR is considered:

SR ¼ 2Ii

CL
¼ 2Ii

VeffiCL
Veffi ¼

gmi

CL
Veffi ¼ Veffi � GBW : ð14Þ

4 Proposed model, analysis of power and design

methodology

As demonstrated earlier, a closed-form equation between

the settling time and bandwidth of a single-stage opamp is

available. The obtained equation is based on the conven-

tional model. In this section, we shall modify this equation

and continue to obtain the optimized relationship between

settling time and power consumption. At last, a new design

methodology will be proposed.

4.1 Proposed settling model

The proposed settling model can be analyzed as follows:

4.1.1 The opamp is not slew-limited

This occurs when slew rate at the first moment is larger

than the slope of linear small-signal step response, i.e.:

SR [
dVo

dt

� �
max

: ð15Þ

Beginning from (15), one can easily show that the

maximum allowable amplitude for this condition to be

satisfied is [1]:

Vo max\
Veffi

b
; ð16Þ

where Vomax is the final steady-state amplitude. This situ-

ation holds in very small feedback factors or step

amplitudes which is less common. In this case, small-signal

equations are valid and the needed gain-bandwidth for the

required settling time can be obtained from (7).

4.1.2 The opamp is slew-limited

By applying a large-signal step input to a closed-loop

amplifier configuration, one of the input transistors turns off

and all the tail current passes through the turned-on device.

So the slewing effect might be dominant. In the slewing

region, the output behavior is approximately independent of

input signal [1, 2, 9, 10] and could be modeled as a straight

line with particular slope. The circuit gradually enters the

linear section where small-signal settling equations are

valid. The transition point between the two regions is

ambiguous in traditional model. In the conventional model

already discussed, the point is usually considered as the

amplitude in which the turned-off transistor begins to con-

duct (i.e. VGS * VT) [1]. According to (16) which is for the
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case when the opamp is not slew-limited, this is not gen-

erally correct. Hence, to properly revise the equations a

simple yet accurate model is necessary.

Based on the proposed model, when the initial slope of

equivalent small-signal response is larger than the slew

rate, the step response begins with slewing effect. At the

moment the slope of equivalent small-signal response

becomes equal to the slew rate, independent of input

transistors situation the transition between small-signal

and slewing regions occur. For simplicity, Fig. 2 shows the

regions. They can be summarized as follows:

0\t\tLS ) Slewing is dominant effect

tLS\t\1) Small - Signal equation is dominant

(

Notating the slewing period as tLS, one can write:

0\t\tLS : VoðtÞ ¼ SR� t: ð17Þ

On the other hand, when the output response enters the

second linear region it obeys the small-signal equation.

Hence:

tLS\t\1 : VoðtÞ
¼ a � ð1� expð�b:GBW � ðt � tLSÞÞÞ þ c: ð18Þ

As Vomax is the final steady-state voltage, tLS is obtained

from:

tLS ¼
Vo max � a

SR
: ð19Þ

In (18) and (19), a and c are the amplitude of small-signal

and large-signal sections respectively (Fig. 2). These two

parameters should be determined according to boundary

conditions and the fact that the response and its derivative

are naturally both continuous at the transition point:

Vo;NonlinearðtLSÞ ¼ Vo;LinearðtLSÞ ¼ SR� tLS; ð20Þ

dVo;NonlinearðtLSÞ
dt

¼ dVo;LinearðtLSÞ
dt

¼ SR: ð21Þ

Based on these two conditions, a and c are obtained

from:

a ¼ SR

b � GBW
; ð22Þ

c ¼ SR� tLS: ð23Þ

Applying (22) and (23) into (18), the response is

expressed as:

tLS\t\1 : VoðtÞ
¼ Vomax �

SR

b � GBW
expð�b � GBW � ðt � tLSÞÞ:

ð24Þ

In addition, by combining (19) with (22) the large-signal

settling time is given by:

tLS ¼
Vo max

SR
� 1

b � GBW
: ð25Þ

An important and interesting consequence of this model

which is very useful for our analysis is the relationship

between large-signal settling time and gain-bandwidth.

Substituting (14) into (25) and setting Vomax = VSwing as the

worst case, one may obtain:

tLS ¼
VSwing

Veffi
� 1

b

� �
1

GBW
: ð26Þ

To be able to use this equation, one should know that

only positive values of tLS are acceptable. Based on (16)

and (25), negative values of large-signal settling time are

due to the fact that the circuit is not slew-limited (i.e.

tLS = 0). In such cases, the circuit begins with small-signal

settling equation and (5), (6) and (7) are the case.

