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Chapter 1: Introduction

1.1 Ring Amplifiers As We Know So Far

The ring amplifier (ringamp) (Fig. 1.1) was first introduced by Ben Hershberg [1] as

a power efficient and scalable alternative to traditional operational transconductance

amplifiers (OTAs) in switched capacitor (SC) circuits and systems such as Analog to

Digital Converters (ADCs).

VDZP

VDZN

Vx VOUT

CL

MP3

MN3

VGP

VGN

CF

CS
Vin

- Vin

0
0

IQ
Islew

Islew

+
VDZ

-

Figure 1.1: Ringamp: Basic structure and operation

A ringamp in steady-state is a multi-stage transconductance structure with the

first two stages boosting the transconductance of the output stage. The feedback

loop is compensated by biasing the output stage with a very low quiescent current.

Typically this bias is defined as the deadzone voltage as depicted in Fig. 1.1. The
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low quiescent current ensures a dominant pole at the output that stabilizes the loop.

However, when a step input is applied, the first two stages act as digital inverters that

momentarily turn on the output stage. During this phase the ringamp operates in

large-signal state causing the load capacitor to charge quickly. As the output voltage

across the capacitor builds up and approaches close to the final steady state value, the

negative feedback brings the ringamp back to its low quiescent current small-signal

state.

Although several alternatives such as dynamic-amplifiers [2, 3], zero-crossing-

detector (ZCD) based amplifiers [4], amplifiers with incomplete settling [5] have been

trending over the years as scalable amplifier solutions, most of these solutions require

calibration or timing control that increase their complexity. Ringamps are unique

because they are self-regulated and perform similar to dynamic-amplifiers and ZCD

based amplifiers. Ringamps also offer a multi-stage structure that can help them

achieve higher gains in sub-micron CMOS process without any need for calibration.

In addition, ringamps can be implemented with simple inverters which makes them

more scalable. Thus, the power-efficient dynamic operation, self-regulated amplifica-

tion, simple inverter-based structure, calibration-free and scalable architecture have

resulted in increased popularity of ringamps over recent years.

Over recent years several state-of-the-art ADCs have demonstrated the use of

ringamps for power-efficient residue amplification[6, 7, 8, 9]. A few ADCs have also

utilized the behavior of the internal nodes of ringamps to enable system enhancements

such as comparator-less flash ADC operation [6], averaging corrleted-level-shifting

operation [10] and asynchronous pipeline ADC operation [11]. A recent work has
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demonstrated fast-transient LDOs using a ringamp as the error amplifier [12].

With such increased popularity of ringamps, a systematic analysis and design flow

of ringamps needs to be developed to understand the operation of the ringamps in

terms of standard analog design parameters. This can help analog designers to assess

the robustness of ringamps and their associated systems using fundamental circuit

techniques.

1.2 Common Concerns About Ringamps

A few common concerns about ringamps are summarized below.

Concern 1. PVT variations: Given the fact that ringamps are inverter-based

amplifiers, a common concern is their sensitivity to PVT variations. This thesis

discusses simple techniques in Chapter 3 and Chapter 4 to address this concern.

Concern 2. Ringing in large-signal step response: A discussion on transient re-

sponse in [6] shows that even with a 70 degree phase margin depicted by small-

signal analysis, the step response of a ringamp shows oscillations. The alternate

ringamp structure in [6] offers to minimize these oscillations. However, the ring-

ing in the transient response of a traditional ringamp remains unexplained as the

standard small-signal analysis fails to capture the large-signal response. Another al-

ternate ringamp structure in [9] offers to minimize these oscillations by combining

a low-threshold-voltage (LVT) and high-threshold-voltage (HVT) transistors. The

LVT-HVT combination in [9] ensures smooth I-V characteristics to minimize abrupt

large-signal transients. This thesis discusses large-signal and small-signal responses
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of a ringamp in a general sense irrespective of specific ringamp strucures in Chapter

2. The discussion aims to distinguish the small-signal and large-signal operations of

a ringamp and establish guidelines for reduced overshoot and ringing in a ringamp

transient response. A large-signal compensation technique is discussed in Chapter 4.

This technique is generic to SC amplifiers and can be implemented independent of

the ringamp architecture.

Concern 3. Is it an Oscillator based amplifier?: In the original literature where

ringamp is introduced [1], the basic operation is described in comparison to ring-

oscillators. The choice of the deadzone-voltage (defined in [1]) pushes the ring-

oscillator behavior towards a self-regulating amplifier response. Although this pro-

vides a very simple and elegant way of describing the basic operation of ringamps, a

common misconception is that ringamps are inherently oscillators. In this thesis we

show that ringamps in their steady state are stable amplifiers by design. Although it

is debatable that any amplifier in negative feedback could be turned into an oscilla-

tor if additional phase-shifts in the loop result in a net positive-feedback. However,

ringamps in their natural steady state are stable amplifiers in negative feedback by

design.

1.3 The Main Take-away and Organization of Thesis

Since the introduction of ringamps, several analog techniques considering small-signal

analysis and architectural enhancements have lead to improved operation of ringamps.

A few criteria can be identified in literature [13] for power-speed tradeoff, cmfb and
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autozero noise. The work in [9] discusses noise-power tradeoff and bias-sensitivity.

Most of these analyses are specific to the ADC systems where the respective ringamps

are implemented and used. The work in [14] applies gm-over-id techniques for class-

AB ringamps. However, the techniques in [14] do not discuss stability and large-

signal analysis required to ensure robust ringamp operation. For fair comparison

between OTAs and ringamps, a general analysis of what happens when OTAs are

replaced by ringamps is necessary to understand the tradeoffs in accuracy-speed-

noise-stability-power. In addition, to get a complete picture of ringamp operation

an analysis considering both large-signal and small-signal operation of a ringamp

is required so that designers can analyze the clear advantages or disadvantages of

ringamps over OTAs.

This leads us to the story of this thesis. Here we take a step towards develop-

ing a general intuition to understand both large-signal and small-signal operation of

ringamps in SC circuits. This intuitive understanding can be used to develop a sys-

tematic design procedure when ringamps are used as SC amplifiers. Simple RC models

and proportional-integral-derivative (PID) controller analogy are brought together to

understand the step-response of ringamps. Conventional OTA based analysis is used

as a baseline to understand noise and small-signal response (few of these concepts

can also be found in [9, 13, 14]).

The organization of the thesis is as follows. Chapter 2 compares the operation of

a single-stage OTA, a single-stage class AB inverter-based amplifier and a ringamp

in a SC amplifier. The qualitative differences in step-response and dc characteristics

are discussed, followed by the use of simple RC models and small-signal models to
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quantify the transient response of ringamps. These models help translate ringamp

step-response parameters into transistor design parameters. Chapter 3 discusses the

effect of transistor variations and a simple biasing technique to improve the robustness

of ringamps to PVT variations. Chapter 4 discusses a simple compensation technique

called passive-compensation to enhance the robustness of ringamps in the presence

of large-signal delays in the loop. Chapter 5 concludes the thesis.
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Chapter 2: Analyzing Ringamps Using Standard Analog Techniques

2.1 Qualitative Comparison of OTAs, Inverter-Based Amplifiers and

Ringamps in a SC Amplifier

In this section the transient voltage/current responses in a SC amplifier, the dc I-V

characteristics and the dc transfer characteristics are used to draw qualitative compar-

isons between a standard single-stage OTA [15], a single-stage class AB inverter-based

amplifier (IBA) [16] and a ringamp [1].

Consider the SC amplifier as shown in Fig. 2.1. φS and φA are non-overlapping

clock phases of the SC amplifier. The input is sampled across the bottom plate of

the capacitor CS at the end of the clock phase φSe. The feedback capacitor CS and

the OTA are reset during the sampling phase φS. During the amplification phase

φA, the bottom plate of the capacitor is switched to common mode voltage VCM .

The sampled charge across the capacitor is now transferred to the feedback capacitor

CF . The OTA tries to keep the node Vx constant (maintains virtual ground through

negative feedback) by supplying the required output current. This results in the

output step voltage with a gain of CS/CF .

As shown in Fig. 2.2, the charge transfer operation can be viewed as a step input

applied at the bottom plate of the capacitor CS followed by the step response at the

output of the closed loop amplifier. The rest of the section assumes that the OTA,
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fSE
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CSfS
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Figure 2.1: Switched capacitor amplifier setup

IBA and ringamp are used in a differential SC amplifier setup.

CF

 
OTA

CS
VX

VOUT

+VCL-

CL

CS

CF

.Vin

Vin

0

0

Figure 2.2: Charge transfer as step response

2.1.1 Operational Transconductance Amplifiers (OTAs)

Fig 2.3 shows the schematic of a differential OTA with NMOS input pair, ideal current

source load and a tail current source Itail. Fig. 2.4 shows the I-V characteristics of the
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OTA. For small-signal input, the slope of I-V curve corresponds to the small-signal

transconductance, gm. For large-signal input (greater than Itail/gm), the output

current saturates to Itail.

VX+
 VX-

 

CMFB VOUT-
 VOUT+

 

ITAIL
 

IOUT+
 IOUT-

 

Figure 2.3: Schematic of a single-stage OTA

Fig. 2.5 shows the transient response of an OTA for a large-signal step input.

