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ABSTRACT

The dramatic growth in the hi-tech sector of consumer market has created many
unprecedented challenges in the area of integrated circuits. The present and future
communication and entertainment systems including high speed cable and DSL modems,
broadband wired and wireless systems, and high definition visual products require very
fast and high accuracy amplifiers, data converters and filters. Analog design in the new
digital CMOS submicron processes is becoming an economical necessity in the industry.
The task of building fast Op-Amp with very high DC-gain is already a very difficult
problem, and this task has become more difficult using these new submicron digital
processes, where traditional gain enhancement techniques are loosing their ability to
deliver amplifiers with sufficient gain. In this work three new methods of implementing
the internal positive-feedback to build very high DC-gain amplifiers with very low gain
sensitivity to signal swings are presented. Amplifiers proposed in the first method have
very high current-controlled gain. A DC gain larger than 100dB is possible without
limiting the speed of the amplifier. Amplifiers proposed in the second method exhibit
both enhanced speed, i.e., unity gain frequency, and enhanced gain. Amplifiers proposed
in the third method have self-adjusting gain without extra control block. An

implementation of a 3 bit multiplying DAC in a 9-bit 165MS/s pipeline ADC built in a
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1.8V, 0.21u digital CMOS process using one of the proposed amplifiers is described.

Test results show high gain with very fast settling.



INTRODUCTION TO AMPLIFIER PERFORMANCE

ENHANCEMENT

1. General Introduction

The dramatic growth in the hi-tech sector of the consumer electronics market has
created many unprecedented challenges in the area of integrated circuits. The present and
future communication and entertainment systems including high speed modems, broadband
wired and wireless subsystems, and high resolution, definition, visual products require very
fast and highly accuracy data converters and filters [1, 2]. Because of the wide spread use of
CMOS processes, a wide variety of analog and mixed-signal subsystems have performance
that is limited by the settling behavior of a CMOS operational amplifier (Op-Amp). These
subsystems include switched capacitor filters, programmable gain amplifiers, algorithmic
A/D converters. sigma-delta converters, sample and hold circuits, and pipelined A/D
converters [1, 2, 3]. In many applications, the settling behavior of the Op-Amp determines
both the accuracy and the speed that can be reached. Fast settling requires single-pole settling
behavior and a high gain-bandwidth-product [1, 3]. Moreover, for fast applications, the input
and output parasitic capacitances became an important factor that limits the speed of
operation. High accuracy requires high DC gain. Analog design in the new digital CMOS
submicron processes is becoming an economic necessity in the industry. The task of building
fast Op-Amps with very high DC-gain is already a very difficult problem and this task

become more difficult using the new submicron digital processes [2].
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2. Thesis Organization

This chapter will visit traditional methods for enhancing amplifiers performance,
mainly speed and gain. The next coming section will review the concept of speed, and
investigate speed enhancing methods. Next we will go through a survey of gain enhancement
methods, investigate the properties and limits of each one of those methods. An example of
positive feedback follows up to declare the concept and to show both advantages and
disadvantages of the previous implementations. Finally, a survey of previously reported
positive feedback implementations including those appeared under different names like
negative conductance and bootstrapping techniques are presented.

Chapter 2 will provide detailed vision of two new methods of implementing the
positive feedback technique; the current-controlled and the self-adjusting positive feedback
techniques. Several implementations of the proposed techniques on some popular amplifiers,
Folded and Telescopic cascodes, are presented. Small signal models, gain formulas are given.
Implementations of some of the proposed amplifiers in switched capacitor implementations
with simulation results are provided. Finally test results for an implementation of the self-
adjusting positive feedback amplifier in a pipelined ADC are presented to verify the
applicability and the advantages of the proposed structures.

Chapter 3 will present new amplifier architectures that have both speed and gain
enhancement properties. Two new techniques were used to boost amplifier’s
transconductance, gain bandwidth product, without increasing the power dissipation. Positive
feedback was employed to simplify the implementation and to boost the DC gain. Proposed

structures small signal analysis presented. An implementation of some proposed architectures
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in a continuous time 4™ order high center frequency bandpass filter with relatively high Q-
factor is described with simulation results.

