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Abstract

The rapid increase in integrated circuit complexity attributed to the advancements in
fabrication techniques combined with the increasing demand for consumer applications
has created an immense demand for high performance analog systems. These analog
systems include high-resolution (> 14-bit) and/or high-speed (> 1 GHz) ADCs, high-
linearity filters and power management circuits. The fundamental limitations in these
systems are tied to the constraints imposed by the basic design elements that tend to
include amplifiers and reference generators (voltage/current). With continued technology
scaling, innovative circuits and design techniques are necessary in achieving high

performance analog/mixed-signal systems.

The goal of this research is to develop an operational amplifier that readily provides high
open-loop gain and gain-bandwidth product for implementing high-performance analog
systems. As part of this research, a ‘Compound Transconductance element’ has been
developed that offers high transconductance with low power consumption. Furthermore,
this element can function as a key element in the implementation of a multi-stage
amplifier. Thus, a compound transconductance element based operational amplifier has
been developed that achieves an open-loop gain in excess of 100 dB. This high-gain
amplifier is applicable to continuous-time and switched-capacitor applications that
require high linearity. The unique characteristics of this circuit element not only create
new avenues in multi-stage amplifier design but also foster the development of a unique

compensation topology for achieving feedback stability. Fabricated in a 5-V/0.5-pm bulk

vi



CMOS process, this amplifier achieves an open-loop gain of nearly 120 dB, with a unity-

gain bandwidth of 15 MHz.
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1. Introduction

1.1 Technology trends in CMOS op amp circuit design

The International Technology roadmap for Semiconductors shows that the supply voltage
for high-performance/low power analog design will be scaled down to 1.1 V [53] by
2009. Though the reduction in supply voltage is advantageous for digital design, in
analog circuit design it becomes increasingly difficult to achieve the performance of a
similar system fabricated in earlier processes. This is because most of the circuit
techniques that are being used today may become unusable in the circuit designs
targeting deep sub-micron processes. To keep pace with these future demands, new

circuit techniques, process options and architectures have to be developed.

The operational amplifier (op amp) forms one of the basic components in analog design
and is used in reference circuits, analog-to-digital converters (ADCs), voltage controlled
oscillators (VCOs), etc. Some of the recent circuit techniques in op amp design include
body driving [67], [68], [69], sub-threshold designs [70], [71], [72], [73], and floating-
gate designs [74], [75], [76]. Some of the process options that are available in deep sub-
micron processes that are not available in earlier processes are multi-threshold voltage
devices (offered as thin-oxide and thick-oxide devices) and triple well devices (isolated
bodies for both the PMOS and NMOS). Architecturally, there is not much advancement
in op amp design, as the folded-cascode architecture has been widely used for more than

a decade. The transconductance offered by a body-driven MOSFET is roughly three



times less than that of its gate-driven counter-part. Though sub-threshold designs are
power efficient, typically they require large silicon area. The post-fabrication
programmability option of floating-gate devices demands a complex programming setup
and it can be impractical to program/reconfigure all the individual chips during volume
production. The recent process options presented above need extra mask layers reducing
the cost efficiency of the fabrication. Though these circuit techniques and process options
have their own disadvantages, their advantages are still significant and help in the
implementation of designs to meet future demands. This work shows the potential of

circuit techniques in developing high performance designs.

1.2 Research goals

The goals of this research are:
e to investigate efficient methods of achieving high gain for a given power
consumption,
e to survey frequency compensation methodologies for multi-stage
amplifiers, and
e to implement a fully functional high-gain multi-stage operational amplifier

combining both the above methodologies.

As a part of this effort, a thorough literature survey has been done on multi-stage
amplifiers and their compensation topologies to understand and analyze the problems
associated with their design methodologies and limitations. This literature survey has

shown that frequency compensation methods have come a long way in furthering the



overall efficiency and performance of multi-stage amplifiers. Relatively speaking, the
design of the core architecture used in multi-stage amplifiers has remained somewhat
stagnant for more than a decade. To improve the efficiency of these multi-stage
amplifiers, a compound transconductance element that offers very high transconductance
using meager power consumption is developed. The inherent characteristics of this
element make this an ideal candidate for implementing multi-stage amplifiers. To prove
the viability of this element, a fully functional multi-stage operational amplifier has been
designed and implemented in 0.5-pum, bulk CMOS process. The unique characteristics of
this op amp demanded an innovative compensation topology for achieving stability. This
is the first multi-stage operational amplifier to implement a completely stable all
inverting gain stage amplifier. Furthermore, in terms of open-loop gain, small-signal
bandwidth, slew-rate, power consumption, input common-mode range, power supply
rejection ratio and common-mode rejection ratio, this amplifier is commensurate with
performance from other multi-stage amplifiers that use alternate non-inverting gain
stages—thus proving the viability of this compound transconductance element and the

compensation topology in the implementation of multi-stage amplifiers.

1.3 Overview of the dissertation

This dissertation presents the design of a multi-stage amplifier that can be used in the
implementation of high linearity systems. In Chapter 2, literature review of previous
work on multi-stage amplifiers, their classification and various compensation topologies

are discussed. This review clarifies the fact that an all inverting gain stage based multi-

3



stage amplifier has not been implemented and also discusses the various problems
associated with compensation topologies. Chapter 3 starts with the thorough introduction
of the compound transconductance element, the mathematical analysis behind its
efficiency in generating high gain, the inherent behavior of the element as a multi-stage
amplifier, the need for designing a compensation topology and simulation results of a
fully functional multi-stage amplifier from Matlab and Eldo. Chapter 4 presents the
implementation, layout of the multi-stage amplifier, printed circuit board developed for
characterization, analysis of measured results compared with simulation results,
performance comparison of this amplifier with other multi-stage amplifiers and tools
used throughout this research. Finally, Chapter 5 concludes this dissertation with the
original contributions from this work and future research directions of this compound

transconductance based op amp.



2. Multi-Stage Op amp Prior Art

2.1 Classification of multi-stage amplifier architectures

High-gain amplifiers can be defined as amplifiers with open-loop gains higher than 100
dB. These amplifiers can be developed to operate in voltage mode as well as in current
mode. All the amplifiers discussed in this work are in voltage mode. Throughout the
course of this document, only the literature with measurement results is considered for
discussion and analysis. The author broadly classifies these amplifiers in four types,
depending on their design architecture. They are:

a) Cascode amplifiers

b) Cascade amplifiers

c) Dynamic amplifiers

d) Positive feedback or Negative conductance amplifiers

2.2 Analysis of multi-stage architectures

All the four multi-stage amplifier architectures classified in the previous section will be
discussed in detail in this section. The stability and compensation techniques for these

architectures will be discussed in the later sections.

2.2.1 Cascode amplifiers

Cascode amplifiers are used for capacitive loads only, where the output impedance is

very high. These achieve high gain through a ‘stacking transistor’ technique, which



dramatically increases the output impedance. A simple differential amplifier is shown in
the Figure 2.1 (a). The gain of this amplifier is given by

Gain =g,, X Iy (1)
where g, , is the transconductance of the input differential pair and 7,,, is the output

impedance of the amplifier, given by 7, || r,,. For a given transconductance, the gain of

the amplifier can be further increased by the cascoding technique [62]. When the
transistors (Ms; and M7jg) are added in series with the input differential pair (Ma)), the
output impedance is increased tremendously. A single-stage operational transconductance

amplifier (OTA) with cascode load is shown in the Figure 2.1(b) and its gain is given by
Gain,,...=8&,, % Vou (2)

where g, is the transconductance of the input differential pair and 7,, is the output

impedance of the amplifier and is approximately given by [(g, 5% )|l (6747 )] - Thus

the gain of cascode amplifier (Figure 2.1 (b)) can be orders of magnitude higher than
simple amplifier (Figure 2.1 (a)). By cascoding further, the output impedance and

therefore the gain can be increased further.

Though the cascoding technique steadily increases the open-loop gain of the single-stage
amplifier, there is a steady decrease in the dynamic swing of the output signal and input
common mode range (ICMR). The output impedance in combination with the load

capacitance and the output parasitic capacitance form the dominant pole in this amplifier

topology.
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Figure 2.1 (a) Single-stage OTA and (b) Single-stage OTA with cascode load
To improve the performance characteristics of the single-stage OTA, the folded cascode
architecture has been introduced by Banu et. al [6]. The basic topology of this amplifier
is shown in Figure 2.2. This topology is referred as the folded cascode architecture
because the active loads are folded down into the output branch and the output branch
resembles the topology of the complementary cascode architecture. Hence, this
architecture can achieve the gain of the previous cascode architecture (Figure 2.1 (b)),

while improving the dynamic output swing and ICMR.
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Figure 2.2. Single-stage OTA with Folded Cascode Topology
As semiconductor technology has migrated well into the deep submicron regime, supply
voltages have gone down accordingly. These low voltage supplies limit the number of
devices that can be stacked, thereby limiting the feasibility of this topology for future low

voltage requirements.

2.2.2 Cascade amplifiers

This concept is based on cascading a series of low gain, low performance stages as to
achieve the desired performance. Cascade amplifiers can be used not only for driving
capacitive loads (like cascode amplifiers) but also for applications where low output
impedance is desired. In cascode architectures, open-loop gain is achieved at the expense
of dynamic output swing. With the advancements in semiconductor technology, the
supply voltages for circuits and the channel length of the transistors have been reducing
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rapidly. The reduction in the channel length reduces the output impedance of the
transistor and hence the gain of the MOSFET-based amplifiers. Also, the cascode
architectures cannot be readily facilitated with lower supply voltage. Hence a new
architecture, wherein multiple stages are cascaded together in order to address these

drawbacks has been developed.

The schematic of a 2-stage cascade amplifier is shown in Figure 2.3. The high impedance
node at the output of the 1% stage, with the Miller and parasitic capacitances forms the
dominant pole. The output of the 2™ stage with its load and parasitic capacitance forms
the non-dominant pole. If external negative feedback is applied [24], the phase margin
(PM) may not be sufficient as the non-dominant pole can be located within the unity-gain
frequency (UGF). The open-loop transfer function and the unity-gain bandwidth product
(UGBW) of the 2-stage cascade amplifier without the feedback capacitance Cy are given

by

A, =A A, = glem ngZLoad (3)
o T 1+ sR,C, N1+ 5R,C, )

& Z01&m2Z Lowd .
(1+sR,C, \1+5R,C,)

4
UGBW = 8m2_ (4)
27C

L

where g,...2.,.R,R,,C,,C,,Z,, and Z, , represent transconductances, output

Loa
resistances, output capacitances and output impedances for the 1% and 2™ stages,

respectively.
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Figure 2.3. Two-stage Miller compensated cascade amplifier
The possible methods of frequency compensation [24], [44] are: a) move the non-
dominant pole farther (higher in frequency) from the UGBW product, b) move the
dominant pole (f343) lower in frequency such that non-dominant pole is outside the
UGBW product, ¢) simultaneously move the dominant and non-dominant poles away
from the UGF in opposite directions, or d) place a zero between the dominant and non-
dominant pole to improve the PM or to precisely eliminate the non-dominant pole.
Implementing the method recommended in (a) may not always be possible due to the
design considerations. To implement the compensation using (b), the size of the output

capacitance of the 1% stage (C,) should be increased. But implementing such a large

capacitor on chip would be highly area inefficient. Finally, the method recommended in
(c) that achieves both (a) and (b) is analyzed in [5] and is implemented by placing a
capacitor across the 2™ stage. This capacitor is referred to as a “Miller capacitor”. The
new transfer function, UBGW product and the new pole locations with the Miller

capacitance are given by
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AOL ’DC (1_ SCMJ ( )
Ay (8) = m2 -
{1+sr(C,+C,)1+sR,(C, +C, )}+ {sgmzCM RR, [1 _sC,, ﬂ
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UGBW = -Sn2_ (6)
21C,,
| ! ! - (7)
= = C,<<C,, and
PSSR G, + €, (1= 4,)] 1+SR1CM(1—A2)lf 1<% Sy A0
4, =-g,,R,
P, = 1 - ! (8)
- 1+ SZRIRL _(Cl +CM)(CL +CM)_CM2_ - 1+s CICL +CM(C1 +CL) ’
sR,C,,(1-4,) 2,nCy
¢ <<C,.C << C, and[RC, (1- 4,)]5> GC+CulC+C)

ngCM
From (7) and (8), it can be clearly seen that the dominant pole (p,) and the non-

dominant pole ( p, ) both moved away from the UGF by a factor of (I—AZ). This is

commonly referred to as “pole-splitting” [24]. Though this compensation simultaneously
moves the dominant and non-dominant poles away from the UGF, it also introduces an
undesired right-half plane (RHP) zero due to the feed-forward path at high frequencies.
This RHP zero impacts the PM of the amplifier, which can be improved by adding a
series resistor with Miller capacitor, effectively moving the zero from the RHP into the
left-half plane (LHP). An efficient and more popular method is to eliminate the feed-
forward path by placing a “virtual ground” node between the output of the 1* stage and
the Miller capacitance. By properly placing the virtual ground, the RHP zero is

completely eliminated from the transfer function, thus significantly improving the PM
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and therefore stability of the system. This concept of eliminating the feed-forward zero
by using virtual ground is widely used for compensating multi-stage amplifiers. This is
also referred as “grounded-gate cascode compensation” [4]. Advanced compensation

methodologies will be discussed later in this chapter.

By using Miller compensation capacitance a) the size of the compensation capacitor is
reduced and the amplifier area is more efficient, and b) the amplifier has a higher slew-

rate for the same power consumption.