For a large input step the speed of the OTA response is limited by slew-rate (SR)

where the load capacitor is initially charged with a constant current, Itail followed

by a small-signal current for the rest of the settling. The small-signal current is a

function of the transconductance (gm) of the input pair which results in a linear

settling response.
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2 Vov-    2 Vov
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Figure 2.4: I-V characteristics of a single-stage OTA
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VX
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Small-signal 
linear settling

Figure 2.5: OTA transient response (a)Virtual ground node Vx (b) Differential output
current IOut (c) Differential output voltage
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The slew rate is given by

SR =
dVout
dt

=
Itail
Cout

(2.1)

where Cout is the total load capacitance as seen by the amplifier,

Cout = CL + (1− β)CF (2.2)

Faster settling response requires faster slew rate to reduce the slewing time. In

addition, faster small-signal settling requires higher gm. Both of these conditions

demand for higher current consumption to achieve faster settling response. These

tradeoff discussions are found in standard text books [15, 17].

2.1.2 Inverter-based Amplifiers (IBAs)

Fig. 2.6 shows the schematic of an IBA (single-ended schematic shown for simplicity).

Fig. 2.7 shows the I-V characteristics of the IBA with optimum bias voltages. The

optimum bias voltages define the slope of the I-V curve (gm) for small-signal input.

For large-signal input, the slope of the I-V curve is non-linear resulting in a non-linear

large-signal transconductance denoted by Gm.

Fig. 2.8 shows the transient response of an IBA for a large-signal step input. The

non-linear I-V characteristics results in a dynamic operation in the IBA. Due to the

dynamic operation the load capacitor is initially charged with a high current (function

of the large-signal Gm) followed by a small-signal current (function of the small-signal



12
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Figure 2.6: Schematic of a single-stage class-AB inverter-based amplifier (IBA)
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Figure 2.7: I-V characteristics of a single-stage IBA
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gm) towards the end of the transient response. Thus for the same average current

consumption of that of an OTA, the initial non-linear settling boosts the speed of

the IBA. In other words, for the same settling time as that of an OTA, the initial

non-linear settling reduces the average current consumption of the IBA.

Large-signal   
non-linear settling

t

IOUT

(a)
VX

(b)

Small-signal 
linear settling

Small-signal 
region

Large-signal           
region

VOUT_FINAL

t

VOUT_LS
VOUT_LINEAR

(c)

Figure 2.8: IBA transient response (a) Differential virtual ground node voltage (b)
Differential output current (c) Differential Output Voltage

2.1.3 Ring Amplifiers (Ringamps)

Fig. 2.9 shows the schematic of a ringamp (single-ended schematic shown for simplic-

ity). Fig. 2.10 shows the overall I-V characteristics of the ringamp with optimum bias

voltages V DZP and V DZN . The optimum bias voltages define the slope of the I-V
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curve (gm) for small-signal input. The larger the bias voltages, the wider the input

range for which the output current is close to zero. For this reason, the bias voltages

in ringamp are defined as the ’deadzone’ control voltages [1]. For large-signal input,

the slope of the I-V curve is non-linear resulting in a non-linear large-signal transcon-

ductance denoted by Gm. The overall I-V curve of the ringamp is a combination

of the transfer characteristics of the first two stages shown in Fig. 2.11 and the I-V

characteristics of the third stage as shown in Fig. 2.7.

VDZP

VDZN

VOUT

MP3

MN3

VGP

VGN

IQ
VX

IOUT

Figure 2.9: Schematic of a ringamp

The additional large-signal feature that distinguishes a ringamp from a single-

stage IBA is seen by considering the initial transient response shown in Fig. 2.12.

For a large-signal step input, the output of the second-stage (V GP in Fig. 2.12)

reaches close to rail-to-rail voltage. This momentarily results in a large overdrive for

one of the output-stage transistors (PMOS in this case), while the output voltage

charges towards the final value. Since the gate-source voltage during this phase is

constant while the drain-source voltage is changing, the output current during this
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Figure 2.10: I-V characteristics of a ringamp
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Figure 2.11: V-V transfer characteristics of the first two stages of a ringamp
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initial settling is a function of the on resistance, RON of the output stage PMOS

transistor. The RON is also a function of the fixed V GP during this phase. This

initial RC settling phase charges the load capacitance with an impulse-like current.

Followed by the quick initial RC settling phase, when the feedback from the output

reaches back to V GP , the gate-source voltage starts to change, while the drain-source

voltage has almost settled closer to the final value. The output current during this

phase is a function of the large-signal Gm of the ringamp, which is a function of the

large-signal gain of the combined first two stages and the non-linear large-signal Gm

of the output stage.

Finally, when the output voltage approaches close to the final value, small-signal

operation completes the rest of the settling. To summarize, the overall transient

response of a ringamp can be divided into a three-phase dynamic operation: the

initial RC settling phase, the intermediate large-signal settling phase and the final

small-signal settling phase. During the initial phase, the large output current decays

similar to RC settling. During the intermediate phase, the output current decays as

a function of the large-signal Gm. During the final phase, the output current is a

function of the small-signal gm.

The speed of the ringamp is faster than a single-stage inverter-based amplifier

(for the same power of an IBA) due to the three-phase dynamic operation. The

initial phase of the dynamic operation charges the load capacitance with an impulse-

like current, followed by a dynamic current during the intermediate phase and then

followed by a small-signal current towards the end of the transient response. Thus for

the same average current consumption of that of an OTA, the initial RC based settling
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and the intermediate non-linear settling boosts the speed of the ringamp. Or in other

words, for the same settling time as that of an OTA, the initial RC based settling

and the intermediate non-linear settling reduces the average current consumption of

the ringamp.

Fig. 2.13 shows the transient response of a ringamp with overshoot. Due to the

delay through the first two stages, the initial RC settling can last longer resulting

in overshoot in the output voltage. Due to the overshoot that is fed back to the

output of the second-stage, the large-signal Gm during the intermediate large-signal

phase is now dominated by the Gm of the NMOS. This large-signal Gm from output

NMOS provides an excess discharging current resulting in undershoot in the output

voltage. The undershoot is fed back and the intermediate settling is now back to

being dominated by the Gm of PMOS. The current due to the large-signal Gm of the

PMOS decays and causes the output to enter the final small-signal settling.

In the presence of overshoot the transition of the output current between the

different settling phases should be smoother to avoid instability and ringing in the

transient response. The key to smooth transients is to ensure a smooth overall I-V

characteristics of the ringamp. Since the overall I-V curve of a ringamp is a combi-

nation of the transfer characteristics of the first two stages and the large-signal I-V

characteristics of the output-stage, two degrees of freedom exist to design a ringamp

with smooth I-V characteristics. Various techniques exist in literature to ensure these

smooth transitions. For example, [6] introduces a resistor based biasing for ringamp

which degenerates the transfer characteristics of the second stage inverter. [18] intro-

duces a composite ringamp to ensure overall smooth I-V characteristics of the output
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stage. [9] uses a combination of HVT and LVT transistors in the output-stage to en-

sure smooth I-V characteristics. [19] discusses a combination of degeneration in both

first and second stages and a feedback based degeneration at the output stage.

In Chapter 4, passive compensation technique is proposed to reduce overshoot

and ringing in the transient response by utilizing the ON resistance of the switches

in the SC amplifier. This technique ensures smooth transition of output current in a

ringamp independent of the ringamp architecture. The ON resistance of the switches

provide an extra degree of freedom to degenerate the RC settling and the large-signal

gm in addition to the two degrees of freedom discussed above.

In section 2.2, quantitative analysis of a single-pole step response of an OTA

is reviewed. The step response analysis is then used as a baseline to quantify the

ringamp step response in section 2.3. Small-signal step response of a ringamp is

expected to be similar to that of a multi-stage OTA. The key difference between a

traditional OTA and the ringamp will be evident from the large-signal step response.

2.2 Quantitative Analysis of The Step Response of a Single-Stage

OTA: A Review

2.2.1 Small-signal Step Response in Laplace Domain

Fig. 2.14, shows the small signal model of an OTA during the charge transfer phase

of a SC amplifier.

For a step input Vin at the bottom plate of CS, the ideal step response reaches a
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Figure 2.14: Small-signal model of an OTA during the charge transfer phase of a SC
amplifier

final output voltage Vout,ideal given by,

Vout,ideal = −G · Vin (2.3)

Here the ideal gain G is given by,

G =
CS
CF

(2.4)

The transfer function of the closed-loop amplifier with a single pole is given by

the following equation in Laplace domain,

ACL(s) =
vout
vin

= −G · L(0)

1 + L(0)

1− s
z

1 + s
p

(2.5)

where, L(0) is the dc loop-gain, z is the RHP zero, p is the LHP pole.
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The dc loop gain L(0) is given by,

L(0) = β · A(0) (2.6)

where A(0) = gm · rds is the dc open-loop gain of the OTA. gm and rds are the

transconductance and output resistance of the OTA.

The feedback factor β is given by,

β =
CS

(CS + Cin1 + CF )
(2.7)

where Cin1 = cgs is the input capacitance of the OTA. cgs is the gate-source

capacitance of the OTA.

The RHP zero is given by,

z =
gm

cgd + CF
(2.8)

where cgd is the gate-drain capacitance of the OTA. The RHP zero is usually

neglected in a single-stage OTA as it is located at a very high frequency.