Chapter 4 includes the implementation of a very high speed, low supply voltage
pipeline ADC suitable for communications and video applications using the self-adjusting
positive feedback gain enhanced amplifier. Detailed description of ADC’s amplifier, MDAC,
voltage comparator. is included. Different simulation and test results that verify the
applicability and the power and speed advantages of using digital transistors are presented.

Chapter 5 concludes the whole work. Appendix about layout and testing tips appears

at the end of this thesis.

Two Appendixes will present layout and testing tips, and a list of device sizes
3. Speed Considerations
As mentioned above the speed of several analog subsystems are mainly limited by the

settling behavior of the amplifiers employed in that sub-block. For single-pole amplifiers

settling speed is directly proportional to its bandwidth as characterized by the equation.

Toen = # (1)
where Ty is the settling time and BW is the bandwidth. The single-pole amplifier bandwidth
is approximated by the location of the dominant pole of the amplifier [4,5]. Consider a
single-pole output compensated amplifier with an open loop DC gain A, a dominant pole
location @y, output impedance Ry, and a feedback factor 8. The open-loop DC gain is given
by

A, =G, -R

m out

where the transconductance is given by



ol
G =% 2.b
=35y (2.b)

mly =0
The dominant pole frequency is given by

l
pl
R our Cuul

the unity gain frequency (UGF) of such a high gain single-pole amplifier is given by

G
Opgr = A, W, = Cm (3)

out

The frequency dependent gain for the Op-Amp is given by

A
A, (s)=— “4)

S
=+l
(l)pl

[f feedback. with feedback factor B. doesn’t load the open loop amplifier and the open loop amplifier
doesn’t load the feedback network. then the gain with feedback is given by the closed loop transfer

function H(s) where

His)=—Tu (3)

—S—+1+A,,,,B

w,

This feedback structure is shown in block diagram form in Fig. 1. Pole location of the feedback

network is
W, =-0, (l + Aulﬂ) = _ﬂ‘UUGF 6)
It can be observed from Eq. (6) that the new closed loop pole location, bandwidth, become

dependent on the unity gain frequency of the amplifier and on the feedback factor (8).

1 L Cou
(7)

rxeu = = =
B Wcl :Bwuor ﬂ ) Gm




where for a given level of settling, the proportionality constant for the open-loop and closed-
loop amplifiers are the same. It follows from Eq. (7) that we can enhance the speed of the

closed loop amplifier either by increasing amplifier transconductance (Gp) or the feedback
factor (B), or by reducing the total output capacitance.

vin + vout
o ) #[@ >

Fig. 1 Amplifier in a closed loop form

The transconductance of the Op-Amp, in general, is proportional to the transconctance of
some transistor (gmi) at the input stage, and since gq; is proportional to the transistor width to
length ratio, and is also proportional to the current passing thru that transistor, the speed can
be enhanced either by increasing transistor W/L ratio or by increasing the biasing current thru
that transistor [5]. However, increasing the W/L ratio at a constant bias current will lead to
reduced input signal swing and to increased parasitic capacitance at the input. On the other
hand, increasing the biasing current with a fixed W/L ratio will lead to increased power
dissipation. Increasing § will have different implications based on the implementation. For

example, in the switched capacitor circuit shown in Fig. 2 [4],

Cf
-C_‘_ +C, +Cp,

B (8)

Increasing B results in a reduction of the closed loop gain. Parasitic capacitance at the input

and output nodes are of considerable concern for high speed applications where the



amplifiers require large power dissipation, large transistors, and where the transistor parasitic

capacitances start to become significant when compared to the sampling and feedback

capacitances.
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Fig. 2 Typical switched capacitor circuit.

A method that can be exploited to enhance an amplifier transconductance and thus enhance
the speed without increasing the power dissipation is by transforming the transistors in the
active load or in the cascodes to amplifying transistors. The idea is described in detail in
Chapter 3. A modest but yet useful reduction of the parasitic capacitance at the amplifier
output can be realized by chopping the active area around the contacts as shown in Fig.3.

This technique is used in the amplifier discussed in Chapter 4.
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Fig. 3 Chopped-diffusion transistor-layout pattern.