In multi-stage amplifiers (where the number of stages > 3), each stage can be
individually optimized for a specific performance parameter thereby achieving an overall
higher performance amplifier. Depending on the design requirements, the first stage
could be optimized for
e low noise to improve the signal-to-noise ratio (SNR),
e high input impedance to avoid signal loss when a high impedance signal source
drives the input node, and/or
e high ICMR to accommodate a wide range of signal amplitudes.
The second and intermediate stages could be optimized for
¢ high gain to further amplify the signal,
e signal conversion (single-ended to differential or vice-versa, voltage to current,
etc.), and/or

e signal processing functions such as shifting the dc level of the input signal.

12



The final stage could be optimized for

e low output impedance to minimize signal transfer loss,

e large output swings, and/or

e drive capability for interfacing a wide range of loads.
The designer has to compromise or trade off certain performance parameters for others.
In the present scenario, the desired performance parameters for the amplifiers using this
topology are obtained at the cost of the complexity of the compensation architecture. The
complexity of the compensation architecture increases with the number of stages. The
schematic of a 3-stage amplifier with nested Miller compensation (NMC) [49] is shown
in Figure 2.4, where gmi-3, Zr13 and Cy;-3 indicate the transconductance, output

impedance and the Miller capacitance for each stage respectively.

The main disadvantages of the cascade topology are a) complexity of the compensation

technique, b) chip area estate necessary for the compensation capacitors, and c) power

CM1

[|
I
Cwz

V|N Om2 2 Im3 VOUT

First Stage [|:| Z 4 Second Stage [|:| Z, Third Stage [|:| Z3

Figure 2.4. Block diagram of a 3-stage amplifier using nested Miller compensation
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consumption needed for the multiple stages. A wide range of compensation techniques
like simple Miller compensation (SMC) [5],[43], multi-path zero cancellation (MZC)
[45], multi-path nested Miller compensation (MNMC) [48] and nested G,,-C
compensation (NGCC) [46], [47] are used to optimize amplifier performance parameters

such as bandwidth, power consumption and drive capability.

2.2.3 Dynamic amplifiers

The concept of dynamic amplifiers was proposed by Copeland [8]. The basic idea of this
amplifier is to have a dynamically varying bias current instead of a constant bias current
throughout the operation. These amplifiers are primarily targeted for extremely low
power consumption and noise compared to continuous-time amplifiers. Very little

literature is available in the area of dynamic amplifiers [8]-[10].

The concept of dynamic amplifiers is as follows. Initially the input differential pair is
biased in strong inversion as in any other MOS op amp or OTA. Later the biasing of the
input differential pair is continuously changed until the differential pair operates in the
weak inversion region. Since the power consumption is minimal during sub-threshold
operation, these amplifiers consume very little power compared to the previously
discussed amplifiers. The basic operation of single-stage and 2-stage dynamic amplifiers

is briefly discussed.
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Figure 2.5. a) Single-stage dynamic amplifier [9] and b) 2-stage dynamic amplifier both with non-

overlapping clock phases [9]

The schematics of single-stage and 2-stage dynamic amplifiers are shown in Figure 2.5.
Assume ® and @’ are non-overlapping clocks and It is the tail current for the input
differential pair. During phase-1 (when @ is high and @’ is low), switch S; is closed and
switch S, is open and I, 1s provided by the capacitor Crgiy. At the end of the phase-1,
the voltage across Cr,iij reaches close to VDD and Ity is reduced. During phase-2 (when
® is low and @’ is high), switch S; is closed and switch S4 1s open. Similar to the phase-1
operation, large current is provided at the start of phase-2 that is later reduced as the
capacitor Cr,jp charges. During both the phases, the power consumption is highest at the

start of the phase and gradually decreases to the end of the phase.

The operation of a 2-stage dynamic amplifier is slightly different from that of a single-
stage dynamic amplifier. At the start of phase-1 (when ® is high and ®’ is low),

capacitors Craj and Coy provide the currents necessary for the input differential pair and
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output transistor Ms respectively. As the capacitors Crai and Coy start charging, the
currents I, and Ioy start reducing. During the phase-2 (when @ is low and @’ is high),
both the capacitors start discharging and the output voltage and the amplifier is no longer

usable. During phase-2, the amplifier consumes no power (except leakage).

The huge limitation of these amplifiers is that the bandwidth decreases drastically as the
power consumption is reduced. Also, these amplifiers may be area inefficient because of
the presence of on-chip capacitors per stage. With the increasing frequency of operation,
the performance advantages offered by these amplifiers diminish as these amplifiers

begin to operate more like continuous-time amplifiers.

2.2.4 Positive feedback or Negative conductance amplifiers

The positive feedback amplifiers are also referred to as negative conductance amplifiers.
The concept of taking advantage of negative conductance to improve the gain of
amplifiers was proposed by Allstot [13]. Figure 2.6 shows the schematic of a common

source amplifier. The transfer function is given by

Ao (s) = S = —8n ©)
SCL +i+i SCL +gds,ml +gneg
rO rneg

where g,, and ry correspond to the transconductance and output impedance of M, and 7;,¢¢

represents the resistance of the element X.
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Figure 2.6. Schematic of a common source amplifier

The gain of the amplifier could be increased by canceling g, ., if the conductance
(g, ) of the impedance element is negative. Multiple methods have been proposed

earlier to achieve negative conductance [14]-[16]. A schematic of a single-stage amplifier
using negative conductance [17] is shown in Figure 2.7. The transfer function of this

amplifier is given by

A (s) = — 8w, _ — 8w, (10)
OL = -
SCL +i+i+ (I_Ah’”er) SCL + g-uls,MI + gds,Mz +gneg (1 - Alnner)
For 7o Feg

By matching (g s, T 8as, Mz) with g, . (4,,., —1) so that they cancel each other, a very

high dc gain could be theoretically achieved. In this topology, the negative conductance
can be designed independently as to match the total output resistance. The main
drawbacks of negative conductance amplifiers are that the a) gain is highly sensitive to

the negative conductance and b) there is limited output swing [19].
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Figure 2.7. Schematic of a single-stage negative conductance amplifier

This is one of the least used architectures among all the classifications previously
mentioned. Most of the literature published on positive feedback or negative conductance

amplifiers is based on simulation results.

2.3 Compensation techniques

2.3.1 Necessity and motivation

The previous section discussed the necessity and demand for high-gain amplifiers and
presented the classification of amplifier topologies. A challenging part of amplifier
design and development is the compensation topology for achieving optimal
performance. These compensation techniques evolved with the emergence of new
amplifier topologies, since the stability of multi-stage amplifiers is a key concern for
designers. With the increasing complexity of amplifier topologies (the open-loop transfer
function of an uncompensated three-stage amplifier will have multiple poles and zeroes),

the complexity of the compensation scheme increased proportionately. Very few
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compensation techniques were published in the late 20™ century, but with the rapidly
shrinking supply voltage, cascade amplifiers have slowly gained prominence. With the
increase in the number of gain stages in cascade amplifiers, the compensation topologies
have become the major focus of the design. New techniques developed in the early 21%
century show that the compensation techniques have a tremendous impact on various
performance parameters of the amplifiers like slew-rate (SR), UGBW, PM, power
consumption and the ability to drive both capacitive and resistive loads (primarily

capacitive).

2.3.2 Analysis of different compensation techniques

One of the most widely used amplifier topologies (folded cascode) is based on the
cascode technique, and the compensation techniques for this topology are well
established. Hence this section briefly discusses the compensation techniques for cascode

amplifiers before presenting the more complicated techniques.

Figure 2.1 (b) shows the schematic of a single-stage cascode amplifier. The output node
of the amplifier forms the dominant pole for this system. The drain terminals of My, M,
and M; produce the non-dominant poles of this amplifier. Load capacitance forms the
compensation capacitance for this amplifier and has a significant impact on the UGBW

and PM. Hence, it is important to carefully choose the size of the load capacitance.

Cascode architectures have been widely used when the available supply voltage is

sufficiently high. The limitations of this architecture were discussed previously, and
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cascading architectures have slowly gained prominence. The number of stages in cascade
amplifiers increased with the demand for higher gains, and so does the complexity of
their compensation schemes. The number of previously published multi-stage amplifiers

is indicative of the complexity of the compensation topologies.

Table 2.1 provides a list of papers presenting various compensation techniques for multi-
stage amplifiers. Throughout the discussion of this work, the minimum desired phase

margin (PM) is 50°, unless otherwise specified.

Though the previously published compensation techniques shown in Table 2.1 are self-
explanatory, the frequently referenced and widely used compensation techniques will be
discussed and analyzed. The previously published multi-stage amplifier compensation
topologies are categorized here based on the number of compensation capacitors used.
Accordingly, the topologies can be classified into 3 broad categories: a) topologies with 2
or more compensation capacitors, b) topologies with single compensation capacitor, and
c) topologies with no compensation capacitors. Most of the compensation topologies fall
within the first category (i.e. with 2 or more compensation capacitors). For brevity, one

topology from each category will be discussed in the subsequent sections.

The advantages and disadvantages of some of the basic widely used compensation

topologies such as nested Miller compensation, multi-path nested Miller compensation,
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Table 2.1. List of previously published papers on multi-stage amplifier compensation techniques

#. Gain | GBW| SR SR™ | Supply | Power | CM1/CM2 Area [ Tech.

Author Stages | (dB) [(MHz)| (V/ps)|(V/ins)| (V) (W) (pF) C.L PM (°) (mmz) (um)
1983 Ahuja 2 80 3.8 NA [ NA 10* NA NA 15pF 70 165 4
1990 Opt Eynde 3 120 4.9 NA | NA 5* NA NA 15pF//81 58 0.28 2
1990 Bult 2 90 116 | NA [ NA 5 52000 NA 16pF 64 NA 1.6
1991 Fonderie 3 117 3.4 1.1 1.1 7.5 5250 NA 100pF//10KQ | 61 0.2 | Bipolar
1992 Eschauzier 3 100 60 20 NA 8 76000 NA 100pF//1KQ 40 1.8 | Bipolar
1993 Pernici 4 120 2 1.5 NA 5 10000 | 17.5/5.0 250pF NA | 0.625 1.5
1994 Eschauzier 4 120 6 13 NA 1.5 435 ] 0.5/1.3/1.3 | 10pF//10KQ 69 NA 0.8
1997 | Labhiji (Sims) 2 160 3.3 1 NA NA 72000 NA NA NA NA | Bipolar
1997 de Langden 3 76 | 1000 | 360 | NA | 3.6-5.5 | 86400 1.1/2.2 NA 47 0.26 | Bipolar
1997 Fan You 4 100 1 5 NA 2% 1400 NA 20pF//10KQ 58 0.22 2
1999 | Hiok-Tiaq Ng 3 102 47 48 89 3 6900 NA 40pF 76 NA 0.6
2000 | Ka Nang Leung 3 >100] 2.6 1.36 | 1.27 2 420 NA 100pF//25KQ | 43 0.11 0.8
2000 | Ka Nang Leung 3 >100 | 0.82 | 031 [ 0.4 1* 720 NA 1000pF 63 0.17 0.8
2001 | Ka Nang Leung 3 >100] 1.8 | 0.82 ] 0.75 2 406 NA 100pF//25KQ | 52 0.12 0.8
2002 Bouzerara 2 90 182 | NA | NA 2.5 7000 NA 1pF 95 NA 0.8
2002 | Mita(Sims. Only) 4 110 1.2 NA | NA 3 NA NA SpF 90 NA NA
2002 Palumbo 3 >100| 1.4 | 046 [ NA 2 NA NA 100pF 91 NA 0.8
2003 Mita 3 91 4.5 NA [ NA 1.5 NA NA NA 67 NA NA
2003 Hoi Lee 3 >100] 4.5 2.2 | 0.78 2 400 7.0/3.0 120pF//25KQ | 65 0.06 0.8
2003 | Bharat Thandri 2 90 250 | NA | NA 2.5% 14000 None 12pF >50 | 0.16 0.5
2003 Hoi Lee 3 >100] 7 2.2 4.4 1.5 330 4.8/2.5 120pF//25KQ | 46 0.05 0.6
2004 Ramos 3 >100| 2.7 1 1 1.5% 275 NA 130pF//24KQ | 52 0.03 0.35
2004 | Xiaohong Peng 3 >100] 1.89 | 0.2 1.2 2 316 NA 500pF 53 0.02 0.35
2005 | Xiaohua Fan 3 > 100 9 4.8 2 2 410 4(One) 120pF//25KQ | 57 0.015 0.5
2005 | Xiaohong Peng 3 >100] 2.85 | 0.96 | 1.11 1.5 45 1.1/0.92 150pF 58.6 | 0.02 0.35
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and multi-path zero cancellation are discussed by Leung [27]. In this work more
complicated compensation topologies like damping factor control frequency
compensation (DFCFC), ac boosting compensation (ACBC) [29] and no capacitor feed-
forward compensation (NCFF) [30] topologies are discussed. The earlier compensation
topologies (primarily based on Miller compensation) have a tremendous impact on
amplifier bandwidth and power consumption. This is readily understood from the fact
that amplifier bandwidth is reduced by a factor of 2 for every Miller capacitor used [41].
Hence, the bandwidth of a single (i.e., one compensation capacitor) Miller compensated
2-stage amplifier has twice the bandwidth of the double Miller compensated 3-stage

amplifier. The relationship is shown in the following equation:

BVVno_Miller =2x (B Wsingle_Miller ) = 22 X (B Wdouble_Miller ) (1 1)

This bandwidth limitation can be overcome by using various compensation topologies,

some of which will be discussed below.