The pole p of the closed loop system is approximately equal to the frequency at

which the loop-gain transfer function approaches a gain of 1 (0dB). The loop unity

gain bandwidth or the gain-bandwidth product is denoted by GBW .

Thus the loop gain-bandwidth product GBW is given by,

GBW = β · gm
Cout

(2.9)
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Here, Cout is the total load capacitance,

Cout = CL + (1− β)CF (2.10)

Fig. 2.15 shows the bode plot for the open-loop gain, the feedback gain and the

loop-gain.

Open Loop Gain A(s) 

Loop Gain A(s).β = L(s) 

1/β 

0dB 

ω = GBW 

A(s) = 1/β

A(s).β= 1

Gain (dB) 

ω (radians) 

Figure 2.15: Bode plot showing loop-gain and GBW
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2.2.2 Small-signal Step Response in Time Domain

Based on 2.5, the time domain representation of the step response is given by,

Vout(t) = Vout FINAL(1− e−t/τ ) (2.11)

where: τ = 1
GBW

Vout FINAL =
L(0)

1 + L(0)
· Vout,ideal = Vout,ideal(1 + εstatic) (2.12)

the static error is related to the loop gain by

εstatic =
L(0)

1 + L(0)
− 1 =

1

1 + L(0)
(2.13)

the dynamic error is related to τ by

εdynamic = e−t/τ (2.14)

From 2.11 we can see that faster settling time can be achieved with smaller values

of τ . This translates to higher GBW or higher gm requirement for a given Cout. Thus

high-speed small-signal settling requires higher gm making high-speed OTAs power

hungry.

Now expressing dynamic error in (2.14) in log scale, we have

ln(εdynamic) = −t/τ (2.15)
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It is interesting to note that when dynamic error is expressed in log scale as in

(2.15) , the error decays with time in a linear fashion with the slope of 1
τ

= GBW in

radians.

To interpret the dynamic error in terms of percentage error, it is useful to express

(2.14) in log scale with base-10.

log
εdynamic
10 = −t/τ · loge10 (2.16)

In this case the dynamic error decays with a slope of

slope =
1

τ · ln(10)
=
GBW

ln(10)
(2.17)

The decaying dynamic error in powers of 10 is shown in Fig. 2.16. This figure

can be used for fair comparison of dynamic error between a single-stage OTA and a

ringamp.

To interpret the dynamic error in terms of number of bits in an ADC (powers of

2), it is useful to express (2.14) in log scale with base-2

log
εdynamic
2 = −t/τ · loge2 (2.18)

Note that during one time-constant of duration, t = τ the error reduces by loge2 =

1.44. Since the error is now in powers of 2, we can say that in one τ the error

reduces by 1.44 bits. So to achieve a dynamic settling accuracy of 14 bits, around 10

(= 14/1.44) time-constants are required. To achieve a dynamic settling accuracy of
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10 bits, around 7 (= 10/1.44) time-constants are required.

Fig. 2.16 shows the small-signal settling response of the OTA. Fig. 2.17 shows the

static and dynamic error during the transient response.

Figure 2.16: Settling response for a single-stage OTA (y-axis normalized to final
value)

Figure 2.17: Dynamic settling error and overall settling error in log scale
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2.2.3 Large-signal Step Response

With large-signal input step, part of the settling time is limited by the slew rate of

the OTA. Slew rate (SR) of a single stage OTA with tail current Itail is given by:

SR =
dVout
dt

=
Itail
Cout

(2.19)

The slewing for large-signal input step is understood by considering the large-

signal dc I-V characteristics of a single-stage differential OTA as shown in Fig. 2.4.

For input differential voltage magnitudes larger than Itail/gm, only one of the diff-

pair in the OTA conducts and pulls all of the Itail current through it. Due to this

large-signal phenomenon, faster settling time requires higher bias current to minimize

the slewing time. This can make OTAs power hungry for high-speed operation.

2.2.4 Transition between Slewing and Small-signal Response

To ensure a smooth transition from slewing to small-signal response as shown in

Fig 2.5, the slope of the small-signal settling, at the transition time point, should

match the slew rate [17]. This condition is given by,

[
dVout Linear(t)

dt

]
t=0

=

[
dVout(t)

dt

]
t=tslew

(2.20)

Here t = 0 for small-signal settling since t = tslew is the beginning of small-signal

response.
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[
d

dt
(Vout Linear(1− e

t
τ ))

]
t=0

= SR (2.21)

Vout Linear
τ

=
Itail
Cout

(2.22)

Thus, from 2.22, we can see that, when small-signal time-constant (τ) is reduced

for faster small-signal settling, the slew rate needs to scale higher for smoother tran-

sition from slewing to small-signal settling.

2.3 Step Response of a ringamp

2.3.1 Small-signal Step Response Analysis in Laplace Domain

Fig. 2.18, shows the small signal model of a ringamp during the charge transfer phase

of a SC amplifier.
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Figure 2.18: RC model for initial large-signal step response. (a) Positive output step
(b) Negative output step

The small-signal transfer function of the closed-loop amplifier is given by the
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following equation in Laplace domain. The non-dominant poles are ignored here for

simplicity. A detailed small-signal analysis is presented in sec:ch2sec5.

ACL(s) =
vout
vin

= −G · L(0)

1 + L(0)

1− s
z

1 + s
p

(2.23)

where, L(0) is the dc loop-gain, z is the RHP zero, p is the LHP pole.

The dc loop gain L(0) is given by,

L(0) = β · A(0) (2.24)

where A(0) = A1A2A3 is the dc open-loop gain of the ringamp. A1, A2 and A3

are the small signal gains of the first,second and third stages respectively.

The feedback factor β is given by,

β =
CS

(CS + Cin1 + CF )
(2.25)

where Cin1 = cgs + cgd · A1 is the input capacitance of the OTA. cgs and cgd are

the gate-source and gate-drain capacitances of the first-stage of ringamp respectively.

A1 is the small-signal gain of the first-stage of the ringamp.

The pole p of the closed loop system is approximately equal to the frequency at

which the loop-gain transfer function approaches a gain of 1 (0dB). The loop unity

gain bandwidth or the gain-bandwidth product is denoted by GBW .
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Thus the loop gain-bandwidth product GBW is given by,

GBW = β · A1A2gm3

Cout
(2.26)

where gm3 is the transconductance of the output-stage. Cout is the total load

capacitance,

Cout = CL + (1− β)CF (2.27)

The RHP zero is given by,

z =
gm3

cgd3
(2.28)

where gm3 and cgd3 are the transconductance and the gate-drain capacitance of

the output-stage of the ringamp respectively. The RHP zero in a ringamp is usually

located close to the GBW of the loop due to the low gm3 (from dominant pole biasing)

and high cgd (from large lengths to achieve high gain and from large widths to achieve

faster settling). Hence RHP zero should be considered for small-signal phase margin

calculations.

2.3.2 Small-signal Step Response in Time Domain

Based on 2.23, the time domain representation of the step response is given by,

Vout(t) = Vout FINAL(1− e−t/τ ) (2.29)

where: τ = 1
GBW
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Vout FINAL =
L(0)

1 + L(0)
· Vout,ideal = Vout,ideal(1 + εstatic) (2.30)

the static error is related to the loop gain by

εstatic =
L(0)

1 + L(0)
− 1 =

1

1 + L(0)
(2.31)

the dynamic error is related to τ by

εdynamic = e−t/τ (2.32)

From 2.29 we can see that faster small-signal settling time can be achieved with

smaller values of τ . This translates to higher GBW requirement for a given Cout.

However, unlike OTA, here the gm3 is boosted by A1A2 . This relaxes the static

current requirement of the ringamp for small-signal settling.

In the following discussions it will be shown that when large-signal effects are

considered, the GBW of ringamp can be further relaxed for the same settling time

requirements as that of an OTA.

2.3.3 Large-signal Step Response

Fig. 2.9 shows the schematic of a ringamp (single-ended schematic shown for simplic-

ity). Fig. 2.10 shows the overall I-V characteristics of the ringamp with optimum bias

voltages V GP and V GN . The optimum bias voltages (deadzone voltage) define the
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slope of the I-V curve (gm) for small-signal input. For large-signal input, the slope

of the I-V curve is non-linear resulting in a non-linear large-signal transconductance

denoted by Gm. The overall I-V curve of the ringamp is a combination of the trans-

fer characteristics of the first two stages (Fig. 2.11) and the I-V characteristics of the

third stage (similar to the IBA I-V curve as shown in Fig. 2.7).

As discussed in section 2.1 Fig. 2.12, the large-signal step response of the ringamp

can be divided into a three-phase operation. The initial RC settling phase, the inter-

mediate large-signal settling phase and the final small-signal settling phase.