Instead of (11) derived by conventional model, (26) can

be used to extract the optimized relationship between set-

tling time and gain-bandwidth product:

GBW ¼ n� 1

b
þ VSwing

Veffi

� �
1

tS
: ð27Þ

As is seen, this equation is similar to (13) from con-

ventional model but with a lower value for predicted GBW.

4.2 Power Dissipation Analysis

For the circuit topology shown in Fig. 1, the following

relationship between power consumption (P) and the tail

current is valid:

P ¼ 2 � VDDIi ¼ VDD � ITail: ð28Þ

In this equation, the current consumption of the bias

circuit as well as that of the common-mode-feedback

Vomax

Time (s)

V
ol

ta
ge

 (
V

)

A

B

tLS

α

γ

Fig. 2 Different sections of step response a: Nonlinear section b:

Linear (small-signal) section
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circuit (in fully-differential circuits) is not included. The

contributions of those circuits, however, can be assumed

proportional to the current of the main branches.

Employing (9), the relationship between power and GBW

therefore is expressed as:

P ¼ VDD � Veffi � CL � GBW : ð29Þ

This equation reveals the fact that power consumption is

proportional to the required unity gain-bandwidth.

Combining (29) with (27) and (3), for the case the circuit

is slew-limited the relationship between power and settling

time becomes:

P ¼ VDD � Veffi

� CL
1

b
ln

1

eSS;t � 1=A0b

� �
� 1

� �
þ VSwing

Veffi

� �
1

tS
:

ð30Þ

As it is seen, for a fixed value of settling time by

increasing the load capacitance, output voltage swing (or

equivalently the required dynamic range) and also by

decreasing the feedback factor (increasing the closed-loop

gain) and the steady-state error (increasing the required

accuracy), power dissipation increases. As a particular

case, assuming that the amplifier is purely class-A and

beginning from (30), the relationship between power and

sampling frequency of a switched-capacitor circuit (fS) is

obtained as follows:

P ¼ 2 � VDD � Veffi

� CL
1

b
ln

1

ess;t � 1=A0b

� �
� 1

� �
þ VSwing

Veffi

� �
� fS:

ð31Þ

This expression takes into account the requirement that

switched-capacitor circuits need to settle in � clock period.

It is an important result and shows that although the analog

power (the dominant power consumer in ADCs) is mostly

static resulted by the static bias currents used to bias

transistors in the saturation region, its optimized value is

linearly proportional to the sampling frequency. Hence it

can be used as a reference in programmable variable

sampling frequency data converters [11] both for power

evaluation and optimization.

It is also interesting to note that Eq. 31 is similar to the

representation of dynamic power consumption in digital

circuits:

PDigital ¼ fS � C � V2
DD ¼ fS � VDD � ðCVDDÞ

¼ fS � VDD � QDigital; ð32Þ

where, QDigital is the equivalent charge of digital dissipated

power. If single-stage operational amplifiers are regarded

as the representatives of analog circuits, (31) can be

rewritten as the following symbolic form:

PAna log ¼ fS � VDD � QAna log; ð33Þ

where QAnalog is the equivalent charge of analog power

dissipation.

Using (32) and (33), the total power dissipation of a

mixed-signal integrated circuit assuming identical analog

and digital operating frequency is approximated as:

PTotal ¼ fS � VDD � ðQDigital þ QAna logÞ: ð34Þ

4.3 Proposed design methodology

It is now possible to present a simple well-defined design

procedure for single-stage opamps based on the derived

equations. In the proposed methodology, load capacitor

(CL), total settling time (tS), overdrive voltage of input

transistors (Veffi), feedback factor (b) and the settling total

error (eSS,t) are input parameters which should be specified.