According to Leung [28], the bandwidth reduction in the nested Miller compensation is
caused by the 2" Miller capacitor, Cyp, (Figure 2.4). Hence, the bandwidth can be
improved by removing the nested Miller capacitor. But the absence of the 2™ Miller
capacitor (Cyp2) (a) causes “frequency peaking” close to the UGF, thereby affecting the
stability of the multi-stage amplifier, and (b) reduces the magnitude of the damping factor

(&) of the non-dominant poles from the open-loop transfer function. Leung’s paper

presents a method to improve the damping factor, thereby improving the stability and
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bandwidth of this amplifier. This is achieved through the damping factor control (DFC)
block that controls the damping factor of the non-dominant poles. The impact of damping
factor can be understood from the following analysis. A typical second-order function is
given by

: . 20) (12)
non-dominant pole equation =1+ s| —= |+s°| —
@

n

A Matlab simulation of (12) for demonstrating the impact of damping factor is shown in
Figure 2.8 for an open-loop gain of 110 dB and UGBW of 6 MHz. This shows that the

peaking is inversely proportional to the damping factor, and the damping factor for which
the peaking is avoided, is calculated to be /\5 Figure 2.8 (a) shows simulation results

over the complete frequency range, while Figure 2.8 (b) shows the zoom-in version of the

same result.

The schematic of the DFCFC topology is shown in Figure 2.9 (i). Since there are two
forms of DFCFC topologies ([28], [33]), the first case [28] is referred as DFCFC-I, while
the other [33] is referred as DFCFC-II. From equation (20) in [28], the following can be

derived:

no _miller

BWNMC:%XBW (13)
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Figure 2.8. Matlab simulation of the transfer function for different damping factors showing the (a)

complete frequency range and (b) zoom-in version
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Figure 2.9. Schematics of the previously published compensation techniques for multi-stage

amplifiers (a) SMC [5], [43] (b) SMCNR [50] (c) MZC [27] (d) NMC [49] (¢) NMCFNR [41] (f)

MNMC [48] (g) NGCC [46] (h) NMCF [27] (i) DFCFC-I [28]
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. c (14)
BWDFCFCz[ZX%JX 1+ 1+2[CLJ gm2><g2,,,3 =BW e X B,
L P2 Emro2

Whereﬂ: 1—|— 1+2(CLJ gn12X§m3J .
C.DZ g2

Mathematically, the bandwidth (BW) of the DFCFC based amplifier is equal to that of a

nested Miller compensated amplifier for a # of unity. For 1< <4 , the BW of DFCFC
is smaller than that of a single-stage amplifier. For >4, the BW of DFCFC would be

equal to or higher than that of a single-stage amplifier. The problems associated with this
topology are a) that it is inefficient for driving small capacitive loads (i.e. advantageous
only when driving heavy loads), b) increased power consumption compared to NMC, and
c¢) complicated biasing scheme. Though this technique offers higher BW than NMC and
the single-stage amplifier under certain conditions, it still needs compensation capacitors,

though of smaller value than those used for NMC.

The topology to be discussed next is referred to as Single Miller capacitor Feed-Forward
Compensation (SMFFC) [31]. The basic schematic of the SMFFC is shown in
Figure 2.10 (1). This is the first of its kind to implement a completely compensated multi-
stage amplifier using a single capacitor. The open-loop transfer function given by (13)

from [31] is
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ADC(I +s
gmlng nggmL

AOL = C.C
[1+ 5 J[Hsch”z pg 2T ]
p—3dB nggmL nggmL
_ gmlgm2 gmL . .
where A, ==>"="""=, gui21), Qo1 and C,u,p) signify the transconductance,
golgo2goL

conductance and the parasitic capacitance at the output of each stage respectively.

The Routh-Hurwitz stability criterion [46], [29] is derived from the closed-loop transfer

function of the SMFFC amplifier and is calculated to be

goZ > [gml J 1
Cp2 Cm 1+ gmf'l

ng

(16)

From the closed-loop transfer function, it is clear that there are two zeroes (one in left-
half plane and the other in right-half plane). Since the LHP zero is present at much lower
frequencies than the RHP zero, the RHP zero has very little impact on the phase response
of the system. The compensation capacitor (also Miller capacitor) splits the first and third
poles, while the feed-forward transconductance stage is used to improve the slew-rate. By
appropriately distributing the gain across the stages and deriving the feed-forward
transconductance (g,,;) such that the dominant zero and the first non-dominant poles are
cancelled, the need for the second Miller capacitor is eliminated. The estimated

transconductance (g,7) can be mathematically calculated by
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The SMFFC topology is different from its predecessors in many ways. For example, a) a
single Miller capacitor is used instead of the conventional two Miller capacitors, b) much
smaller area utilization compared to other topologies, and ¢) much higher bandwidths
compared to the previously published topologies. The drawbacks associated with SMFFC
are: a) the overshoot in the large-signal step response, and b) large settling time.
According to [32], “the time constant of the slow settling component is inversely
proportional to the doublet frequency”. From the measured results shown in that paper, it

can be deduced that pole-zero doublets are present at relatively low frequencies.

Finally, a multi-stage amplifier with no Miller capacitors presented by Thandri [30] will
be discussed. The schematic of the No-Capacitor Feed-Forward compensation (NCFF)
topology is shown in Figure 2.11 (q). The presence of a Miller compensation capacitor in
a multi-stage amplifier normally reduces the bandwidth, as the dominant pole is moved
much lower in frequency by the factor of the gain (associated with the respective stage).
Though using Miller compensation capacitors significantly reduces the complexity of the
compensation topology, they in-turn increase the total area of the compensated amplifier
(per the required capacitor area), reduce the bandwidth and have a significant impact on
the performance of other parameters like slew-rate, power consumption, etc. The open-

loop transfer function of NCFF based three stage amplifier is
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where gni3, Ri3, and C,3; indicate the transconductance, resistance and parasitic
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capacitance of stage; s, respectively, and @,;, @, and @,; represent the first, second and
third poles, respectively. Unlike other compensation topologies that use at least one
Miller compensation capacitor, a significant improvement in bandwidth is achieved using
the NCFF compensation topology since none of the poles (either dominant or non-
dominant) are moved from their initial positions for compensation. The underlying

strategy behind this topology is to place the non-dominant poles created from the feed-



forward, second and third stages at frequencies as much higher as possible compared to
the desired UGBW. The feed-forward paths (g,.- and g,,3') are used to create the LHP
zeros at desired frequencies to improve the characteristics of the amplifier, particularly
phase margin and pole-zero cancellation if desired. The drawbacks associated with this
topology are a) lower phase margin, and b) that it may not be suitable for driving small

loads.

The common problems associated with the multi-stage amplifiers and their compensation
topologies are a) higher power consumption as to improve the slew-rate, b) bandwidth
reduction caused by the usage of Miller capacitors, c) presence of closely located pole-
zero pairs such that their impact is clearly seen from the step response, and d) settling
time. The next chapter presents a unique “compound transconductance element” that can
be used in developing a novel amplifier with much lower power consumption and better

frequency performance characteristics.
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3. Design of the Compound Transconductance based
Operational Transconductance Amplifier

The first section of this chapter presents an overview of the design and unique
performance characteristics of a compound transconductance element, which will be used
in the development of a high gain amplifier. From hereon, unless otherwise mentioned,
the terminology multi-stage amplifier and three-stage amplifier are used interchangeably.
The second section deals with the mathematical analysis and the implementation of a
novel compensation methodology necessary for the new multi-stage op amp to achieve
closed-loop stability. The third section presents the simulation results of the complete op

amp followed by conclusions.
3.1 Multi-stage op Amp with Compound Transconductance element

3.1.1 Circuit motivation

The conventional method to achieve high gain in a CMOS op amp is to increase the
output impedance. Various circuit topologies like cascoding [44], regulated cascode [7],
and composite transistor [55] based amplifiers have been developed to achieve high DC
gain in single-stage amplifiers. The above topologies have been combined with multi-
stage architectures to achieve much higher DC gain than those achieved through a single-

stage amplifier. The DC gain equation in a single-stage amplifier can be simply written as

Gain,. =g, xr, (19)
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where g 1is the transconductance and 7, is the output impedance. It can be understood

that the gain can be increased either by increasing the output impedance or the
transconductance, though typically increasing g, by increasing bias current can
subsequently decrease ry depending on the circuit configuration'. There has been a
considerable amount of effort in developing various topologies to achieve high DC gain
by increasing the output impedance. But on the other hand, transconductance can be
increased by increasing the bias current, though this generally affects other parameters
like output impedance and power consumption. The next section describes a novel
compound transconductance element that provides an efficient way to achieve higher

transconductance for a given power consumption while promoting gain.

3.1.2 Circuit description

The goal of this work is develop a compound element that can help promote gain in an
efficient manner, and can be used as a building block in implementing a high gain
amplifier. The two basic components that make up the DC gain of an amplifier are g, and
ro. The drawbacks associated with the methodologies in improving ry are discussed in the
previous chapter. Instead of generating the total gain of the amplifier from a single-stage,
it can be generated using multiple simple gain units. When these smaller gain units are
cascaded back-to-back, the individual smaller gains are compounded, resulting in the
generation of much larger net gain than the gain of the single-stage amplifier. Figure 3.1
shows the conceptual schematic of the conventional single-stage amplifier and the

compound element based amplifier:

" In general, low-power CMOS amplifiers readily achieve high DC gain, thanks to high 7y, but suffer poor
bandwidth due to low g,,..
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Figure 3.1. Conceptual schematic of (a) conventional single-stage amplifier and (b) compound
element based amplifier

Assume the tail current (I,;), output impedance and current density (current/area) in both
the amplifiers is same. Assuming the input differential pair and the tail current devices
operate in strong inversion saturation, the gain of the conventional single-stage amplifier
is given by

7 (20)

1
A1

Galnsinglefstage :ACON = gm x r() =
Tail

where g, and ry represent the transconductance of the input differential pair and the

output impedance respectively, while § = uC,, % . In the case of compound element

based amplifier, the gain is given by
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(21)

; 1 1
Gai ompound_cemen = (A CT 1 XACT,Z ) = (g m o1 )(g m2702 ) S ;\/ . _\/ .

hf | 27 |
2 2
NSNS

) ITH% A ITH%
2 2

where the device dimensions of the differential pairs in Act ;| and Acr 2 are half the size

=

of differential pairs in conventional amplifier, then the gain of the compound element

based amplifier is given by

? (22)
= Gain =~ (l AJ

compound_element PR\
Tail

Quantitatively, the gain of the compound element is square of the gain offered by the
conventional single-stage amplifier for the same power consumption. This is the principle
of operation of the compound element, which is hereby referred to as “Compound

Transconductance Element” or simply CT element.

Figure 3.2 shows the schematics of conventional single-stage differential (SD) amplifier
and the novel compound transconductance (CT) element. Assuming that the input
differential pair operates in strong inversion saturation (SI sat), then for a given tail

current (Ir,) the DC small-signal gain for the SD amplifier can be given by

. v 1 1 B
Gain,(SD)=g,,'r, :('\/ﬂITajl — |z |—
A’ITai/ A [T i
ai

(23)

assuming ideal bias current sources.
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Figure 3.2. (a) Single-stage amplifier and (b) Compound Transconductance amplifier, each with
active loads

Alternately, if the same tail current (‘Ir,’) is split across the input differential pairs as
shown in Figure 3.2, and assuming Mn1-Mn6 are perfectly matched and equally sized,
then I, splits evenly between the three differential pairs Mnl1/Mn4, Mn2/Mn5 and

Mn3/Mn6. Then the gain of compound transconductance amplifier (CT-amplifier) is

given by
Gain . (CT-amplifier) = (gmlrm )(gm2r02 )(gm3r03) (24)
I S L. S L
where = = =12 L:\/z_ﬂz\/_ﬂand
gml ng gm3 \/ﬂl 2 3 6 3 3

1 1 1 3

Tor =V =1 = = = = 5

;’“ITI Z’ITZ ;’“IT3 ;i‘ITail

3 3
I
— Gain,,(CT-amplifier)=| (Bl 3 | o\ L | B |
3 3 /,i’ITail /1 ITail
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Hence for a given tail current (therefore equal power consumption), the ratio of the gains

offered by CT-amplifier to that of a conventional differential amplifier is given by

1 7Y (25)
Al 2
Gain . (CT-amplifier) \ A\l ) (1 [ B
Gain . (SD) 1 | B AN Try
AN I

Tail

(26)

2
Ratio of gains(in dB) = 201log LB = 2|Gain,.(SD)in dB
10 /1 DC

Tail

From (26), it can be concluded that the gain of the compound transconductance element
in dB is double that of the gain from a single differential pair amplifier. The above
equation shows that gain offered by the CT-amplifier is much higher than the gain
offered by the conventional differential pair for a given power consumption. This can be
attributed to the efficient transconductance action offered by the CT element for a given
power consumption. This forms the basic building block in the design of a very high gain

amplifier, which will be discussed in the later sections.