2.3.3.1 Initial RC Settling Phase

The initial RC settling is the key feature that distinguishes a ringamp from a single-

stage IBA or OTA. For a large-signal step input, the output of the second-stage

reaches close to rail-to-rail voltage as shown in Fig. 2.12. This momentarily results

in a large overdrive for one of the output-stage transistors, while the output voltage

(V out) charges towards the final value. Since the gate-source voltage during this

phase is constant while the drain-source voltage is changing, the output current during

this initial settling is a function of the on resistance, RON of the output stage PMOS

transistor. The RON is also a function of the fixed V GP during this phase. This initial

RC settling phase charges the load capacitance with an impulse-like current. Thus

the ringamp in this phase can be modeled with a simple RC charging/discharging

circuit as shown in Fig. 2.19. The resulting time-constant τL is given by,
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τL = RONCout (2.33)
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Figure 2.19: RC model for initial large-signal step response. (a) Positive output step
(b) Negative output step
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Accordingly, the initial phase of the step response can be defined as below:

Vout,RC(t) = Vout FINAL(1− e−t/τL) (2.34)

where: Vout FINAL is defined by (2.30)

The charging/discharging current through the output capacitor is given by,

Iout,RC(t) = Cout
dVout,RC(t)

dt
=
Vout FINAL

RON

e−t/τL (2.35)

Note that the RON is a function of the fixed V GP and V GN during the initial

phase. For step inputs that are larger than the small-signal step but small enough to

not rail the second-stage output, τL can be redefined based on Ron-V characteristics

of the third-stage for more accurate analysis.

Followed by the quick initial RC settling phase, when the feedback from the output

reaches back to V GP , the gate-source voltage starts to change, while the drain-source

voltage has almost settled closer to the final value as shown in Fig. 2.12. The output

current during this phase is a function of the large-signal Gm of the ringamp, which

is a function of the large-signal gain of the combined first two stages and the non-

linear large-signal Gm of the output stage. Since the intermediate large-signal phase

is a dynamic operation and is hard to quantify with closed form expressions, we

first quantify the final small-signal response and then discuss the intermediate large-

signal phase as a transition condition between the initial RC settling and the final

small-signal settling.
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2.3.3.2 Final Small-signal Settling Phase

Followed by the initial RC settling and intermediate large-signal settling, the remain-

der of the output step response is completed by the small-signal operation as shown

in Fig. 2.12. This phase of the response is defined from time t = tLS and with a

small-signal time-constant τS,

Vout Linear(t) = Vout,LS + (Vout FINAL − Vout,LS)(1− e−(t−tLS)/τS) (2.36)

where, Vout,LS is the output response that is already completed by the large-signal

section within the time t = tLS.

The small-signal time-constant tauS is given by,

τS =
1

GBW
= (β · A1 · A2

gm3

Cout
)
−1

(2.37)

The overall settling response of a ringamp based on (2.34) and (2.36) is shown

in Fig. 2.20 along with the settling response of a single-stage OTA described by

(2.11). The initial fast settling response in the ringamp gives a head-start towards

reducing the dynamic error in the output step response. This relaxes the GBW or

τS requirement for the small-signal operation of a ringamp. Since GBW is associated

with transconductance, relaxed transconductance implies reduced power consumption

to achieve the same settling time.

In other words, for the same small-signal GBW or τS as a single-stage OTA (same
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power), faster settling time can be achieved in ringamps due to the initial large-signal

response.

2.3.3.3 Intermediate Large-signal Settling Phase

Since the intermediate dynamic operation of a ringamp is hard to quantify with closed

loop expressions, we discuss it as a transition condition from initial RC settling to

final small-signal settling. Modeling the dynamic operation phase with a transition

condition provides a more intuitive insight into a ringamp operation. This is due

to the fact that the transition condition between the different phases can be linked

to the slope of the output voltage, which fundamentally corresponds to the current

flowing through the load capacitor (I = Cdv/dt). In the initial RC settling phase, the

current flowing through the load capacitor is a function of RON and in the final small-

signal settling phase, the current flowing through the load capacitor is a function of

small-signal gm of the ringamp. In the intermediate large-signal settling phase, the

current flowing through the load capacitor is a function of the large-signal Gm of the

ringamp.

The smooth transition from large-signal settling phase to small-signal settling

phase can be ensured by design by considering the large-signal dc I-V characteristics

of a ringamp. The smoothness of I-V characteristics can be quantified by the slope

of the I-V characteristics which corresponds to the shape of the large-signal Gm of

the ringamp. Since overall I-V curve of a ringamp depends on the V-V transfer

characteristics of the first two stages and the I-V characteristics of the output-stage,
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there are two degrees of freedom to control the smoothness of I-V characteristics of a

ringamp.

The smooth transition from RC settling phase to large-signal phase depends on

the time-constant of the RC settling. Hence sizing of the output stage can be used

to increase or decrease the time-constant required for the output current to hand-off

between the two phases.

The above methods ensure smooth transients in ringamps and are easily related

to the dc characteristics of ringamps. However, the delays through the loop can

distort the transient V-V characteristics of the first two stages. This in turn affects

the smooth dc I-V characteristics which results in overshoot and ringing. Chapter 4

discusses a passive-compensation technique which uses the existing switches in the SC

amplifier feedback to control the RC time constant of the initial settling and at the

same time provides a way to degenerate the large-signal Gm. Thus an extra degree

of freedom is added for smooth transition between the transient settling phases to

control large-signal ringing.

Let us consider a few quantitative considerations to draw more insights into the

transition between the phases. Assuming that the intermediate large-signal settling

is short, for a smooth transition between large-signal and small-signal response, the

slope of the small-signal response at the end of RC settling should match closely with

the slope of the small-signal response at the time of transition t = tLS. Thus, taking

the derivative of (2.34) and (2.36) and equating the two we get,

[
dVout,LS(t)

dt

]
t=tLS

=

[
dVout Linear(t)

dt

]
t=0

(2.38)
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Here t = 0 for small-signal linear settling as t = tLS is the beginning of small-signal

response.

Vout FINAL
τL

· e−tLS/τL =
(Vout FINAL − Vout,LS)

τS
(2.39)

This equation represents a direct trade-off between RC time-constant and smooth

transition in the response. For power efficient settling response we would desire

that most part of the settling is completed by the large-signal response which then

relaxes the requirement of the small-signal time-constant or GBW . For this desirable

condition, the term on the right hand side of (2.39) represents a very small slope as

Vo,LS approaches close to Vo,FINAL. Which means that the slope of the large-signal

step response is required to be lower for smooth transition which implies larger τL.

Another interpretation of (2.39) is the condition for large-signal response during zero-

crossings at the virtual ground node of the ringamp. Once again, for zero crossing

condition, the term on the right hand side of (2.39) represents a very small slope.

Thus to avoid abrupt zero crossings, the slope of the large-signal response at t = tLS

needs to be lower which implies larger τL. In other words, for a given small-signal

time-constant,output step voltage and tLS requirement, this equation (2.39) provides

a way to find the minimum τL to avoid abrupt zero crossings that cause overshoot

and ringing.

These equations also lead us to the analogy of a PID controller to qualitatively

and intuitively interpret the step response of a ringamp.

In control systems, it is very common to use a combination of proportional, inte-
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gral and derivative controls to successfully train and ensure stable negative feedback

operation [20]. Analog systems such as PLLs also use PID control. A proportional

control represents a direct feedback control without any memory. This represents

only the ”present” feedback response to any disturbance in the system. A propor-

tional control is a really fast control. An integral control represents a feedback control

with memory. This represents a collection of the ”past” feedback responses and it

ensures that the error in the system is minimized. An integral control is a very slow

control but is necessary to ensure accuracy. Finally, a derivative control represents a

feedback control that provides feedback by anticipating the response. This represents

the feedback necessary for ”future” response. Since derivative control is predictive

feedback, it can result in large errors if the gain of the derivative control is large.

Based on this understanding we can draw similarities between the response of PID

controllers and ringamps:

1) the RC settling operation dictated by τL can be considered as proportional

control. 2) the small-signal operation dictated by τS can be considered as integral

control. 3) the transition from large-signal to small-signal operation can be ensured

by smooth transition of output current (derivative of output voltage). This condition

can be considered as derivative control.

This analogy is utilized in Chapter 4 to control large-signal ringing when ringamps

are used in high speed and high accuracy systems.

The three parts of the settling response discussed here are similar to the slewing,

stabilization and settling parts of the ringamp response as described in [1]. However,

the model shown in Fig. 2.19 differs from the traditional approach. The traditional
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model [1] assumes that the large current remains constant similar to the slewing

operation or similar to a zero crossing detector based operation. In reality, the output

current through the capacitor peaks and decays exponentially before the ringamp

transitions to the low quiescent current small-signal operation. The proposed RC

based initial settling model captures this exponential decay of the output load current

and is also useful in understanding stability concerns that could arise due to abrupt

transitions between the large-signal and the small-signal response.

Figure 2.20: Settling response for a ringamp compared to single-stage OTA (y-axis
normalized to final value)

2.4 Small-Signal Stability and Noise

2.4.1 Differential Loop Analysis

Fig. 2.18 shows the small signal model of a ring-amplifier. The small signal analysis

is straight-forward and similar to a multi-stage amplifier.

The D.C. gain, poles, and zeros of a stage i is given as the following.



41

DC gain, Ai(0) = Gm,iRo,i (2.40)

Gm,i = gmp,i + gmn,i (2.41)

Ro,i = rdsp,i||rdsn,i (2.42)

Pole, ωpi =
1

Ro,iCp,i
(2.43)

The load capacitor for stage 1 and 2 are defined as:

Cp,i = Cgs,i+1 + Cgd,i+1 · Ai+1(s), i = 1, 2 (2.44)

Cgs,i+1 is the total gate-to-source capacitance of the stage i+1. Cgd,i+1 is the total

gate-to-drain capacitance of the stage i+ 1. Ai+1 is the gain of the stage i+ 1.