3. Gain and Accuracy Considerations
The accuracy that can be reached in many useful systems is directly related to the
amplifier open loop gain. For example, in a switched capacitor sample and hold circuit the

gain error of the sampler is inversely proportional to amplifier’s open loop DC gain [4]

l
Gy = 9
) l + IB. Aul

where § is the feedback factor. For filter applications the integrator phase error is inversely
proportional to the operational amplifier gain [6]. It is desirable to get higher DC gain for
better accuracy and linearity of the feedback network.

3.1 Survey of Gain Enhancement Techniques

It follows from Eq. (2.a) that we can boost the gain of a single pole high output impedance
amplifier either by enhancing the amplifier transconductance or by enhancing the amplifier
output impedance. Other techniques such as cascading several amplifier stages or exploiting
the exponential nature of the transistor charactenistics in the weak inversion region have also
been proposed for enhancing the DC gain [5,7]. Most of the reported techniques that can be

used to enhance amplifier gain summarized in Fig. 4.
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Fig. 4 Gain boosting techniques

Enhancing the gain by boosting the amplifier transconductance is widely used but
becomes impractical in very high gain applications because the transistor transconductance is
proportional to the square root of the biasing current, assuming fixed W/L ratio, as follows

from the square low model.

17 W
8 =ﬂ-C,,,.T(Vw-V,)=‘/2-#-C.,,71,b (10)

where p is the channel mobility, Co is the gate oxide capacitance density, V, is the threshold
voltage, and Vy and Iy are the quiescent gate-source voltage and drain-source current
respectively. So increasing the gain by a factor of two will cost a power penalty by a factor of
four.

Cascading of multiple amplifying stages is an attractive approach for enhancing the

gain However, due to the required compensation for stable operation, this imposes a severe



speed penalty. For these and other reasons, it is uncommon to see the indu.iry adopting
cascades of more than two stages. Several resources have been investigating cascading with a
multi-path compensation (8], [9]. However, those multi path structures suffer from the pole
zero doublets that made their settling very slow.

An interesting technique to control pole and zero locations is being investigated [9], but it is
yet to be experimentally verified for on chip high-speed multi amplifier applications. A basic

multi path cascade appears in Fig. 5.

C
} 1
I ‘
C; I.__.
C3
. ’: nl n2 n3 _1;4
T~
D I‘/GmJ
> i
G

Fig. 5 Basic multi-path cascaded amplifier scheme.

One dynamic biasing technique depends on turning the input transistors into the weak
inversion region, where the transistors start to have an exponential relationship between the
input voltage and output current, l=I,exp(V,/&V,).

This is similar to the I-V relationship of the Bipolar transistor. This technique can be used to
achieve a very high DC gain. Unfortunately the bandwidth of amplifiers that operate in the
weak inversion is very limited. To mitigate this concern, dynamic biasing is used to switch
the transistors into the strong inversion region while settling. The basic dynamic biasing

scheme is shown in Fig. 6 where the transistors in the differential pair start to operate in the
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ohmic region, then the saturation region, and while settling they turn into the sub threshold

region when the high gain is achieved. Based on Fig. 6, the operation starts by discharging
the biasing capacitor, and then we turn the amplifier ON by closing @, charging the biasing
capacitor. During this period the transistors will pass from ohmic region to sub-threshold

region [7]. The main draw back of the dynamic biasing technique is that the current driving

capability of transistors in the sub threshold region is extremely low which makes settling

very slow.

Fig. 6. Implementation of dynamic biasing technique.
Dynamic biasing technique has not been widely accepted in the industry because of this
serious draw back. Other important draw back is the fact that charging of the biasing
capacitor is dependent on the input signal level thus causing non-linear distortion.
Enhancing the gain by enhancing the amplifier output impedance is the most
successful and widely adopted gain enhancement strategy, many times accompanied by a

single level of cascading in the same structure. Output impedance enhancement can be
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achieved either by using cascoding, regulated cascoding, positive feedback or bootstrapping
technique.