3.1.3 Performance characteristics

The previous section demonstrated that the gain offered by the CT-amplifier is much
higher than that of a conventional differential amplifier. The following performance
characteristics will be discussed in detail:

1. Offset,

2. Open-Loop Gain, Phase Margin and Frequency Compensation,

3. Input Common Mode Range (ICMR),

4. Common-Mode Voltage Level (at multiple nodes), and
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5. Power Supply Rejection Ratio (PSRR)

3.1.3.1 Offset

The offset of an amplifier is comprised of two basic components that are a) systematic
and b) random offset. Of these, systematic offset is predominantly caused by the
mismatch in the impedances encountered in the signal path from the input to the output
nodes. For example, the impedances offered at various nodes in the signal path for a
single-stage, single-ended output amplifier from the inverting and non-inverting input
terminals will be different. Random offset is caused by mismatch in the threshold
voltage, and transconductance parameter (/) of various devices in the design. Systematic
offset can be reduced to a great extent through symmetric implementation of the
amplifier. Random mismatch between various devices can be minimized by careful
design and layout techniques [24], [58], [59], [60]. The offset of a fully differential
amplifier is inherently lower than that of a single-ended output amplifier because of its

structurally symmetric implementation.

Figure 3.3 shows a conventional single-stage, single-ended amplifier and a single-ended
CT-amplifier. This CT-amplifier forms the building block in the implementation of the
multi-stage amplifier developed in this work. The drain of the Mn2’ is connected to a
diode connected MOSFET while the drain of Mn1’ is not, which creates a mismatch in
the impedances at drain nodes. This is the major source of systematic offset in a single-
stage, single-ended output differential input amplifier. In the case of CT-amplifier, the

impedances offered at various nodes through the signal path for both the inverting and
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Figure 3.3. (a) Conventional single-stage, single-ended amplifier and (b) Compound
Transconductance element with single-ended output

non-inverting input terminals are comparable all the way from the input terminals (‘Vi,"
and ‘Vp,’) to the output terminals (‘Vomfcf’ and ‘Vgijas’). The terminals ‘VOuLCTﬁ and
‘Vgias” shown in the schematic are output terminals of the CT element, but not the outputs
of the CT-based op amp. A differential-to-single ended conversion to implement a single
ended CT-based amplifier will be implemented in the later part of the signal path.
Because of this, CT architecture based amplifiers offer much lower systematic offset than
conventional amplifiers without any additional design effort. This offset can be further

minimized if the CT-amplifier is used in a fully differential configuration.

3.1.3.2 Open-loop gain, Phase margin and Frequency compensation

The open-loop gain of the CT-based amplifier is much higher compared to that of a

conventional amplifier, which was shown in (26). One of the reasons for this is the
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presence of high impedance intermediate nodes. For more detailed analysis, a simplistic

CT element based schematic is considered in Figure 3.4.

It is highlighted in Figure 3.4 that Mnl and Mn4, Mn2 and Mn5, and Mn3 and Mn6 form
the three individual stages and can be treated as first, second and third stages
respectively, of a multi-stage amplifier. All these individual stages are comprised of
common-source differential pair amplifiers. These individual stages transform this simple
element into a complex high gain multi-stage amplifier. The various implications from
this transformation are: a) the frequency compensation of the CT-based amplifier is non-
trivial, and b) it is easier to analyze the CT element’s behavior and characteristics when

viewed as a cascaded multi-stage amplifier.
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Figure 3.4. CT element as a multi-stage amplifier
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Topologically, there is a significant difference between the multiple stages in a CT-
amplifier to those of a conventional multi-stage amplifier. All the stages shown in the
CT-amplifier have signal inversions. The topologies of previously published multi-stage
amplifiers were shown and discussed in the previous chapter. In those architectures, the
cascaded stages which contribute to the forward signal path have alternating inverting
and non-inverting signal gains. Figure 3.5 clarifies this idea and compares the amplifier

topologies.

Since the previously implemented multi-stage amplifiers (3 or more stages) use
alternating non-inverting gain stages, it is relatively easier to achieve negative feedback
loops across various stages during frequency compensation. This implies that none of the

previously published compensation topologies can be applied to CT-based amplifier for

p—

77N
1%t Stage //Z"d Stage 3" Stage
gm2\ OIm3

77N
1% Stage /2" Stage\ 3" Stage

(b)

Figure 3.5. Comparison between the (a) conventional multi-stage amplifier and (b) CT-amplifier

41



achieving stability. Hence this CT element based amplifier demands a novel
compensation topology to achieve frequency stability. The CT element’s efficient
production of high gain justifies this effort. The frequency compensation and small-signal

analysis of the CT-amplifier will be discussed later.

3.1.3.3 Input Common Mode Range (ICMR)

Input common mode range is one of the basic performance characteristics of an amplifier
that defines the conditions of inter-operability with other systems. It is commonly defined
as the input voltage range for which both the input differential pair and the tail current
source operate in SI saturation. Assuming a cascode tail current source and cascode load
(shown in Figure 3.2), the ICMR for an n-type CT-amplifier can be calculated as

Vs = ICMR, =VSS + (2% Vg 0r )+ Vs (27)
=VSS+ (2 X Vs sar )+ (VDS,SAT + Vi )
—VSS + (3% Vg gur )+ Vi -
VI,MAX = ICMRMAX =VDD - (2 x VDS,SAT )_ Vos Vs
= VDD - (2xV 5517 ).

where Viymw, Vimax, Vv and Vpgsar refer to the minimum and maximum allowable
common-mode input voltage level, threshold voltage of the n-channel MOSFET and
saturation voltage of nominal MOSFET respectively. The CT-amplifier offers
comparable ICMR to a conventional n-type input differential pair OTA with an active
cascode load and a cascode tail current source. But the Viyux 1s ‘2XVpssar or

approximately 500 mV lower than that of an input n-type folded-cascode amplifier. This
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can be improved to within a ‘Vpgs4r’ (about 250 mV), if a single transistor load is used

instead of cascode load.

3.1.3.4 Common-mode voltage level (between stages)

A common-mode voltage level stabilizer is necessary whenever the common-mode
amplitude level is not easily determined by a simple “visual inspection” [56]. The nodes
Vit » VNl”, Va2 , and Vaa (see Figure 3.3) are the intermediate nodes in the signal path
from input to output of the CT element. Since the common-mode voltage level of these
pairs is comparable to that of the input nodes (Vi,” and Vi, ), dedicated common-mode
voltage stabilizer circuitry is not necessary for the CT element based amplifier. This
relieves a significant burden in the design as common-mode level stabilizers are one of
the more difficult design challenges in amplifiers. These are analogous to common-mode
feedback circuits, which are used to set the output common-mode level in the case of
fully differential amplifiers. In the CT-amplifier, the common-mode levels of the
intermediate nodes are inherently determined by the common-mode level of the

differential input signals through device matching.

3.1.3.5 Power Supply Rejection Ratio (PSRR)

This is the ability of the system to reject the noise and harmonics from the power supply
rails. In the case of op amps, the Aorpc contributes directly in calculating PSRR. The

mathematical relation between 4p.pc and PSRR is given by
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PSRR+ — AOLDC (28)

()

v

where v,,/v" defines the small-signal gain from the positive power rail to the output and
Aorpc 1s the open-loop gain at DC. Without any design changes specific to improving the
PSRR, a sufficient PSRR for most applications can be expected from the CT-based op

amp.

The schematic of a p-type input differential pair based CT-amplifier without the
compensation is shown in Figure 3.6. The schematic shows various current directions but
not their values, because the actual currents are dependant on the frequency
compensation design. The complete schematic with the actual currents will be shown
later, after discussing the frequency compensation. Instead of using the entire tail current
to go through a single differential pair, it is split across multiple differential pairs, each of
which operates as an individual gain stage. In a conventional folded-cascode op amp, the
outputs of the differential pair fold into their complementary MOSFETs for improving
the ICMR. Similarly, the outputs of the CT element, which are output terminals (n6 and
n9) of the third stage p-channel transistors (Xpl1 and Xp12) are folded into n-channel
transistors. The compound transconductance element replaces a single differential pair
and merges multiple gain stages of a conventional multi-stage amplifier into a single,
compact and power efficient transconductance element, achieving the performance of a
multi-stage amplifier, with the power consumption comparable to that of a single-stage

folded-cascode amplifier. Though the CT element based amplifier offers enormous small-
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Figure 3.6. P-type input differential pair based CT-amplifier (without frequency compensation)
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signal gain, there is a penalty associated with this implementation in terms of bandwidth.
In the CT-amplifier, there are three poles located at the same frequency compared to a
single pole in the case of a conventional single-stage amplifier. This penalty will be
discussed in greater detail in Section 4.3. During this work, the CT element and CT-

amplifier are implemented using p-type input differential pairs.

3.1.4 Bias generation block

This section briefly presents the bias generation circuit. Biasing has a major impact on
the performance of amplifiers, as it effects the power consumption, voltage swing, node
impedance and noise, etc. The Minch biasing technique [52], [54] is one such technique
that can be used to help optimize numerous performance characteristics, over a wide
range of bias current levels. In the present design, the Minch biasing technique is not only
used to generate bias voltages but also for mirroring currents necessary during the
operation of the amplifier. Figure 3.7 shows the schematic of an n-type Minch biasing
circuit that is used for generating gate bias voltages for the NMOS current sink
transistors. From hereon, the bias voltages for NMOS current sink transistors are referred
to as ‘V_.NC’ and ‘V_NT’ respectively. Similarly, its complementary p-type Minch
biasing circuit is used to generate the gate bias voltages for the PMOS current source
transistors and are referred to as ‘V_PC’ and ‘V_PT’, respectively. The complete
compound transconductance amplifier needs an external input bias current source ‘IjN’ for

operation.
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Figure 3.7. N-type Minch bias generation circuit
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3.1.5 Design scalability with technology evolution

Many of the present day publications in the IEEE Journal on Solid-State Circuits start
with either process scaling information or predictions from International Technology
Roadmap for Semiconductors (ITRS) [53]. Both predict that electronic systems need to
be designed and implemented for supply voltages less than or equal to 1 V. Currently, the
CT-amplifier is implemented in a 5-V bulk CMOS process for prototyping purposes, but
the circuit topology can be applied to lower voltage processes. Assuming single transistor
current sources for both the I, and Iri/3/1°273°, the CT design could be readily scaled
and implemented in a 1.8-V bulk CMOS process. Scaling this design for implementation
in very deep sub-micron (< 1.8-V) process requires an alternative strategy. A
methodology to implement this CT-based amplifier topology in a very deep sub-micron

process (e.g., a 1-V process) will be briefly discussed in the future work.

3.2 Compensation technique for the Compound Transconductance
amplifier

The earlier sections in this chapter discussed the unique advantages of the CT-based
amplifier topology and its performance characteristics. Because all its stages have
inverting signal gains, none of the previously published compensation architectures could
be applied. The various challenges that need to be addressed by the compensation
topology are as follows: a) pole-zero cancellation, b) feasibility in implementing the
topology, c) efficient implementation (some topologies are power inefficient, some are
area inefficient), d) must have some negative feedback loops for achieving stability, e)
ensure a sufficient phase margin for achieving good settling time, f) ensure a good
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bandwidth for a fast rise and fall time, and g) achieve a good slew-rate. This section
presents the concept of the compensation topology, the mathematical analysis involved

with its transfer function and a brief discussion on the stability criteria.

Figure 3.8 shows the block level schematic of the single-ended, half circuit of the
frequency compensated CT-amplifier. The transconductance, conductance and parasitic
capacitance at the output of the 1%, 2"* and 3™ stages are given by gma23), 2123 and

Cq2,3) respectively.

Zo1, Zoz and Zjs represent the lumped impedances at the outputs of 1% and 2™ stages and
at the input of the gns stage respectively. The output impedance (R3 and C;) comprises of

3" stage output resistance, parasitic capacitance and the load capacitance (Cy).

The small-signal model of the CT-based amplifier with compensation blocks is shown in
Figure 3.9. The following assumptions are made for simplification of the complicated
transfer function: Zjs = gis + sCps, C; << Cs, Cs << C¢, Ems = 15, 15 >> Lo2, and without
neglecting any zeroes or poles. The detailed derivation of the complete transfer function

of this CT-amplifier is shown in Appendix A.
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Figure 3.8. Block level schematic of the complete fre?luency compensated single-ended, half-circuit of
the CT-amplifier
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Figure 3.9. Small-signal schematic of the CT-amplifier

The complete transfer function of the CT-amplifier is simplified into

Vour o 4 44 x Cwot5Cu +5°Cy +5°Cys (29)
Vix e (1+S7"3C3)(1+SCD1 +szCD2 +s3CD3)
where

Cpom1e—Bot
gmlngng}/irZ

C C
Cy = ©+ [ St J[ricl +1,Cy +— gm2rir2C6J >
ng gm]gngm3’/ir2 g

mS

EmEm28m3Nh Ems Ems Ems

C _( Ema J(’ﬂclrzczcﬁ]
N3 — )
EmEm28 3N & ms

C
6
Cp =nC +nCo+ + 17 Cs

mS5

C., :( 8Ema J[’?C172C6+F1C1C6 +”2C2C6 +’”2C5C6j’
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r,C,Cq N r,C,Cy N r,C,Cy

Cp, =rnCir,Cy + and
ng ng ng
C,, = nCr,C,C, .
ng

Z;s and g5 represent the lumped input impedance and input conductance of the gns stage,
respectively. In the above list of equations, Cyy, Cy;, Cyz, and Cyz represent the

I 2 3 )
, 8°, s° terms of the numerator, while Cp;, Cp; and Cp; represent

coefficients of the so, K
the coefficients of s’, s°, s° terms of the denominator, respectively. With the additional

assumptions, C; << Cs, @ms << Zmi€m28m3"' 172, (1 +Qms) << 11728m28ms, Cigms >> gm2C> and

Zma€ms >> Zmim3, the above transfer function can be further simplified to

(30)
{1 +s Clj(l +s CZJ(I + Sic(’g’”4 j
VOUT z_1414 A % gm2 ng gmlgm3
v, 141y A3 C c,
l+s— | 1+s—2 |(1+s1,C, N1 +5sg,,17,C,)
ng ng

From the above equation, it is guaranteed that all the poles and zeroes offered by the
above system lie in the left-half plane. This is an important result, as the designer need
not worry about RHP zeroes when considering feedback stability. If a LHP zero is
present in the transfer function, but is located far above the unity-gain frequency (UGF),
then it can be simply neglected. Instead, if it is a RHP zero, then it has to be either
cancelled or moved into the LHP for achieving stability since the RHP zero degrades the
closed-loop stability of the system. Thus, this system with the above assumptions,
eliminates the extra effort needed to either move or cancel RHP zeroes. There are

multiple solutions for the original transfer function shown in (29), among which some are
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power efficient while some are not. The result in (30) gives considerable flexibility while

deciding on pole-zero cancellation due to the absence of RHP zeroes.