The total load capacitance at the output of the ring amplifier is defined by:

Cout = CL + (1− β)CF (2.45)

The right half plane zero in each stage is given as:

RHP Zero, ωzi =
Gm,i

Cgd,i
(2.46)

The small signal transfer function of the ith stage inverter is given by:
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Ai(s) = Ai(0)

(
1− s

ωzi

)
(
1 + s

ωpi

) (2.47)

The overall small signal transfer function of the ring amplifier in steady state is

given by:

A(s) = A1(s) · A2(s) · A3(s) =
3∏
i=1

Ai(0)

(
1− s

ωzi

)
(
1 + s

ωpi

)
 (2.48)

The feed back factor is

β(s) =
CS

(CS + Cin1 + CF )
(2.49)

where Cin1 is the input capacitance of the ring amplifier given by

Cin1 = Cgs,1 + Cgd,1 × A1(s) (2.50)

The loop transfer function ignoring high frequency poles and zeros is given as:

L(s) = β(s)A1A2A3

(
1− s

ωz3

)
(
1 + s

ωp1

) (
1 + s

ωp2

) (
1 + s

ωp3

) (2.51)

The loop unity gain bandwidth is given by:

GBW =

(
β(0)A1A2Gm,3

Cout

)
(2.52)

For phase margin, the most dominant contributors for phase degradation are from
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the non-dominant poles of the first two stages and the RHP zero from the output-

stage. Compared to a single-stage OTA, the RHP zero in a ringamp is closer to

GBW due to the low transconductance of the output-stage and the high gate-drain

capacitance of the output-stage due to the large sizing of output stage (large length

for gain, large widths for fast response).

2.4.2 Noise

In a SC circuit, one should consider the total integrated noise to perform noise anal-

ysis. An intuitive and elegant noise analysis for a single-stage OTA can be found

in [21]. Using the results of the analysis from [21], the integrated output noise of a

single-stage OTA in a SC amplifier setup shown in Fig. 2.1 is given by:

v2o,OTA =
αkT

βCout
(2.53)

where α is the excess noise term which corresponds to additional noise added

based on OTA implementation. For example, the noise added by the active-loads.

Using similar noise analysis for a ringamp, the discussion in [9] shows that the

integrated output noise is given by:

v2o,ringamp =
αkT

βCout
· A1A2gm3

gm1

(2.54)

Compared to an OTA where the noise floor and the noise bandwidth are set by the

same stage, the noise floor in ringamp is set by the transconductance of the first-stage
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of the ringamp and the noise bandwidth is set by the third-stage transconductance

and the gains of the first two-stages. Thus ring-amplifier provides additional degree

of freedom for noise optimization. The main take-away from this analysis is that the

below design condition has to be satisfied to keep the noise level equal to or lower

than that of a single-stage OTA.

gm1 ≥ A1A2gm3 (2.55)

2.5 Design Example

In this section, a current-starved-inverter based ring-amplifier is designed in 65nm

CMOS to demonstrate the fast settling response of the ring-amplifier. It will be

shown that the ring-amplifier designed with a τS of 1ns (GBW of 150MHz) can settle

to an accuracy of 10bit level or 0.1% error at the output voltage in less than 4ns.

Based on (2.18), a traditional OTA would have taken 7ns (7τS = 10bit/1.44) to achieve

similar settling accuracy. Fig. 2.21 shows the schematic of a current-starved-inverter

based ring-amplifier that is used for the design example. The SC amplifier is designed

for a gain of 4. The capacitances CL, CF and CS are chosen to be 600fF, 500fF and

2pF respectively.

The design flow for this example is as follows:

1) The lengths of stage1 and stage2 are chosen to be minimum length to ensure

the non-dominant poles do not worsen phase margin. Stage3 length is chosen to be

10x min length to meet the loop gain of > 60dB to achieve 10bit level (0.1%) output
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settling accuracy.

2) Given τS is 1ns, this corresponds to 150MHz of GBW in Hz (Note: GBW =

1/τS in radians). Using (2.26) and (2.25) we can find gm3 to be around 200uS (Here,

A1 ·A2 is taken as 40-60 based on the intrinsic gain for min length transistors in 65nm

CMOS).

Thus, gm3 = 200uS. With a gm/Id of 20, the required quiescent current for

stage3 is 10uA (20uA total for differential structure). This bias current decides the

gate voltages of stage3 transistors which then decides the deadzone control voltages.

Note: The choice of gm/Id of 20 biases output stage with a low overdrive and

in sub-threshold region. This choice is made so that gm3 is only a function of the

bias current and independent of the overdrive voltage or width of the transistor. This

choice helps keep the GBW fixed for a given bias current while the sizing of stage3 can

be chosen to vary the output drive strength. In terms of threshold voltage variations

and variations across temperature, this may not be the best biasing choice. These

tradeoffs are dicussed in Chapter 3 as design considerations for PVT tolerant biasing.

3) τL is found to be 500ps by sizing stage3 transistor to have an Ron of 500 ohms

with a gate voltage drive of 1.1V. For this example, τL is chosen deliberately large to

ensure very slow and smooth transition from large-signal to small-signal operation.

However, since τL is still smaller than τS the design can still demonstrate the speed

improvement over a single-stage OTA.

4) gm1 for the first stage is designed using the condition in (2.55). This ensures

that ring-amplifier doesn’t produce any excess noise.

Thus gm1 > 12mS. With a gm/Id of 20 again, the bias current for stage1 diff-pair
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is 1.2mA. The choice of low overdrive here is due to the headroom requirement and

for good input common mode range with a 1.2V supply.

5) The initial sizing of stage2 is done such that the trip point of the inverters

without current starving are close to V DD/2. This maximizes the output common

mode range and swing of stage2. The current starving transistors are sized to ensure

wide range of deadzone-control to control the gate voltage of stage3. In addition,

stage1 output common mode is designed to match the input common mode voltage

of stage2 (in this case the trip point) so that there is no systematic offset. A local

CMFB around stage1 also ensures this condition is met by using the CMFB reference

from a replica that generates the second stage trip-point.

6) Finally stage2 is scaled to modify its drive strength and also to ensure good

phase margin.

The transient response and the settling errors for an output differential step of

800mV is shown in Fig. 2.22. The dynamic error plot clearly demonstrates the initial

fast decay of error followed by the slow decay set by the small-signal parameters.

The drive strength of stage3 can be improved for this example for even faster large-

signal settling. However care must be taken as described by (2.39) to avoid significant

large-signal ringing and overshoot.
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Figure 2.21: Current-starved-inverter based ring-amplifier used for design example.
(Single-ended schematic shown for simplicity. First-stage biased with tail current
sources for differential implementation)
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Figure 2.22: Settling response of the ring-amplifier. (a) Differential output voltage
step of 800mV (b) Dynamic and static errors illustrating the fast large-signal slope
and slow small-signal slope sections (c) Derivative of output voltage representing the
exponential decay of current through the load capacitor
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Chapter 3: PVT-tolerant Biasing Technique

3.1 Introduction

In this chapter, process invariant biasing is proposed for robust operation of ring

amplifiers.

The traditional ring amplifier [1] requires external reference voltage, defined as

the deadzone voltage, for optimum performance. Other structures of ring amplifiers

have been proposed in [6, 7, 9]. The structure in [6] requires an on-chip resistor

to create the deadzone voltage. The structure in [7] uses current-starved inverters

to create the deadzone voltage. The deadzone voltage is used to optimally set the

quiescent current in the output stage of a ring amplifier and it is a function of the

threshold voltage of the transistors. This makes ring amplifiers susceptible to process

variations.

In this chapter, a deadzone regulation circuit is proposed that utilizes a constant

current source and a negative feedback loop to regulate the quiescent current of the

output stage across process corners. Transistor level simulations are used to validate

the operation of the proposed deadzone regulation technique across FF, TT and SS

corners in a 65nm CMOS process. The design example uses a current-starved-inverter

based ring amplifier in a switched capacitor amplifier to achieve a closed loop gain of 4

with a settling accuracy of ≤ 0.05% and operated at a sampling rate of 125MHz. The
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technique can also be applied to a traditional ring amplifier [1] and other structures

of ring amplifiers [6, 7, 9, 8, 22, 23, 24, 25, 26, 27] in general.

The organization of the chapter is as follows. Section 3.2 provides a brief overview

of the existing deadzone biasing structures. Section 3.3 describes the effect of process

variation on the small signal ac response and transient response of a ring amplifier,

with a current-starved-inverter based ring amplifier as a design example. Section 3.4

describes the proposed deadzone regulation circuit. Simulation results are discussed

showing the effectiveness of the technique across TT, FF and SS process corners.

Section 3.5 discusses additional considerations and tradeoffs among individual stages.

3.2 Existing Deadzone Biasing Structures

This section describes: A) The basic concept of the dynamic operation of a ring

amplifier, B) The existing deadzone biasing structures for a ring amplifier.