The design procedure begins with determining DC gain

and required output voltage swing. The amount of required

DC gain is specified based on the desired accuracy and

feedback factor. The selected topology should be capable

to provide the required gain. The full-scale voltage swing

should be determined according to the needed dynamic

range. After specifying these parameters, the transcon-

ductance of input transistors versus total settling time of the

slew-limited amplifier is obtained. Combining (27) with

(10) yields:

gmi ¼ CL
1

b
ln

1

eSS;t � 1=A0b

� �
� 1

� �
þ VSwing

Veffi

� �
1

tS
:

ð35Þ

For the case the circuit is not slew-limited which is less

common, gmi can be obtained through combining (7) with

(10). The input stage current value has major effect on the

settling behavior of the opamp. The optimized value of this

parameter to satisfy both large-signal and small-signal

settling times is calculated from:

Ii ¼
1

2
gmi � Veffi

¼ 1

2
CL

Veffi

b
ln

1

eSS;t � 1=A0b

� �
� 1

� �
þ VSwing

� �
1

tS
:

ð36Þ

The current consumption can also be obtained according

to the sampling frequency of a switched-capacitor

sampling circuit:

Ii ¼ CL
Veffi

b
ln

1

eSS;t � 1=A0b

� �
� 1

� �
þ VSwing

� �
fS:

ð37Þ

Other devices can be sized such that the circuit

performance in terms of noise requirements, DC gain,
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output swing, common mode feedback loop-gain and the

location of parasitic poles and zeros are satisfied.

5 Simulation results

Circuit-level simulation results are obtained with 0.25 lm

BSIM3 2.5 V models using HSPICE. To verify the accu-

racy of the analysis, a fully-differential opamp with

structure shown in Fig. 1 and a single-ended opamp with

the structure shown in Fig. 3 are manually designed using

the proposed design methodology. Most of the obtained

equations are valid for single-ended topologies as well.

Both opamps are employed in unity-feedback structure. To

implement the unity-feedback, fully-differential opamp is

utilized in a flip-around sample-and-hold architecture

(SHA) [1, 2]. Table 1 compares the expected values with

simulation results for 5pF load capacitor of each SHA

outputs. The 0.5% settling time is obtained relatively close

to the calculated value.

In the single-ended topology, the opamp output is

directly shortened to its negative input for the sake of

implementing unity-feedback factor. In this case, the open-

loop specifications are Veffi = 135 mV, DC gain = 50dB,

VSwing = 1Vp-p and gmi = 8.5 mA/V. Note that single-

ended structures suffer from a parasitic mirror-pole in

which its effect might have minor influence on the settling

behavior. This is not a shortcoming in fully-differential

topologies. Figure 4 shows the actual step response for

10pF load capacitor in the simulated single-ended topol-

ogy. The linear settling model and the proposed model are

also included for comparison.

Figure 5 compares the actual relationship between 0.5%

settling time and gain-bandwidth of the single-ended

topology. To vary the gain-bandwidth product, load

capacitor is changed here. The behavior of the proposed

model is very close to the simulation results. The deviation

between predicted and simulated values does not exceed

from five percent. Equation 13 derived by conventional

model is also presented for comparison in this figure. As is

+inV −inV

LC

VDD

TailV

1BV

3BV

2BV OV

Mi Mi

MTail

MC MC

Fig. 3 Single-ended opamp topology used in simulation

Table 1 Simulated and calculated results for S/H

Parameter Simulation Calculation

Veffi 0.29 V 0.3 V

Output swing 0.9Vp-p 0.9Vp-p

Load capacitor (CL) 5pF 5pF

Feedback factor (b) 1 1

DC gain 50 dB 50 dB

Total settling error 0.5% 0.5%

Settling time 9.31 ns 10 ns

Transconductance (gmi) 4.16 mA/V 4.15 mA/V
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Fig. 4 Comparison between proposed model and simulation result
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Fig. 5 Relationship between settling time and gain-bandwidth
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seen, this equation always overestimates the needed gain-

bandwidth for a particular settling time. Hence the struc-

tures that are designed by conventional model are never

power optimized.

It is worth mentioning that, to fairly obtain the efficiency

of proposed model in both Figs. 4 and 5, the correct value

of slew rate is extracted from simulation and employed by

the model. This is essential to distinguish the error caused

by model and the one caused by inaccurate slew rate value

predicted by (14).

6 Conclusions

A thorough analysis based on total settling time of single-

stage operational amplifiers has been presented in this

paper. By considering the effect of feedback factor and also

by revising the equations, the optimized relationship

between power consumption and settling time are obtained.

Simulation results confirm that the proposed design pro-

cedure can be used to design operational amplifiers that

meet all the given specifications. The advantages of the

proposed methodology are:

• The methodology is based upon the optimized rela-

tionship between settling time and bandwidth. Hence, it

could be very helpful for the design of switched-

capacitor circuits without much blind effort on adjust-

ing open-loop parameters to achieve the required

closed-loop specifications.

• The methodology is straightforward and flexible and

could be easily utilized in analog knowledge-based

CAD tools both for the design and for power

optimization.
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