From the above equation, the first two terms get cancelled, resulting in a single zero, two-
pole system. This zero could be cancelled with either of the poles, but the pole present at
the output (/+sr;C3) is chosen to minimize the power consumption. The transfer function

then becomes

(31)
(1_'_5, C6g1n4 ]
Vour ~ A A A, x EmEm3
Vin (1+SF3C3)(1+ng2r1r2C6)

Values for g4 and Cs are calculated from the pole-zero cancellation condition given by

(32)

g,.4Cs

gmlgm3

=1nC; = g,,C = €,18,:15C;

The individual values for g,,» and Cs are a compromise between power consumption and
area efficiency. The CT-amplifier design is prototyped in a 0.5-um bulk CMOS process,
which offers an area efficient poly-poly2 capacitor. A capacitance of 15 pF is assumed
for Cy and value for g, is calculated from the relation shown in (9). The value for g,s is
calculated from another assumption, g,,4€ms >> gmi€m3, Which is used in the derivation of
(30). When the zero shown in (31) is cancelled with the desired pole, ideally the op amp
behaves as a single-pole system with a phase margin equal to 90°, which is predicted by

VOUT ~ B Al A2A3 ) (33)
Vi (1+ngz’”1rzcé)
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The compensation topology has a single negative feedback loop (shown by ‘1’ in Figure
3.8) and a single feed-forward path (shown by ‘2’ in Figure 3.8). Typically, a capacitor is
used to provide the negative feedback path, which also generates an undesirable RHP
zero because of the associated small-signal feed-forward path. But in this case, the RHP
zero is absent since the capacitor is isolated from the node ‘V,’ through the
transconductance element g,5, even at high frequencies (see Figure 3.8). An alternate
method commonly referred as “grounded-gate cascode compensation” was discussed by
Ahuja [4]. The feed-forward path serves two purposes: a) useful for the pole-zero

cancellation shown in (31), and b) improves the slew-rate of the amplifier.

In op amps, phase margin is a compromise between settling time and error tolerance. For
example, if the PM is small, then the small-signal transient step response has a large
overshoot but with fast rise/fall times and vice-versa. According to Yang [42], the
optimal phase margin for a 1% error tolerance band with respect to overshoot and
minimum settling time is approximately 70°. Ideally, the above compensation topology
can achieve 90° phase margin. But any mismatch in the pole-zero cancellation will result
in a phase margin that is less than 90°. The two advantages resulting from this mismatch
in the pole-zero cancellation are: a) reduction in the phase margin close to about 70°, and
b) reduction in the power consumption by reducing g,4. The complete derivation of the

transfer function is shown in Appendix A.1.

The Figure 3.10 shows the transistor-level schematic of the gm4 and gns blocks, whose

block-level schematics are shown in Figure 3.8.
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Figure 3.10. Transistor-level schematics of the g4 and g5 blocks

55



3.3 Simulation results and analysis

The earlier sections discussed the CT-amplifier architecture, its compensation topology
and the stability criterion for achieving the desired phase margin. This section presents
the simulation results from Matlab [63] using the transfer function shown in (29),
followed by the transistor level simulation results from Eldo [64]. All the transistor-level
simulation results shown in this section are obtained using the Eldo simulator with 5-V
Vpp using the foundry models. The post layout extracted netlist is used for all the

simulation results presented and discussed in this section.

Matlab is used to verify a) the functionality of the transfer function, b) the phase margin,
and c) sensitivity of the pole-zero locations with different parameters. It is also used to

understand the parameter sensitivity of open-loop gain and phase margin.

All the Matlab and Eldo simulations were performed with a 20 pF load. Without any
random transistor mismatch, simulation results showed a very small offset. Hence, Monte
Carlo simulations were performed on offset to observe more practical results and the
average offset over 200 samples was —1.7 mV. Figure 3.11 shows the offset from Monte
Carlo simulations with a +4¢ variation in threshold mismatch between various transistors,
using Gaussian distribution. The setup used for the Monte Carlo simulations will be

discussed in detail in Section 4.2.3.5.
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Figure 3.11. Monte Carlo simulation of offset from 200 samples

Figure 3.12 shows the simulation result of the input common mode range of the CT-
amplifier. This shows that the ICMR of the CT-amplifier ranges from 0.7 V —4.7 V for a
single 5-V supply. The setup used for this simulation offers an optimistic estimate of the
ICMR, as this uses the output voltage of the amplifier, rather than the operational mode

of the input differential pair and tail current source transistors.

Figure 3.13 and Figure 3.14 show the open-loop gain and phase for the frequency
compensated CT-amplifier from Matlab and Eldo simulations, respectively. The plots
show that the amplifier has a gain greater than 120 dB, phase margin over 75° and a

bandwidth of approximately 12 MHz from both the Matlab and Eldo simulations.
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The Matlab phase plot remained flat until 10 MHz and the unevenness in the plot shows a
pole-zero mismatch in the transfer function between 10 MHz and 100 MHz. Since this
pole-zero mismatch is present within a decade of the UGF, it has an impact on the phase
margin. The deviation in the phase margin between the Matlab simulations (86°) and the
hand calculations (90°) can be attributed to the mismatch in the pole-zero cancellation at

high frequency.

A pole-zero constellation map from the Matlab simulation shows a mismatched pole-zero
cancellation at approximately 100 MHz. Similarly, the pole-zero analysis from the

transistor level Eldo simulations showed a mismatched pole-zero around 16 kHz. This is

1.0E+05

Frequency (Hz)

1.0E+08

-250

1.0E+09

Figure 3.14. Eldo simulation results of the Open-loop gain and Phase margin

the source of unevenness in the phase plot from the transistor-level simulations.
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Figure 3.15 and Figure 3.16 show the simulated small-signal step responses of the
amplifier. This simulation is performed with the CT-amplifier operating in unity-gain
non-inverting feedback configuration with a load capacitance of 20 pF. The simulated 10-

90% rise and fall times were 26.7 ns and 25.8 ns, respectively.

Figure 3.17 presents the simulated large-signal step response. Here the CT-amplifier is
operated in a non-inverting unity gain feedback configuration with a 20 pF load. The
simulated positive slew-rate was 7.4 V/us, while the negative slew-rate was 7.5 V/ ps. It

is clear from these results that this op amp offers a very symmetrical slew-rate.

Table 3.1 shows the summary of the simulation results obtained from Eldo. Simulation
results of power supply rejection ratio (PSRR) and common mode rejection ratio
(CMRR) without any mismatches in threshold voltage or current mirrors showed a
promising though overly optimistic result. To verify the sanity of these results, Monte
Carlo simulations were performed on both PSRR and CMRR, which will be presented,
analyzed and compared with the measured results in Section 4.2.3.5 and Section 4.2.3.6

respectively.

Figure 3.18, Figure 3.19 and Figure 3.20 show the transistor level schematic of the CT-

amplifier with frequency compensation and bias current values.
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Figure 3.15. Small-signal rise-time simulation result from Eldo.
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Figure 3.16. Small-signal fall time simulation result from Eldo
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Figure 3.17. Slew-rate simulation results from Eldo.

Table 3.1. Simulated performance of the CT-amplifier from Eldo (Cy, = 20 pF)

Parameter Simulated Value
Power Supply 5.0V
Supply Current 1.01 mA
ICMR 0.7V-47V
Open-loop Gain > 120 dB
Unity-Gain Bandwidth > 12 MHz
Phase Margin (C,, =20 pF) ~90°
Slew Rate (C; =20 pF) >7 V/us
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3.4 Conclusions

In this chapter the basic idea of the compound transconductance element and its
performance characteristics were discussed. It shows the efficiency in achieving gain
similar to that of previous multi-stage amplifiers with power consumption comparable to
that of a conventional single-stage amplifier. Next, the architecture of the compound
transconductance element was compared with that of a conventional multi-stage
amplifier, and its novelty was discussed. This is supported by the literature review
presented and discussed in the previous chapter. The presence of multiple high
impedance nodes with poles below the UGF demanded a unique compensation topology.
The mathematics underlying the transfer function of the novel compensation topology
and its stability criteria was analyzed. Finally, simulation results from Matlab and Eldo
were presented to show a completely functional all-inverting gain stage, compound

transconductance element based operational amplifier.
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4. Analysis of measurement results of the compound

transconductance amplifier

This chapter presents a detailed analysis of the measurement results of the compound
transconductance amplifier, which was implemented in a 0.5-um bulk CMOS process.
However, to provide context for these results, let us review the previous chapters before
proceeding further. Chapter 2 discussed the basic classification of multi-stage amplifiers
and analyzed each of them in detail. Later the multi-stage amplifier compensation
techniques were classified based on the number of capacitors used in the compensation
network. This is followed by a discussion of the various compensation topologies,
analyzing one from each classification. Chapter 3 presented the motivation behind the
need for high-gain multi-stage amplifiers and the mathematics involved with the CT
element analysis. Later the uniqueness of the CT element that mimics the nature of a
multi-stage amplifier was analyzed. This is followed by motivation, discussion and
design of a novel compensation topology and its assumptions. That chapter concludes

with the presentation of Matlab and Eldo simulation results of the CT-amplifier.

In this chapter, measurement results of the CT-amplifier are analyzed and compared with
the simulation results. Then the performance characteristics of this amplifier are
compared with prior art multi-stage amplifiers. This chapter concludes with the

discussion of the tools used for this research and summary of the measurement results.

67



4.1 Implementation and layout

Two different versions of the design were implemented and sent for fabrication. The first
version included the basic design with minimum number of pin connections while the
second version had internal nodes padded out for additional analysis and debugging if
needed. Since some of the debugging nodes of the CT-amplifier offer high impedance
and are sensitive to loading, analog buffers were used to minimize the loading effects.

Figure 4.1 shows the chip-level microphotograph of the CT-amplifier.

The design was implemented in a 0.5-pm bulk CMOS process and occupies an area of
approximately 0.25 mm” (644 pm x 390 pm). This includes the core amplifier and its

compensation network with capacitors.

390 pm
sloyoede)
uonesuadwo)

Figure 4.1. Chip-level microphotograph of the CT-amplifier
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4.2 Measurement results

The fundamental contribution of this research is the development of an amplifier using
the CT element with high open-loop gain for use in analog applications requiring high
linearity. Design specifications were chosen to guide the design phase. The design goals
for this amplifier are as follows:
e Develop an amplifier using the CT element that offers open-loop gain comparable
to conventional multi-stage amplifiers,
e Develop the compensation architecture for an all inverting gain stage based op
amp, and
e Develop an op amp that offers commensurate performance in all other parameters

when compared to multi-stage amplifiers.

This section is broadly divided into three sub-sections: a) first sub-section discusses the
description of the test setup and printed circuit board (PCB), b) DC parameter
characterization results, and ¢) AC and transient parameter results. Throughout the course
of this dissertation, a sample of 4 chips was used for characterization. The goal of the
measurements section is to characterize and analyze basic parameters such as small-
signal bandwidth, open-loop voltage gain, phase margin, slew-rate, power dissipation,
input common-mode range, common-mode rejection ratio, power supply rejection ratio

and offset voltage.
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4.2.1 Test configuration and PCB

The CT-amplifier discussed above was sent for fabrication in Spring 2006 on a 0.5-um
bulk CMOS process. The amplifier requires an external 10 pA current sink and a 5-V
power supply for characterization. To simplify the testing of all the performance
parameters, complementary power supplies (+/— 2.5 V) were used. A printed circuit
board has been developed for characterization. Figure 4.2 shows the complete schematic
of the PCB used for characterizing this op amp. The external current sink is provided by a
Keithley 2400 sourcemeter. Depending on the type of test being performed on the device
under test (DUT), various jumpers are manually added or removed on the PCB. For the
DC measurements like offset and ICMR, the inverting input of the DUT is simply shorted
to the output of the DUT (“Vour’), and the input voltage is applied through the banana
jack via jumper ‘J3’. For offset measurements, jumper ‘J2’ is used instead of ‘J3’. For
open-loop gain measurements, ‘J2’ is shorted and ‘J6’ is used to apply the test signal
from a function generator. For small-signal and large-signal step responses, the DUT
receives the input signal through ‘J3°, and ‘J1’ is shorted thus buffering the DUT. The
output signal ‘Vour gurrer’ 18 used for capturing the step responses on the oscilloscope.
The mid-supply voltage (‘Vmip suppLy’) 1S applied to the non-inverting input terminal
through ‘J3’, while the output of the DUT (‘“Vour’) is connected to inverting input
terminal of the DUT through ‘J1°, during the DC PSRR measurements. The CMRR
measurement setup uses both amplifiers Amp-1 and Amp-2 and is connected to the DUT

via ‘J1’, ‘J4’ and ‘J5’°. The complete schematics of the individual setups are shown in

70



For CMRR

<

Banana

Jack .
ForICMR (O -

J
For Offset [

\

(3
&

—

T
Scope

~
~ !