3.2.1 Dynamic Operation of a Ring Amplifier

3.2.2 Deadzone Biasing in Existing Ring Amplifier Stuctures

Fig. 3.1 shows the structure of a traditional ringamp. The deadzone voltage is at

the input of the second stage inverter (V DZP and V DZN in Fig. 3.1) [1]. With

the appropriate deadzone voltage, the output stage inverter is biased with a very low

quiescent current, IQ. This results in a dominant pole at the output, that dynamically

stabilizes the negative feedback loop.
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Figure 3.1: Traditional ringamp in a switched capacitor negative feedback

Fig. 3.2 [13] and Fig. 3.3 [7] show alternate ringamp structures that differ in the

way deadzone biasing is implemented. The figures show single ended structure for

simplicity. Differential structure is preferred for better supply and common mode

rejection. The structure in Fig. 3.2 implements deadzone biasing using a resistor at

the output of the second stage. The structure in Fig. 3.3 implements deadzone biasing

using current-starved inverters in the second stage.

Irrespective of the structure of a ringamp, the deadzone voltage or the deadzone

resistor is chosen such that, the steady state gate voltages (VGP and VGN) of the

output stage inverter, bias the output stage to have a very small quiescent current,

IQ. Since the dominant pole of the ringamp is due to the output stage inverter, this

quiescent current controls the loop gain bandwidth during the small signal operation

of a ringamp. However, the quiescent current is a function of the threshold voltages

of transistors in the third stage inverter.
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Figure 3.2: Ringamp using a resistor for deadzone biasing

Thus for a given value of deadzone voltage or deadzone resistor, the quiescent

current, IQ in the output stage can vary across process corners due to variations in

threshold voltage. This significantly affects the loop gain bandwidth of the ringamp.

The effect is discussed with a design example in the next section.

3.3 Effect of Process Variation on a ringamp Response

To illustrate the effect of process variation on the performance of a ring amplifier,

consider the current starved inverter based ring amplifier in Fig. 3.3. A fully differ-

ential structure is designed in a 65nm CMOS process with a 1.2V supply voltage. A

single ended schematic is shown in the figure for simplicity.

For the design example, the ring amplifier is used in the switched capacitor am-
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Figure 3.3: Ringamp using current starved inverters for deadzone biasing.
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Figure 3.4: Switched capacitor amplifier setup
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plifier shown in Fig. 3.4, which is setup for a closed loop gain of 4 and operated at a

sampling rate (FS) of 125MHz with CS = 2pF , CF = 500fF and CL = 700fF . The

open loop gain of the ring amplifier is designed such that the settling accuracy of the

output voltage is ≤0.05%.

Unlike OTAs, the choice of feedback factor can result in varying degrees of small

signal and large-signal effects on the settling of ring amplifiers [28]. The discussion

in this paper ignores the large-signal effects [29]. The control voltages VCTRLP and

VCTRLN set the gate bias voltages V GP and V GN of the third stage inverter during

the steady state. This in turn sets the quiescent current, IQ and the transconductance,

gm3 of the third stage during the steady state.

For this example, the required GBW is ≥ 375MHz (≈ 3FS) and a phase margin ≥

60 degrees. The deadzone bias voltages are VCTRLP= 795mV and VCTRLN = 390mV

to set a quiescent current of 3.5uA in the third stage inverter, at TT process corner.

Table. 3.1 shows the drastic variation in the small signal parameters of the ring

amplifier such as GBW and phase margin (PM) across TT, FF and SS corners, when

the deadzone bias corresponds to that of the TT case.

Fig. 3.5 shows the transient response of the ring amplifier with a fixed deadzone

bias, for a differential peak output swing of 800mV across FF, TT and SS process

corners. The deadzone bias is fixed at the values corresponding to TT case. It can be

seen that the settling accuracy requirements are not met for the SS case, due to the

reduced GBW and slower response. Based on these observations, a robust deadzone

biasing is required, that aims to maintain a constant quiescent current in the output

stage across process variations.
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Table 3.1: Variation in small signal parameters of the ring amplifier with a fixed
deadzone bias.

Process Corners SS TT FF

GBW (MHz) 9 415 1500

PM (degrees) 85 68 53

3.4 Proposed Deadzone Regulation Circuit

3.4.1 Circuit Description

Fig. 3.6 shows the proposed regulation circuit. As seen from the figure, the diode

tied transistors and the constant current source set the gate bias voltages V GPREF

and V GNREF of the third stage inverter for a given bias current IBIAS. The voltages

V GPREF and V GNREF track the threshold voltage variation across process corners

for a fixed bias current.

A negative feedback loop is formed using the replica of the second stage inverters

and the error amplifiers. Each error amplifier senses the steady state output of the

replica of the second stage and sets the control voltages VCTRLN and VCTRLP , such

that, the steady state value of the second stage output approaches the reference bias

voltages V GPREF and V GNREF , respectively. This negative feedback action regulates

the quiescent current IQ in the third stage inverter. By appropriately choosing the

value of IBIAS as a factor of the required IQ, the control voltages VCTRLN and VCTRLP

obtained from this circuit can be used in the ring amplifier shown in Fig. 3.3 for process
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Figure 3.5: Transient response with fixed deadzone bias

invariant operation.

Although a constant current source is used in the design example, this current

source can be potentially replaced with a constant transconductance based current

source [15] to maintain the transconductance of the output stage constant over pro-

cess, voltage and temperature (PVT) variations [15]. It should also be noted that the

gain-bandwidth requirement of the error amplifier is relaxed as the deadzone regu-

lation loop is a dc biasing network, independent of the signal path. The gain of the

error amplifier used in this design is around 30dB.

3.4.2 Simulation Results

Table. 3.2 shows the consistency in the small signal parameters of the ring amplifier

(GBW and PM) across TT, FF and SS corners, when the deadzone voltages are
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generated by the deadzone regulation circuit. The slightly higher value of GBW and

reduced PM for SS case compared to FF case is due to the fact that, the dc gain from

the first two stages are higher for the SS case compared to FF case. This is captured

in the GBW equation shown in (2.43).

Fig. 3.7 shows the transient response of the ring amplifier with the deadzone

regulation circuit, for a differential peak output swing of 800mV across FF, TT and

SS process corners. The figure shows consistent results of ≤0.05% settling accuracy

across TT, FF and SS corners.

Even though the proposed deadzone regulation technique is demonstrated for a

current starved inverter based ring amplifier [7], the technique can also be adopted

to other ring amplifier topologies [1, 6, 9, 13, 22, 23, 24, 25, 26, 27]. For example, in

the traditional ring amplifier [1], shown in Fig. 3.1, the quiescent current, IQ can be

monitored in a similar fashion as in Fig. 3.6, while the feedback voltages control the

deadzone voltage at the input of the second stage inverters. Similarly, in the resistor

based ring amplifiers [6, 13, 22, 23, 24, 25, 26, 27], shown in Fig. 3.2, the resistor

in the second stage can be replaced with a voltage controlled resistor, which can be

automatically tuned by the feedback action described in 3.4.1.

Thus by using the proposed deadzone regulation technique, the ring amplifiers can

be made less sensitive to process variations, irrespective of the topology being used.
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Table 3.2: Consistent small signal parameters of the ring amplifier with deadzone
regulation circuit.

Process Corners SS TT FF

GBW (MHz) 475 415 380

PM (degrees) 61 68 72

3.5 Design Considerations Across Process Corners

3.5.1 Biasing for constant GBW

To design ringamps across process, voltage and temperature (PVT) variations, it is

first important to understand what kind of biasing technique is required for each

stage. Typically in a traditional OTA, constant-gm biasing results in constant gain-

bandwidhth product (GBW) whereas constant-Id biasing results in constant current

density and hence constant intrinsic gain (gm/gds) [17].

Now for a ringamp, we know that the GBW is a function of the gm of stage3

and the gains of stage1 and stage2. So to maintain constant GBW, stage3 can use

constant-gm biasing and stage1 and stage2 can use constant-Id biasing.

From the analysis we can see that stage1 and stage3 control the key ringamp

parameters such as noise and bandwidth, whereas stage2 so far appears to be con-

tributing mainly in terms of additional gain in the loop and controls the stability.

Stage1 design is similar to a single stage differential amplifier. Similarly stage3 design

depends on its I-V characteristics, which once again is similar to that of a standard
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Figure 3.7: Transient response with the deadzone regulation circuit

class AB style OTA. The key difference in designing a ringamp across PVT variations

comes from the design of stage2. In addition to standard OTA techniques for stage1

and stage3, the stage2 V-V input to output characteristics and the V-V deadzone con-

trol to output characteristics across PVT variations hold the key for a good design of

a ringamp across PVT variations.

3.5.2 Tradeoff between Dc-gain, Noise and Phase-margin

Since stage3 is biased for constant gm, the intrinsic gain can have variations. This

can result in varying dc gain across corners. Hence the dc gain specifications should

be designed for worst case corners. In terms of noise specifications, since stage1 is

biased for constant gain, its gm will vary. Hence to satisfy the noise requirements

as dictated by (2.55), gm of stage1 should be designed for worst case corners. To
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understand the impact on phase margin, the non-dominant poles from stage1 and

stage2 can be simply defined as gds/(cgs + cgd · A) = fT/(1 + cgd
cgs
· A)/A. Since

stage1 and stage2 contribute to non-dominant poles and since they are biased for

constant gain, their fT will vary across process corners resulting in varying phase

margin. Since the biasing scheme aims to maintain constant GBW, the phase margin

should be designed for worst case corners.