AAA
VWV

—

Vmio_suppLY
\

— —

:E 2R

~

Figure 4.2. Complete schematic of the PCB for characterizing the CT-amplifier

For Rise time
and Slew Rate

uonoun4

71

o
? Vout_BUFFER



[84] except that the DUT is buffered in the measurements performed during this research
work. Amp-1 in the Figure 4.2 is used to buffer the DUT for driving large capacitive
loads. The CT-amplifier is designed to drive a capacitive load of 20 pF. Since some of the
measurements require the CT-amplifier to drive large capacitive loads, CT-amplifier is
connected to a buffer, the output of which is monitored during these measurements. The
Analog Devices parts AD829 and ADS8055 were used as buffers during these
experiments. From the preliminary buffer characterization experiments, it was found that
the offset of the buffer is much larger compared to the offset of the DUT. Hence, during
the offset and ICMR measurements, the CT-amplifier is connected in unity-gain non-

inverting configuration without the buffer.

4.2.2 DC measurements

The DC parameters that are of interest are offset voltage and ICMR. The following
sections discuss the individual measurement setups, the measurement results and

compare them with the simulation results for analysis.

4.2.2.1 Offset

Complementary power supplies (+/— 2.5 V) were applied to the DUT during this
measurement. The DUT is connected in unity-gain non-inverting configuration with the
non-inverting input connected to ground while the inverting terminal tries to follow the
non-inverting terminal. Twenty samples were taken and averaged to enhance the
measurement accuracy. Table 4.1 shows the measured input referred offset from 4

different chips of the CT-amplifier.
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Table 4.1. Measured input referred offset voltage of the CT-amplifier

Offset
DUT #1 6.8 mV
DUT #2 | -0.832 mV
DUT #3 3.3 mV
DUT #4 17.8 mV

Offset of an op amp consists of systematic (limited by the open-loop gain and
asymmetry of the design and layout) and random offsets. Simulation results show a very
high open-loop gain (exceeding 120 dB) and the design is inherently symmetric till the
output of the CT element. Hence in the present scenario, a low offset (1 — 2 mV) was
expected. On the contrary, higher offsets were measured. The higher offset in the
measurement results could be attributed to the mismatch error in the current mirrors
because common-centroid technique could not be applied to all the mirrors across the
whole design. Random offset could be minimized by increasing the number of chips (4
chips in this case) used in the offset estimation. Increasing the number of chips would

average out the random offset across multiple chips.

4.2.2.2 ICMR

The hand analysis of the CT-amplifier showed that the input common-mode range would
be between (3Vpssar + Viv + Vss) to (Vpp — 2Vpssar). In the present case, this
corresponds to approximately 1.2 V to 4.6 V (i.e.,, 1.2 V <ICMR < 4.6 V), assuming a
Vossar of 200 mV, | Voy|= | Vzp|= 600 mV, Vpp = 5 V and Vss = 0 V. In the
measurement setup, the DUT 1is connected in unity-gain, non-inverting configuration and

input voltage is swept from the negative supply rail to the positive supply rail. It is clear

73



from the measurement results that the input and output voltages track well between
voltages from —1.8 V to 2.2 V (see Figure 4.3), which translates to 0.7 V — 4.7 V for a
single supply voltage of 5 V. This measurement result provides an optimistic estimate of
the ICMR compared to the actual ICMR of the amplifier. Simulation results from the
same setup showed the ICMR to be approximately 0.7 V — 4.7 V. This shows good

agreement between the simulation and measurement results.

4.2.3 AC and Transient measurements

Buffers are used to minimize the loading effect of various external parasitic capacitances

on the DUT during small-signal and large-signal step responses and CMRR.

: I
DUT #1 ‘ ‘ ‘ /
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1T+ /
05+
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Figure 4.3. Measured ICMR from the CT-amplifier
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4.2.3.1 Open-loop gain (Aor) and Small-signal Unity-Gain Bandwidth (UGBW)

Open-loop gain and small-signal unity-gain bandwidth are key design parameters of this
project. The CT-amplifier is designed to offer high open-loop gain which is attributed to
the high transconductance of the CT element. The Ao of the CT-amplifier is measured in
a two step process. The first step is used to measure the low frequency gain, while the
second step is used to measure the high-frequency gain. A unity gain, inverting
configuration is used to measure the low-frequency gain of the amplifier. The schematics
and the detailed discussion are presented in [84]. For high-frequency measurements, a
buffer is used in series with the DUT. A 250 mV ik, sine wave was used as the input
signal to the inverting terminal of the DUT, while the non-inverting terminal is connected
to mid-supply. The ratio of the input voltage to the differential input voltage (‘Vewor')

gives the open-loop gain of the DUT.

The DUT (CT-amplifier) is designed for driving on-chip capacitive loads. Since the DUT
has to drive resistive loads during low-frequency measurements, a high resistance (500
kQ) is used. Alternately, smaller resistors load the CT-amplifier and the setup is
unsuitable for measuring the open-loop gain. ‘Vgqo is measured using a network
analyzer. But this setup has a limitation. This can be used to measure the gain within a
certain bandwidth, as the input capacitance (input capacitance of the DUT + probe
capacitance) in conjunction with the net input resistance forms a pole within the UGBW.
Hence, this setup is used to measure the open-loop gain up to 100 kHz. For high-

frequency measurements, a buffer with good drive capability is used in series with the
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DUT. The measurement results from both the setups are merged and are shown in Figure

4.4.

The plot in Figure 4.4 shows a good match between the simulated and measured results
from frequencies as low as 400 Hz. A trendline with —20 dB/dec slope is drawn for
comparison purposes. For frequencies below 400 Hz, the open-loop gain of the CT-
amplifier is higher than 100 dB and it becomes difficult to measure the error voltage
accurately. Also, the number of averages measured for frequencies between 300 Hz — 1
kHz is two in contrast to ten averages for frequencies above 1 kHz. Because of this, the
measured result swings about the simulated open-loop gain for frequencies below 1 kHz.

Measurement results were conducted from 300 Hz — 1 MHz and the data
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Figure 4.4. Measured open-loop gain and UGBW from the CT-amplifier

76



was extrapolated to estimate the UGBW. This resulted in a UGBW of approximately 19
MHz. Simulations of the CT-amplifier show that the UGBW is approximately 14 MHz
for similar load conditions (18 pF instead of 20 pF as in Chapter 3). This increase in
bandwidth can be attributed to mismatch in pole-zero cancellation at a frequency of

approximately 16 kHz during simulations, i.e. the mismatched pole-zeroes are referred by

C
the terms B and (1 + SMJ in (31) of Chapter 3. The pole-zero mismatch is
( +S”3C3) Em8m3

much less significant in the measurement result compared to that of simulations, which

contributed to an increase in the UGBW in the measurement results.

Since there is a good match between the simulation and measurement results of the CT-
amplifier’s open-loop gain, it can be expected that phase margin matches well between
simulation and measurement results. The simulation results from both Matlab and Eldo
show that this amplifier behaves as an over-damped system with a phase margin in excess
of 80°. Measurement results for the phase margin will be discussed in section 4.2.3.2.
Figure 4.5 shows the root-locus/pole-zero constellation of the complete transfer function

shown in (29) of Chapter 3.

The poles of the transfer function are shown as ‘%’ while the zeroes are shown as ‘circle’.
The root-locus shows that the dominant pole is present at 23 Hz. From the plot, it appears
that the poles and zeroes cancel each other well, but there is actually a very small
mismatch in the pole-zero cancellation. This can be seen from the open-loop gain plot

depicted in Figure 3.14. From the simulation and measurement plots of the open-loop
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Figure 4.5. Root-locus of the compensated CT-amplifier from MATLAB
gain, it was clear that the pole-zero cancellation is better in the measurement results than

1n simulation results.

4.2.3.2 Small-signal rise and fall time

Small-signal step response is one of the key parameters of an operational amplifier and
can be used to infer other parameters like UGBW and stability (phase margin), other than
the obvious rise and fall times. During the course of this document, the time taken by the
output signal (‘Vour’) to rise (fall) from 10% (90%) to 90% (10%) of the input signal is
used to estimate the rise and fall times, respectively. The Analog Devices part AD8055
was used as buffer and the setup for the small-signal rise time measurement is shown in
[84]. From the PCB schematics shown in Figure 4.2, it is clear that the buffer is present
within the negative feedback loop of the system. Simulations were repeated with a 55.5
mVpipk to match the signal amplitude used during characterization. Figure 4.6 shows the

measured rise time from DUT #1 as compared to the simulation result.
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Figure 4.6. Comparison between the measurement and simulation results of the small-signal rise time

The rise time from DUT #1 was measured to be approximately 23 ns, while the

simulation results show the rise time to be approximately 24.1 ns, both cases while

driving a load capacitance of 18 pF. The mismatch between these results is close to 5%,

indicating good agreement between the measured and simulated rise times. In the case of

a single-pole system and using a first-order approximation, UGBW can be

mathematically derived from the small-signal rise time with the following relation [88]:

UGBW =

0.35

trise (10%-90%)
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Using the above relation, the measured rise-time results estimate UGBW to be
approximately 15.2 MHz. Repeated simulation results with a load capacitance of 18 pF
show the UGBW to be approximately 14 MHz. This can be better understood by
analyzing the pole-zero locations at 16 kHz in both the measurement and simulation
results. The increase in UGBW in the measured results is due to the proper cancellation
of pole and zero present around 16 kHz while a mismatch is present in the simulations.
Also, the pole was present ahead of the zero during the simulations, which further

reduced the bandwidth.

Figure 4.7 shows the measured small-signal fall time compared to simulation result.

2.56
255 =—Simulated
\\ = Measured
— 2.54
2
3 DUT #1 \\
> 253 1 AcL = +1
%’, CL =18 pF
S traio-00) = 23.1 ns (Sims)
> 232 tran(io-00) = 23.0 ns (Meas)
2
3
251 +
250 +
2.49
1.90E-06 1.95E-06 2.00E-06 2.05E-06 2.10E-06 2.15E-06 2.20E-06

Time (sec)

Figure 4.7. Comparison between the measurement and simulation results of the small-signal fall time
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The small-signal fall time from the CT-amplifier driving a load capacitance of 18 pF was
measured to be approximately 23 ns, while the simulation result shows fall time of 23.1

ns. This shows a good agreement between simulation and measurements.

Table 4.2 shows the measured rise and fall times for different chips. From the
measurement results shown in Table 4.2, it is clear that the CT-amplifier offers very
symmetrical rise and fall times. Phase margin can be easily estimated from the behavior
of the small-signal step response of the system. Eldo simulations of the CT-amplifier
indicate a stable multi-stage amplifier with a phase margin of approximately 86° while
driving a load capacitance of 20 pF. This small-signal rise time simulation plot is shown
in Figure 3.15. Since the system shows no ringing or peaking, it can be concluded that the
CT-amplifier behaves like an overdamped system with a phase margin close to 90°. The
measurement results for all the samples show a similar response to a 55.5 mV . input

signal.

Table 4.2. Measured small-signal rise and fall-times for various chips

Rise-time | Fall-time
(in ns) (in ns)
DUT #1 23 23
DUT #2 24 24 .4
DUT #3 23.5 233
DUT #4 22.2 21
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4.2.3.3 Slew rate

Slew rate is determined by the large-signal step response of the system. In this case, a 1.1
Vokpk square wave 1s used as the input signal and the CT-amplifier is connected in non-
inverting, unity-gain configuration driving a buffer. A buffer is used while characterizing
the slew-rate, since the load capacitance combined with the probe capacitance might
excessively load the CT-amplifier. The buffer is carefully chosen such that the measured
results are not limited by its performance. The slope of the rising edge and falling edge of
the large-signal step response correspond to the positive and negative slew-rates (SR™ and
SR") of the CT-amplifier, respectively. Figure 4.8 shows the measured rising and falling
slew rates and indicate that the positive and negative slew rates for DUT #1 of the CT-

amplifier is approximately 10.8 V/us and 10.6 V/us, respectively.

0.8

0.6

0.4

DUT #1 v
0.2 SR =10.8 V/us

AcL =+1 SR™=10.6 V/us
C. =18 pF

Output voltage, Vour (V)
o

-0.8 } } } } }
-9.00E-07 1.10E-06 3.10E-06 5.10E-06 7.10E-06 9.10E-06 1.11E-05
Time (sec)

Figure 4.8. Measured slew-rate for DUT #1 of the CT-amplifier
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Figure 4.9 and Figure 4.10 show a comparison between the measured and simulated
positive and negative slew rates. It is clear that the slew rates from the measurements are
much higher than the simulation results. Though the slew rates offered by the CT-
amplifier are sufficient for general purpose applications, the measurement results are
approximately 24% higher than the simulation results. As can be seen from the CT-
amplifier schematic shown in Figure 3.8, the g, block primarily helps in improving the
slew-rate. This discrepancy could be primarily attributed to the accuracy of the tail
current of the g4 block, i.e. the slew-rate of the CT-amplifier is directly dependant on the
tail current of the g, block. If the tail current of the g, block is greater than 360 pA,
then the amplifier will offer slew rates higher than 8.2 V/us. From the measurement
results, it could be inferred that the current through individual transistors of the
differential pair of the g,s block could be higher than 180 pA. This can be clearly
understood from the power consumption of the complete CT-amplifier, which will be

discussed in Section 4.2.3 4.

The measured positive and negative slew rates for all the samples are shown in the Table

4.3. It is clear from the measurement results that the CT-amplifier offers very

symmetrical slew rates.
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Figure 4.9. Comparison between the measurement and simulation results of the positive slew-rate
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Figure 4.10. Comparison between the measurement and simulation results of the negative slew-rate
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Table 4.3. Measured positive and negative slew-rate for the CT-amplifier

SR" (V/us) | SR (V/ps)
DUT #1 10.8 10.8
DUT #2 10.0 10.7
DUT #3 10.8 10.6
DUT #4 10.5 9.7

Table 4.4. Power consumption from 4 samples for the CT-amplifier

Ivpp Power

(mA) (mW)
DUT #1 1.16 5.8
DUT #2 1.13 5.65
DUT #3 1.14 5.7
DUT#4 1.14 5.7

4.2.3.4 Power dissipation

Simulation results from Eldo show a total current dissipation of approximately 1 mA,
resulting in a net power consumption of 5 mW. The net current consumption was
measured through a multi-meter connected in series with the chip. In the physical layout
design, care was taken to isolate the power supply pads of the CT-amplifier from the
supply pads of other circuits on the chip so that the power consumption of the CT-
amplifier could be accurately measured. The total current consumption was measured to
be approximately 1.16 mA for DUT #1. Table 4.4 shows the power consumed by CT-

amplifier from various samples.
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Simulation results show a net current usage of approximately 1 mA resulting in a total
power consumption of 5 mW. Measurement results show an increase of approximately
13% in the average current consumption, which could be attributed to the increased
current usage by the g4 block. This is the primary reason for the increased slew rates in
the measurement results compared to simulation. Mismatches in the current mirrors could
also contribute to the increased current consumption of the CT-amplifier. Common
centroid technique is one of the many layout practices to minimize mismatch in current
mirrors. But this technique could not be applied for all the mirrors in the CT-amplifier
layout because the complete amplifier is partitioned based on functionality, and some of
the mirrors are shared among various partitions. Common centroid technique, however, is
applied to the current mirrors and other crucial elements within individual functional

blocks.

4.2.3.5 Power-supply rejection ratio

Power-supply rejection ratio is another parameter that is used to analyze the performance
of amplifiers. The setup used for measuring PSRR is discussed in [84]. The DC PSRR
was measured for a variation of 10% of Vpp, which is 0.5 V. Thus the power supply is
changed from 4.75 V —5.25 V during the PSRR measurements in steps of 20 mV. Figure
4.11 shows the measured PSRR for DUT #1 of the CT-amplifier. The average PSRR
measured over the desired range of the supply voltage is approximately 60 dB, which is
lower than expected. Hence, an in-depth analysis was needed to understand the PSRR.
Monte Carlo simulations were performed to further characterize the DC PSRR. Monte

Carlo simulation is a type of analysis during which a specific or a group of parameters

86



100
DUT #1

90

80

. A\ /) //\\ [
VIS A

40 +

PSRR (dB)

30

20 T

10

4.75 4.8 4.85 4.9 4.95 5 5.05 51 5.15 5.2 5.25
Voo (V)

Figure 4.11. Measured PSRR vs. Vp, for the CT-amplifier
corresponding to either the model or circuit are varied according to a distribution (e.g.
uniform), and the results are analyzed when the simulation is repeated a large number of

times. BSIM3v3 level 49 models were used for the simulations throughout the course of

this project.
The PSRR is given by [84]:
dVOUT
PSRR = ADIFF — dVError — dVPS
PS d VO ur d VE rror
AV ps

where ‘dVps’ indicates the variation in the power supply voltage while ‘dVz,,,,” indicates

the variation in the input referred offset as a function of supply voltage. It is clear from

87



the definition of the PSRR, that the offset of the amplifier plays a vital role. The offset of
the amplifier is significantly impacted by mismatches in threshold voltage between the
input transistors, which is dependant upon their areas. In the Monte Carlo simulations
were performed on the CT-amplifier, the threshold voltage mismatch from the EKV

model is used to estimate the worst case standard deviation, which is given by [85]

_ Vi

G _—
e M xW XL

where 4, is a user-defined, technology dependant mismatch parameter. During the
simulations performed on the CT-amplifier, a value of 15x10° Vm was used for 4, ,

which was obtained from the 0.5-um EKV model [85]. The shift in threshold voltage is
incorporated in the model through the parameter ‘delvto’ [86]. Monte Carlo simulations
were performed over confidence intervals of +4c so that more than 99.99% of all the
samples fall within the confidence intervals. Figure 4.12 shows the result from Monte
Carlo simulations performed on the post-layout netlist using the above parameters for 200
samples. The average of the DC PSRR using Monte Carlo simulations of 200 samples is
approximately 63 dB, while the measurement results showed a DC PSRR of 60 dB. This

indicates a good match between simulation and measurement results.
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Figure 4.12. Monte Carlo simulation of the PSRR for 200 samples

4.2.3.6 Common-Mode Rejection Ratio (CMRR)

As the name suggests, CMRR can be understood as the ability of the amplifier to
successfully reject signals common to both the input terminals. In a conventional
amplifier, the tail current source has predominant impact on the CMRR. Since this CT-
amplifier is developed on the floor-plan of a conventional folded-cascode amplifier, it is
expected that the tail current of the input differential pair has similar dominant impact on
the CMRR. The schematic for the setup used for measuring DC CMRR is shown in [84].
Figure 4.13 shows the measurement result of the DC CMRR for DUT #1. The average
CMRR for the CT-amplifier over the input range from —1.5 V to 2.0 V is approximately

54 dB. Monte Carlo analysis was performed to estimate the CMRR with similar
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Figure 4.13. Measured CMRR vs. Vicy for the CT-amplifier
simulation setup as that used during PSRR. These simulations indicate an average CMRR
of approximately 69 dB. Figure 4.14 shows the simulation results from Monte Carlo
analysis. The discrepancy between measured and simulated CMRR could be because the
measured CMRR was an average of the CMRR over the ICMR, while the simulated
CMRR was the average value recorded at mid-supply voltage over 200 samples during

Monte Carlo simulations.
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Figure 4.14. Monte Carlo analysis of the CMRR for 200 samples

4.2.3.7 Summary of the measurement results

The previous sections presented a detailed description of the measured results from the

CT-amplifier. Table 4.5 summarizes these measurement results.

Reviewing the design goals discussed in Section 4.2:
e Develop an amplifier using the CT element that offers open-loop gain comparable
to conventional multi-stage amplifiers
e Develop a compensation architecture for an all inverting gain stage based op amp
e Develop an amplifier that not only offers very high open-loop gain, but also offers

other performance parameters comparable to conventional multi-stage amplifiers
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Table 4.5. Summary of key measured parameters of the CT-amplifier (Cy, = 18 pF)

Parameter Measured Value
Power Supply 5.0V
Supply Current 1.14 mA
ICMR 0.7V-48V
Open-loop Gain > 120 dB
Unity-Gain Bandwidth > 12 MHz
Phase Margin (C; = 18 pF) ~90°
Slew Rate (C;, = 18 pF) >10 V/us
CMRR > 50 dB
PSRR > 60 dB
Area 0.25 mm’

The CT-amplifier achieves a very high open-loop gain and phase margin, which are the
primary goals of this work. In addition, the other key parameters such as UGBW, CMRR
and PSRR are commensurate with other amplifiers. The design has clearly met the
primary goals. Improving the CMRR, if needed for a specialized application, is discussed

in Chapter 5.

4.3 Comparison of the CT-amplifier with other multi-stage amplifiers

This section presents a comparison between the performance characteristics of CT-
amplifier developed in this research with previously reported multi-stage amplifiers. The
parameters of interest include open-loop gain, unity-gain bandwidth, phase margin, slew-
rate, load capacitance and power consumption. Additionally, a figure of merit (FOM) will
be developed that normalizes these characteristics to facilitate the comparison and

analysis with various amplifiers.
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It could be inferred from the literature survey that small-signal parameters play a vital
role in the development and comparison of FOMs for amplifiers. One such widely used
FOM [36] is

GBW xC,

Power

FOM =

Phase margin is one key parameter that is seemingly overlooked in the estimation of
FOMs. Since higher gain-bandwidth product could be achieved with lower phase margin,
the author believes that the small-signal FOM should also include the phase margin for
proper comparison. Therefore, the small-signal efficiency FOM that will be used in this
work will be defined as follows:

FOM,, = GBW xC, x PM

Power

Table 4.6 compares the FOM¢p for previously published high-gain amplifiers with the

CT-based amplifier.

From the Table 4.6, it is clear that most of the amplifiers offer open-loop gains higher
than 90 dB. Some of these amplifiers offer exceptionally high GBW, which under close
observation can be found to be implemented in bipolar processes. Bipolar processes not
only offer high unity-gain current frequency (fr), but also offer higher gy-efficiency than

CMOS processes.
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Table 4.6. Comparison of CT-amplifier with previously published high-gain amplifiers

Ref. Author # stages Gain (dB) GBW (MHz) SR+ (V/ps) Power (nW) | C. (pF) PM () Tech. (um) FOMcp | Comments
[77] Bult 2 90 116 NA 52000 16 64 1.6 22 Uses gain-boost principle
[78] Fonderio 3 117 3.4 1.1 5250 100 61 1.2 3.9 Bipolar with MPD stage
[48] Eschauzier 3 100 60 20 76000 100 40 Bipolar 3.1 Bipolar process
[23] Pernici 4 120 2 1.5 10000 250 80 1.5 4 Uses double Nested
Miller compensation
[79] Lahiji * 2 100 33 1 72000 20F 50 Bipolar 0.04 Bipolar process
[80] de Langen 3 76 1000 360 86400 2 47 Bipolar 1.0 Bipolar process
[47] Fan You 4 100 1 5 1400 20 58 2 0.8 Uses NGCC
[81] Bouzerara 2 90 182 NA 7000 1 95 0.8 24 Uses active PFB with FF
and FDCM techniques
[83] Mita 4 110 1.2 NA 1380 5 90 NA 0.3 Uses Reverse-Nested
Miller compensation
[82] Palumbo 3 > 100 1.4 0.46 5000 100 91 0.8 2.5 Uses double pole-zero
cancellation technique
This work 3 >120 >15 >10 5650 18 ~90 0.5 >4.3 | CT element based

amplifier

* - simulations only

-assumed a capacitance based on the description in the paper
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Though most of the amplifiers used for comparison use 3 or less stages, there are two
amplifiers that even use 4 stages to achieve open-loop gain close to 120 dB. Most of the
amplifiers use a variation of the Miller compensation architecture like nested-Miller
compensation, reverse-nested Miller compensation, etc. Some of them even use positive
feedback techniques for compensation, but all the amplifiers with 3 or more gain stages
have gain inversions between alternate stages. Regarding UGBW, the CT-amplifier offers
better bandwidth and PM when compared to most of the multi-stage amplifiers using
CMOS processes. Since the CT-amplifier is targeted for use in sample and hold
amplifiers, it is designed to drive small capacitive loads. SR parameters are not available
for most of the amplifiers, but the CT-amplifier achieves a slew-rate higher than 10 V/us

driving a load capacitance of 18 pF.

The number of stages in a multi-stage amplifier plays a vital role in estimating the
achievable bandwidth of the amplifier. This is because with the increase in the number of
stages, there is an increasing possibility for the presence of multiple poles within the
unity-gain bandwidth that need to be compensated to achieve stability. This not only
reduces the usable bandwidth of the amplifier, but also increases the complexity of the
compensation network. The following equation shows the loss in UGBW between
amplifiers with multiple poles at the same frequency to other amplifiers with single-pole
at the same frequency, assuming both the systems with similar open-loop gain:

Unity - gain bandwidth of an n - pole system

Bandwidth loss factor = —— : - -
Unity - gain bandwidth of a single pole system
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(4, D{(%P} (34)

where A, indicates the dc open-loop gain of the system and ‘»’ indicates the number of

poles. The complete derivation of this equation and a detailed analysis is shown in
Appendix A. This derivation is used to analyze the reduction in achievable bandwidth by
a multi-pole system, with all the poles located at the same frequency as the single-pole
system. This derivation is important for this dissertation because in an ideal CT element
(described in Section 3.1.2), the current through each of the differential pairs is the same,
which will result in a multi-pole system with all the poles located at the same frequency.
Because of this, the CT element based amplifier offers lower bandwidth compared to a
similar single-pole system. The CT-amplifier implemented in this dissertation has
multiple poles at different frequencies shown in Figure 4.5, which facilitates the

improvement of achievable bandwidth of this system.