3.5.3 Simulation Results

Table. 3.2 shows the consistency in the small signal parameters of the ring amplifier

(GBW and PM) across TT, FF and SS corners, when the deadzone voltages are

generated by the deadzone regulation circuit. The slightly higher value of GBW and

reduced PM for SS case compared to FF case is due to the fact that, the dc gain from

the first two stages are higher for the SS case compared to FF case. This is captured

in the GBW equation shown in (2.43).
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Chapter 4: Improving Large-Signal Transient using Passive

Compensation

4.1 Introduction

In this chapter, passive compensation technique is proposed to improve the settling

performance of a ringamp and to minimize the power consumption of ring amplifiers in

high speed applications. The ringamp is power efficient due to its dynamic operation.

However, stability can be a concern for high speed applications due to the delay

through the multi-stage structure of the amplifier. This need for stability results in

increased static power consumption, which diminishes the power efficient benefits of

the dynamic operation. Passive compensation technique is proposed that leverages

the resistance of the switches in a switched capacitor feedback network to introduce

LHP zeros in the negative feedback loop as shown in Fig. 4.1. Using the LHP zeros

introduced by the switches RDAC and RS2, the proposed compensation technique

can improve the large signal stability of a ring amplifier for high speed applications,

while retaining the high accuracy and low power benefits that are inherent to ring

amplifiers.

The organization of the chapter is as follows. Section 4.2 shows a design example

showing large signal ringing in the transient response even with a sufficient phase

margin in the ac response. Section 4.3 describes the proposed passive compensation
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Figure 4.2: Ring amplifier using current-starved inverters. (Single-ended schematic
shown for simplicity. First-stage biased with tail current sources for differential im-
plementation)

technique, which is analogous to the derivative control in a PID controller. This

section also demonstrates simulation results showing large signal stabilization of the

ring amplifier using the proposed compensation technique.

4.2 Large-Signal Ringing in the Step Response

To illustrate with a design example, consider the current starved inverter based ring

amplifier [7] shown in Fig. 4.2. In this structure the deadzone voltage is introduced

using current starved inverters in the second stage. A fully differential structure is

designed in 65nm CMOS process with a 1.2V supply voltage. Single ended schematic
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Figure 4.3: Large signal ringing even with a phase margin of 70 degrees from ac
response

is shown in the figure for simplicity.

The switched capacitor amplifier in Fig. 4.1 is setup for a closed loop gain of

4 and operated at a sampling rate of 150MHz with CS = 2pF , CF = 500fF and

CL = 700fF . The open loop gain of the ring amplifier is designed such that the

settling accuracy of the output voltage is ≤0.02%.

The control voltages VCTRLP and VCTRLN set the gate bias voltage of the third

stage inverter during the steady state. Hence they can be chosen to set the quiescent

current IQ and the transconductance gm3 of the third stage during the steady state.

The GBW is designed to be 150MHz (GBW ≈ FS) with a phase margin of 70

degrees. From linear small signal analysis, a phase margin of 70 degrees should result

in a stable settling response. However, the transient response in Fig. 4.3 shows large

signal ringing even though the small signal analysis showed sufficient phase margin.
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Alternative topologies have been proposed in the prior art [6, 13, 27] that use

a resistor at the output of the second stage inverter at the cost of reduced slewing

capability. [9] proposes dual-deadzone which alters the I-V characteristics of stage3 to

smoother the large-signal to small-signal transition. [19] uses a combination of resistor

based biasing and a feedback based degeneration. All the above mentioned solutions

suggest architectural modifications to ringamps. A passive compensation technique

described in the next section provides an architecture independent solution to reduce

overshoot and ringing.

4.3 Proposed Compensation Technique

Fig. 4.1 shows the SC amplifier setup where the switches in the feedback network

contribute additional poles and zeros in the loop transfer function. The switch RDAC

contributes to a pole-zero doublet in the feedback path. The effective frequency

dependent feedback factor is thus given by (2.40),

βz(s) = β(0)

 1 + sRDACCS
β(0)

1 + sRDACCS

 (4.1)

β(0) is the feedback factor at dc.

The switch resistance RS2 contributes to a zero in the forward path of the ring

amplifier. The effective forward path transfer function of the ring amplifier is thus

given by,

Az(s) = A(s) (1 + sRS2CL) (4.2)
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A(s) is the transfer function of the ring amplifier in the settling phase that excludes

the switch resistance contribution.

With the proper choice of RDAC and RS2, appropriate derivative control is intro-

duced to improve the large signal response of the ring amplifier.

The large signal stability can be improved by minimizing the delay through the

first two stage inverters. However in a given technology, reducing the delay through

the inverters, while maintaining the high gain, results in a large static power con-

sumption. However, using passive compensation technique, the large signal stability

can be improved without significant power penalty from the first two stages. In the

following subsection, the effect of passive compensation is demonstrated for large

signal ringing.

4.3.1 Large Signal Compensation

To observe the large signal ringing, slewing current is set to be large for faster slew-

ing time, while the small signal phase margin is 70 degrees with steady state GBW

approximately equal to the sampling frequency FS. The response shows large sig-

nal ringing, which is equivalent to the response of an inverted pendulum to a large

disturbance, when the derivative control is absent. Using passive compensation, ap-

propriate derivative control is introduced using the LHP zeros resulting from RDAC

and RS2. The LHP zeros introduced for large signal compensation are at frequencies

higher than the GBW.

Fig. 4.4 shows the transient response with a differential peak output swing of
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800mV for different values of RDAC and RS2. For smaller values of RDAC and RS2,

the derivative control introduced by the LHP zeros is too small and hence ineffective.

For larger values of RDACand RS2, the voltage drop across the resistors is too large

resulting in incomplete charge across the sampling capacitor CS and the load capacitor

CL, respectively as seen from Fig. 4.4.

Fig. 4.5 shows the transient response with and without the passive compensation.

The low power implementation (3mW) with no compensation shows significant ring-

ing. The high power implementation (11mW) with traditional compensation shows

stable response. The high power consumption results from designing the the first

two stage inverters to have lower delays. Finally, the low power implementation with

passive compensation (RDAC = 40Ω and RS2 = 150Ω) shows stable response due to

the appropriate derivative control from the LHP zeros.

4.3.2 Impact of Process Variation on Passive Compensation Technique

To realize the proposed passive compensation technique in silicon, it is important to

consider the effect of process, supply voltage and temperature (PVT) variations on

the operation of ring amplifiers. Since the LHP zeros are introduced at frequencies

much larger than GBW of the loop, it can be shown that, even a 10% variation

in the compensation resistance does not degrade the large signal stabilization. To

accommodate for random mismatches, the resistances in the design are sized such

that the 3σ variation in resistance is less than 5%. In addition, the use of the biasing

technique proposed in Chapter 3 [30] can ensure PVT tolerant operation of the ring
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Chapter 5: Conclusion

In this thesis qualitative and quantitative analysis of ringamps were provided to de-

velop a complete picture of the dc, ac and the large-signal operation of a ringamp.

Simple RC models and OTA based analysis were used to intuitively understand the

ringamp using standard analog techniques. An analogy to PID controllers is also

provided to develop further intuitive understanding of ringamps. Circuit techniques

are proposed to ensure robust operation of ring amplifiers.

A deadzone regulation circuit is proposed to realize process invariant biasing of

ring amplifiers. Traditional ring amplifier topologies are susceptible to process varia-

tions as the the deadzone biasing is a function of the threshold voltage of the tran-

sistors in the output stage inverter. This results in variation in the quiescent current

IQ at the output stage and variation in GBW across process corners. The proposed

regulation circuit uses a replica of the ring amplifier and a negative feedback loop to

track the threshold voltage variations, while maintaining a constant quiescent cur-

rent IQ at the output stage of the ring amplifier. The proposed technique is validated

using transistor level simulations, showing improved ac and transient response of a

ring amplifier across TT, FF and SS corners. The circuit is designed in 65nm CMOS

process with a 1.2V supply to achieve a closed loop gain of 4 with a settling accu-

racy of ≤0.05% and operated at a sampling rate of 125MHz. Compared to a fixed

deadzone voltage, the proposed technique shows consistent ac and transient response.
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The technique is demonstrated with a current starved inverter based ring amplifier.

However, the technique can also be applied to other ring amplifier topologies as well.

Passive compensation technique is proposed to improve the settling performance

of a ring amplifier for high speed applications, without losing its power efficiency and

accuracy. The technique leverages the resistance of switches in the switched capacitor

amplifier network to stabilize the amplifier response using LHP zeros. An inverted

pendulum with a PID controller in feedback is used as an analogy to describe the

large signal stabilization of a ring amplifier. The proposed technique is validated using

transistor simulations, showing improved large signal settling response for a current

starved inverter based ring amplifier. The circuit is designed in 65nm CMOS process

with a 1.2V supply to achieve a closed loop gain of 4 with a settling accuracy of 0.02%

and operated at a sampling rate of 150MHz. The proposed passive compensation

technique saves the static power that would be required to reduce the delay through

the loop, making the proposed technique highly power efficient for ring amplifiers

used in high-speed applications.