4.4 Tools used in this research

In accordance with the departmental requirements for a Ph.D document, the major tools
used in this research will now be discussed. The design effort of this dissertation started
with the intention to design a high gain, high bandwidth operational amplifier that can be
used in the development of a fast settling sample and hold amplifier (SHA). This SHA
was targeted for use in high resolution pipeline ADCs. Typically, one purpose of these
SHAs is to amplify the input signals by an accurate factor of 2. The accuracy of the gain
factor is limited by the open-loop gain of the amplifier [87]. The CT-based amplifier can
be targeted to implement a highly accurate sample-hold amplifier. This was the original

motivation for the development of the CT element. Later, a literature review was done to
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understand and analyze the various previously published compensation topologies. The
IEEE Xplore [65] search engine played a crucial role in performing this literature search.
Since most of the research work on multi-stage amplifiers and their compensation
topologies started from the late 1970’s or early 1980’s, and the electronic/online version
of the IEEE Xplore archives the journals, transactions, letters and magazines with select
content dating back to 1952, it is a reasonable tool to rely on for surveying the literature.
The literature survey has given sufficient confidence that a multi-stage amplifier with all
the gain stages offering inverting signal gains has not been previously done. The design
process then demanded a novel compensation technique to achieve closed-loop stability.
The development of the compensation technique involved simulations from Maple [66]
and Matlab for optimizing and verifying the integrity of the complex mathematics, which
were done by hand. Once the simulation results from Maple and Matlab were
satisfactory, those parameters were realized into transistor-level parameters. Preliminary
simulations were performed on the schematic netlist to validate the transformation from
Matlab to transistor-level implementation. When the preliminary simulations were
complete, the design was finalized and the circuit was entered as schematics into the
Cadence schematic editor. Later the layout was done in a 0.5-um bulk CMOS process
using the Cadence Virtuoso layout editor. After the layout was complete, post layout
extraction simulations from pad-to-pad (chip-level) were performed to verify the layout.
The fabricated chips returned in August 2006. A custom designed PCB test-board was
used during the characterization phase. During the measurement phase of this work,
various instruments from Hewlett-Packard, Stanford Research Systems, Keithely and

Agilent technologies were wused. These instruments include the HP3589
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(Spectrum/Network analyzer) and Stanford Research Systems SR770 (FFT Network
analyzer) for the open-loop gain measurements, the Agilent 54622D (mixed-signal
oscilloscope), Agilent E3631A (Triple output power supply), Agilent 34401A (6 '4 digit
multimeter) and Agilent 33250A (80 MHz Function/Arbitrary waveform generator)
during step response tests, PSRR, CMRR and offset measurements. Labview programs

were used to automate the measurement procedure while conducting the experiments.

4.5 Conclusions

This chapter begins with a review of the earlier chapters followed by a discussion of the
implementation and layout issues of the amplifier. The second section presents the design
goals, test configuration and the PCB test board used during measurements. This includes
a brief overview of the different setups for DC, AC and transient measurements. The
measurement results were conducted on a sample of 4 chips for all the performance
parameters, and a summary of the measured results was provided in Table 4.5. The
measurement results showed a good match with the simulation results, indicating that the
op amp has successfully met all the design goals. Later a figure of merit was developed
and the performance of the CT-amplifier was compared with prior art amplifiers for

analysis. Finally, the tools used to conduct the research were reviewed.
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5. Conclusions and Future work

5.1 Aanticipated original contributions of this research

The original contributions of this research are summarized as follows:

e an efficient compound transconductance element that facilitates very high
gain multi-stage amplification,

e a frequency compensation topology for the compound transconductance
element based amplifier,

e apower and area efficient forward gain path in a multi-stage amplifier,

e a unique frequency compensation scheme for an all inverting multi-stage
operational amplifier,

e a compensation architecture that provides an all left-half-plane pole, zero
transfer function in multi-stage amplifiers, and

e derivation of bandwidth loss in a system with multiple poles at the same

frequency compared to that of a single-pole system.

5.2 Future research directions
This section suggests future directions in extending the concept on the CT-amplifier.
Some of the improvements could be as follows:

e use complementary input pairs to provide rail-to-rail ICMR,

e develop a compatible class-AB output stage,
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implement a fully-differential CT-amplifier by analyzing various CMFB
architectures,

temperature characterization of this amplifier and analyze if this can be used
over wide (beyond commercial) temperature range,

analyze the improvement in the UGBW by reducing the available PM
(currently the PM is approximately 90°) to around 55° or 60°, and

minimize the sizes of the internal capacitors for improving the area efficiency.

Possible improvements at the system level could be as follows:

applying this CT-amplifier architecture to the low-voltage design concept of
body driving,

use a fully-differential CT-amplifier in the implementation of switched
capacitor applications such as sample-and-hold amplifiers,

analyze the usage of the above S/H amplifier in ADCs, and

extend this CT element in developing very high-speed (>1 GHz) analog

circuits.

From the simulation results, it was observed that the compensation network (that includes

gms and g,,5 blocks) consumes almost 50% of the entire power consumed by the amplifier.

This shows that the power efficiency of the amplifier can be improved by reducing the

power consumption of the compensation network.
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5.3 Conclusions

This research included the development of a novel compound transconductance element
based amplifier that offers performance characteristics comparable to that of a multi-
stage amplifier. The forward gain path of this amplifier is highly area and power efficient

compared to its counter part multi-stage amplifiers.

A detailed literature review of multi-stage amplifiers shows that a multi-stage amplifier
composed of all inverting gain stages has not yet been published. Therefore none of the
previously published compensation topologies could be applicable for frequency
compensation of this new amplifier. A novel compensation topology was developed and
implemented, which is one of the unique contributions of this research. This includes the
complete mathematical analysis and Matlab simulations of a 4"-order transfer function.
This topology not only offers an all left-half-plane poles and zeros approach, which is
extremely helpful for stability optimization, but also provides the opportunity to simplify
the complex transfer function into a single-pole system. The high phase margin from the
compound transconductance element based amplifier can be attributed to the novel

compensation topology developed as part of the stability optimization.
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A. Small-signal Derivations

This appendix includes the following derivations:

e Complete transfer function of the CT-amplifier with the compensation

network, and

e Loss of bandwidth between a single-pole system and a multiple-pole

system with all poles at the same frequency

A.1 Transfer function for the CT-amplifier

The small-signal schematic of the CT-amplifier is shown in the Figure 3.9.

node 1 node 2 node 4

&L

(g mSXV3)+(gm4VIn)

Figure A.1. Small-signal schematic of the CT-amplifier

The complete derivation for the transfer function is derived as follows:
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Applying KCL at node 1, node 2, node 3 and node 4, the following equations are derived

respectively.

1
(_ gleIN)+ (gm5V5)= Vz(r_+sclj

1

(_gszz): V}[%"'SC2J+(V3 —V5)sC

2

(Vs _VS)SC6 = V{i+SC5J
7.

5

1
(_ gmV, —gm,V,, ) = VOUT(_ +SC3]

r

Simplifying the equation from node 3:

(V3 —VS)SC6 = VS(VL""SCSJ

5

(V3 _Vs)Srscﬁ = V5(1+S’”5C5)
V,(srsC.)=V5(1+sr,Cs +51,C,)
v, - V{ s15Cy J

1+ sr,Cs +s1,C

Simplifying the equation from node 2, using the above relation:

(—gm,V,) =V{i+sch+(V3—V5>scé

r

(_ 8m,r, )Vz = V3(1+SV2C2)+(V3 = V5)sr,Cy

8 (1 +s7,C, +SI”2C6)+ Vi (srzcé)

V,(1+s7,C, +s1,C, )V, (s7,C, Ns75C,)
(1+sr505 +srsc6)

_ v (l+sr2C2 +sr2C6)(l+sr5C5 +sr5C6)—(Sr2C6)(sr5C6)
} (1+sr5C5 +sr5C6)

116



_y 1+S(r2C2 +1,Cy +1,C; +r5C6)+ sz(rZCerC5 +1,C,r;Cy +r,Ci1,Cy)
} (1+sr5C5 +sr5C6)

1+5(r,C, +1,C, +1,Cs +1,Cy )+ 57 (1,Cyr,Cs +1,Cy1,C, +1,Cs1, Cy)
(1+sr5C5 +SI"5C6)

R v 1+S(7"2C2 +71,Cy +r,C; +r5C6)+ s*(r,C,r,Cs +1,C,r,C, +1,Cr,C,)
22 } (1+sr5C5 +sr5C6)

—gm,nV, =V,

Let X =1+s(r,C, +7,C, +r,C, + r5C6)+ s (r,C,1sCs +1,C,1,Cy +1,C1,Cy ) . Then

- AV =V, X
2 } (l+sr5C5 +Sr5C6)

Substituting the equations from node 2 and node 3 into the equation from node 1

followed by simplification provides

1
(_ gle[N)+ (gm5V5 ) =V, (E + SCI]

(_ gmler[N)—'_ (gmsers): V2(1+S’”1C1)

(_AIVIN) :_(ASVS)_'_VZ(I_'_SFICI)
:>—(A5V3{ s1,C J_V3 {(l+sr1Cl)X}
1+ s1,Cy +515,C A2(1+S1’5C'5 +SI"5C6)
AZAS(SFSC6)+{(1+SFICI)X}
A, (1+57,C, +57,C,)
V,  AA4,(1+srCs+51,Cy)
Vix B A, A5(s75Co)+ {1451, )X}

=V

Substituting the above equation in the equation derived from node 4, and simplifying

1
—gmVy—gmJV,, = VOUT[F_+SC3]
3

—gm,nVy —gm,rV,, = VOUT(1+SV3C3)

AV, -AYV, = VOUT(1+SF3C3)
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~ A A, A, (1+ 57,C5 + s7,C,)
" 4,4, (s75C4 )+ {(1 +51,C )X

}+ AJ = VOUT(I +sr3C3)

LetY = A4, A (s7,C, )+ {(1+s1,C,)X }. Then

Ly {{A1 A, A, (1+ s7,C5 + s75,C, )} +(A4,Y)
IN
Y

i|: VOUT(1+SF3C3)

| AY
1+ sr,Cs +s515C¢ + -
A1A2A3

%
ﬂ:_A1A2A3
P Y(1+sr3C3)
Vour [ Cyy +5Cy +52Cyy +5°Chs
——=—4,4, 4, 5 S
Vi | (1+51,C, \14+5C), +5°Cpy +5°C)y)
where
Cro 14— Sm ,
8 &8 w3l
C C C C
Cyy=—>+—+ ( Ema j[}’lCl+r2C2+r2C6+ . +gm2r1r2C6j},
ng ng gmlgm2gm3rlr2 mS ng
C.C CcC C,C Cc,C
7’1C1’”2C2+”1C17"2C6+r1 1 5+r1 1 6+r2 2 5+r2 2L6
gm4 ng ng ng ng
Cyy=| ———"—— >
88 ma8 w3l + 1, CsCy
ng
C,, = Ema nC i, C,Cy +”1C1”2C2C6 +VICIFZCSC6J’
Em8m28 w3l s 8 s 8ms
5 Cs
Cp =nC +nC,+nCd+ + +2,217,C
mS ng
cC CC Cc,C C,C Cc.C
C,, :r1C1r2C2+r1C1r2C6+rl ims it | Tatabs | Tabate y BabsTe apg
ng ng ng ng ng
C,, = nCr,C,C; n nCr,C,Cy n nCr,CC, ‘
ng ng ng
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A.2 Loss of bandwidth comparison between single and multi-pole

systems

This section shows the derivation of the loss of bandwidth between a single-pole system
to a multi-pole system when all the poles in the multi-pole system are at the same

frequency as that of the single-pole system.

A
The transfer function for a single-pole system is given by A(s) = L

, where A4, is

1+ /=
fo

the open-loop gain and £, is the frequency at which the gain is —3dB below the dc value.

The unity-gain bandwidth (UGBW) can be understood as the frequency at which the

open-loop gain of the system is unity.

[A(s)| =1= A°f 1= 4| 1;
1+170 1+jj€
:>|A0|=1+j%0:> (l)zd{fioJ

Squaring the equation on both the sides,
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Thus it can be shown that the UGBW for a single-pole system is approximately equal

to f, x 4, .

The following derivation provides the UGBW for an n-pole system, where all the n poles

are located at the same frequency, f,, .

A generalized transfer function for an n-pole system with all the n-poles at the same

frequency, f,, is given by

AO

Y
1 7
(+]AJ

Similar to the derivation for a single-pole system, the UGBW is the frequency at which

yal
1+ 74
(+’5J‘
It is known that ‘(a + jb)"‘ = Qa + jb|)
L) S
1+ j— 1+ j—
[+]ﬁ] [+Jﬂj

(£

A(s) =

|A(s)| =1.

[A(s)|=1=|4,| =

7

n

|A0| = =

:qu )% =
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= A qAODZ

(7]
:s[sz =1/(4,])" 1

fo
= L= {lal] -1 =i flaff >
==l = 1= foxifa)

)%

:f:foquo

From the above derivation, the bandwidth of an n-pole system with all the n poles at the
same frequency is given by the n-th root of the open-loop gain multiplied by the —3dB

frequency.

The bandwidth loss factor, i.e. loss in bandwidth due to the presence of multiple poles at
the same frequency is given by

Bandwidth loss factor — Bandwidth of an n - pole system

Bandwidth of a single pole system

Assume an open-loop gain of 10° (i.e., 120 dB) and a —3 dB frequency of 100 Hz. Using
the above derived formula, the UGBW for a single-pole system could be calculated as

follows:

Using 4, = 10°, fo=100 Hz and in a single-pole system, n =1,
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)
= 100x(10°])"

=100 MHz

The unity-gain bandwidth for a single-pole system, f, |1 = fyx QAO

For a two-pole system (n = 2) with same open-loop gain and assuming both the poles are

present at 100 Hz, the unity-gain bandwidth can be calculated as follows:
. . . l
The unity-gain bandwidth for a two-pole system, f0|2 = fu QA0|)/"

= 100x(10°])* = 100x10°

=100 kHz
Similarly, for a three-pole system (n = 3) with the same parametric values as above, the

unity-gain bandwidth is calculated as follows:

The unity-gain bandwidth for this three-pole system, f0|3 = fu ¥ qu|)%

= 100x(10°])* =100%10°

=10 kHz

The following plot shows the frequency response for all three systems and verifies the

above derivation.
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Figure A.2. Bandwidth comparison between single, double and triple pole systems
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