73

Bibliography

[1] B. Hershberg, S. Weaver, K. Sobue, S. Takeuchi, K. Hamashita, and U. Moon,
“Ring Amplifiers for Switched Capacitor Circuits,” IEEE Journal of Solid-State
Circuits, vol. 47, no. 12, pp. 2928–2942, Dec 2012.

[2] B. J. Hosticka, “Dynamic CMOS amplifiers,” IEEE Journal of Solid-State Cir-
cuits, vol. 15, no. 5, pp. 881–886, Oct 1980.

[3] B. Verbruggen, J. Craninckx, M. Kuijk, P. Wambacq, and G. Van der Plas1, “A
2.6mW 6b 2.2GS/s 4-times interleaved fully dynamic pipelined ADC in 40nm
digital CMOS,” in 2010 IEEE International Solid-State Circuits Conference -
(ISSCC), Feb 2010, pp. 296–297.

[4] L. Brooks and H. Lee, “A Zero-Crossing-Based 8-bit 200 MS/s Pipelined ADC,”
IEEE Journal of Solid-State Circuits, vol. 42, no. 12, pp. 2677–2687, Dec 2007.

[5] E. Iroaga and B. Murmann, “A 12-Bit 75-MS/s Pipelined ADC Using Incomplete
Settling,” IEEE Journal of Solid-State Circuits, vol. 42, no. 4, pp. 748–756, April
2007.

[6] Y. Lim and M. P. Flynn, “A 100 MS/s, 10.5 Bit, 2.46 mW Comparator-Less
Pipeline ADC Using Self-Biased Ring Amplifiers,” IEEE Journal of Solid-State
Circuits, vol. 50, no. 10, pp. 2331–2341, Oct 2015.

[7] S. Leuenberger, J. Muhlestein, H. Sun, P. Venkatachala, and U. Moon, “A 74.33
dB SNDR 20 MSPS 2.74mW Pipelined ADC using a Dynamic Deadzone Ring
Amplifier,” IEEE Custom Integrated Circuits Conference (CICC), 2017.

[8] J. Lagos, B. P. Hershberg, E. Martens, P. Wambacq, and J. Craninckx, “A 1-
GS/s, 12-b, Single-Channel Pipelined ADC With Dead-Zone-Degenerated Ring
Amplifiers,” IEEE Journal of Solid-State Circuits, vol. 54, no. 3, pp. 646–658,
Mar. 2019.

[9] A. ElShater, C. Y. Lee, P. K. Venkatachala, J. Muhlestein, S. Leuenberger,
K. Sobue, K. Hamashita, and U. Moon, “A 10mW 16b 15MS/s Two-Step SAR
ADC with 95dB DR Using Dual-Deadzone Ring-Amplifier,” in 2019 IEEE In-
ternational Solid- State Circuits Conference - (ISSCC), Feb 2019, pp. 70–72.



74

[10] T. Hung and T. Kuo, “A 75.3-dB SNDR 24-MS/s Ring Amplifier-Based
Pipelined ADC Using Averaging Correlated Level Shifting and Reference Swap-
ping for Reducing Errors From Finite Opamp Gain and Capacitor Mismatch,”
IEEE Journal of Solid-State Circuits, vol. 54, no. 5, pp. 1425–1435, May 2019.

[11] B. Hershberg, B. v. Liempd, N. Markulic, J. Lagos, E. Martens, D. Dermit,
and J. Craninckx, “A 6-to-600MS/s Fully Dynamic Ringamp Pipelined ADC
with Asynchronous Event-Driven Clocking in 16nm,” in 2019 IEEE International
Solid- State Circuits Conference - (ISSCC), Feb 2019, pp. 68–70.

[12] B. Xiao, P. Venkatachala, Y. Xu, A. Elshater, C. Lee, S. Leuenberger, Q. Khan,
and U. Moon, “An 80mA Capacitor-Less LDO with 6.5uA Quiescent Current
and No Frequency Compensation Using Adaptive-Deadzone Ring Amplifier,” in
2019 IEEE Asian Solid-State Circuits Conference (A-SSCC), Nov 2019, pp. 1–1.

[13] Y. Lim and M. P. Flynn, “A 1 mW 71.5 dB SNDR 50 MS/s 13 bit Fully Dif-
ferential Ring Amplifier Based SAR-Assisted Pipeline ADC,” IEEE Journal of
Solid-State Circuits, vol. 50, no. 12, pp. 2901–2911, Dec 2015.

[14] K. M. Megawer, F. A. Hussien, M. M. Aboudina, and A. N. Mohieldin, “A Sys-
tematic Design Methodology for Class-AB-Style Ring Amplifiers,” IEEE Trans-
actions on Circuits and Systems II: Express Briefs, vol. 65, no. 9, pp. 1169–1173,
Sep. 2018.

[15] P. R. Gray, P. J. Hurst, S. H. Lewis, and R. G. Meyer, Analysis and Design of
Analog Integrated Circuits. John Wiley & Sons, 2001.

[16] Y. Chae and G. Han, “Low Voltage, Low Power, Inverter-Based Switched-
Capacitor Delta-Sigma Modulator,” IEEE Journal of Solid-State Circuits,
vol. 44, no. 2, pp. 458–472, Feb 2009.

[17] P. A. Jespers and B. Murmann, Systematic Design of Analog CMOS Circuits:
Using Pre-Computed Lookup Tables. Cambridge University Press, 2017.

[18] B. Hershberg and U. Moon, “A 75.9dB-SNDR 2.96mW 29fJ/conv-step ringamp-
only pipelined ADC,” in 2013 Symposium on VLSI Circuits, June 2013, pp.
C94–C95.

[19] J. Lagos, B. Hershberg, E. Martens, P. Wambacq, and J. Craninckx, “A 1Gsps,
12-bit, single-channel pipelined ADC with dead-zone-degenerated ring ampli-
fiers,” in 2018 IEEE Custom Integrated Circuits Conference (CICC), Apr. 2018,
pp. 1–4.



75

[20] K. H. Ang, G. Chong, and Y. Li, “PID Control System Analysis, Design, and
Technology,” IEEE Transactions on Control Systems Technology, vol. 13, no. 4,
pp. 559–576, July 2005.

[21] B. Murmann, “Thermal Noise in Track-and-Hold Circuits: Analysis and Simula-
tion Techniques,” IEEE Solid-State Circuits Magazine, vol. 4, no. 2, pp. 46–54,
Spring 2012.

[22] J. Lagos, B. Hershberg, E. Martens, P. Wambacq, and J. Craninckx, “A Single-
Channel, 600Msps, 12bit, Ringamp-based Pipelined ADC in 28nm CMOS,” 2017
IEEE Symposium on VLSI Circuits, pp. C96–C97, June 2017.

[23] W. T. Chen, Y. T. Shyu, C. P. Huang, and S. J. Chang, “A Pipeline ADC
with Latched-based Ring Amplifiers,” 2016 IEEE International Symposium on
Circuits and Systems (ISCAS), pp. 85–88, May 2016.

[24] K. M. Megawer, F. A. Hussien, M. M. Aboudina, and A. N. Mohieldin, “An
adaptive slew rate and dead zone ring amplifier,” 2016 IEEE International Sym-
posium on Circuits and Systems (ISCAS), pp. 305–308, May 2016.

[25] J. Muhlestein, F. Farahbakhshian, P. Venkatachala, and U. Moon, “A multi-path
ring amplifier with dynamic biasing,” 2017 IEEE International Symposium on
Circuits and Systems (ISCAS), pp. 1–4, May 2017.

[26] Y. Cao, Y. Chen, T. Zhang, F. Ye, and J. Ren, “An Improved Ring Amplifier
With Process and Supply Voltage Insensitive Dead-zone,” 2017 IEEE 60th Inter-
national Midwest Symposium on Circuits and Systems (MWSCAS), pp. 811–814,
Aug 2017.

[27] Y. Chen, J. Wang, H. Hu, F. Ye, and J. Ren, “A Time-Interleaved SAR as-
sisted Pipeline ADC with Bias-enhanced Ring Amplifier,” IEEE Transactions
on Circuits and Systems II: Express Briefs, vol. PP, no. 99, pp. 1–1, 2017.

[28] S. Leuenberger, P. Venkatachala, A. ElShater, C. Lee, M. Oatman, B. Xiao and
U. Moon., “Empirical Study of The Settling Behavior of Ring Amplifiers for
Pipeline ADCs,” 2018 IEEE International Symposium on Circuits and Systems
(ISCAS), May 2018.

[29] P. Venkatachala, S. Leuenberger, A. ElShater, C. Lee, J. Muhlestein, B. Xiao, M.
Oatman and U. Moon., “Passive Compensation for Improved Settling and Large



76

Signal Stabilization of Ring Amplifiers,” 2018 IEEE International Symposium
on Circuits and Systems (ISCAS), May 2018.

[30] P. Venkatachala and S. Leuenberger and A. ElShater and C. Lee and Y. Xu
and B. Xiao and M. Oatman and U. Moon., “Process Invariant Biasing of Ring
Amplifiers Using Deadzone Regulation Circuit,” 2018 IEEE International Sym-
posium on Circuits and Systems (ISCAS), May 2018.