Cascoding is a well-known method of enhancing an amplifier output impedance
where by stacking or doubly stacking transistors at the output node, the amplifier gain
becomes proportional to the square or the cube of the intrinsic transistor gain, gn/g, [4.5].
One level of cascoding doesn't provide sufficient DC-gain for many applications. Double and
higher level cascoded amplifiers have very limited output swing, and are consequently not
applicable to use with low supply voltages. In order to gain more signal swing in cascoded
structures it is common practice to fold the cascode. As we go deep in sub-micron processes,
the intrinsic transistor output resistance becomes smaller and smaller which limits the
advantage of cascoding. Cascoding affects the amplifier DC gain thru changing the effective
output impedance, but has no effect on its transconductance and a minimal effect on the unity

gain frequency [5]. Cascode, folded, and the double cascode structures are shown in Fig. 7.

e Sle g,

\-wz _”:1 v . \’bz :]MB
. Vout vl | Vou v ; —Pvm
oy e I j
|
MIEI__" . | \."5_—‘th2
Vin \.,4_l— M1 }__.,
@ - b © -

Fig. 7 Cascoded amplifiers. (a) One level cascoding. (b) Folded. (c) Double cascode.



The cascoded gain boosting technique, also known as regulated cascoding, is one of
the most successful ways of boosting amplifier gain without seriously limiting the high
frequency performance if designed carefully [3,4,5]. Regulated cascoding depends on the
existence of at least one level of cascoding. An extra amplifier used in a negative feedback
loop as shown in Fig. 8 is used to keep the drain-source voltage across the input cascoded
transistor as stable as possible irrespective of the output voltage. The added amplifier boosts
the cascode output impedance by a factor, approximately, equal to its open loop gain [3,4] as
given by

R s req _cascode = (1+ A, )Rr'u.\'rude =8m Ty Va2 (1 t A,\) (11)
The boosting amplifier forms an extra feedback loop and adds poles and zeros to the final
amplifier characteristics which in general will exhibit a pole-zero doublet. This will affect
amplifier settling, making it slower. Added amplifiers can be simple common source
amplifiers or can be some thing else like cascoded or cascaded structures.

As the semiconductor industry moves toward using the new digital CMOS processes
cascading, cascoding, and gain-boosting techniques loose their ability to provide very high
DC gain operational amplifiers because digital transistors have high output conductances,
and those techniques are dependent upon low output conductances. Expensive solutions like
using special analog friendly devices can be used to partially overcome this obstacle.

A technique that can be used to get a high DC gain, named the bootstrapping technique, is
based upon using a form of positive feedback in the implementation [10], so the discussion of
positive feedback below applies equally to this technique. A simple implementation of the
bootstrapping technique is shown in Fig. 9. However, this technique was not proven by test

results to be practical and capable of providing high DC gain.
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Fig. 8 Regulated cascode gain boosting technique.

Coh et

7

Fig. 9 Amplifier with bootstrapping gain enhancement technique.

3.2. Introduction to Positive Feedback Schemes

The concept of applying positive feedback, also known as negative conductance, to
enhance the open loop amplifier DC gain was proposed in several publications [6,11]. Most
of the proposed structures share the common characteristic of generating a negative
resistance by feedback from the output node that is used to compensate some positive
resistance at the output to enhance the DC gain. By applying the positive feedback technique,
achieving a large DC gain becomes partially dependent on matching of parameters of

different transistors that are involved in the positive feedback. A simple example that
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illustrates the positive feedback implementation was discussed by Allstot [11]. Cross-coupled
active-load PMOS transistors are applied to a simple differential pair as shown in Figure.
10.a. The negative conductance, -gn3, generated by the cross coupling is used to boost the
DC gain. The small signal model is shown and simplified in Fig. 10.b. A small signal
analysis shows that the DC gain of the amplifier, the differential output divided by the
differential input, can be written as

fl“.‘, - —gml (12)
81 + gul + 8,3 + gml - gm}

If gm3=go1+8o2+L03+8m2, then the amplifier will exhibit an infinite DC gain. Note that no
additional nodes or poles are added with the positive feedback. However, to get the very high

DC gain, we need almost perfect matching mainly between go;+8024803+8m2 and gm3.

Figure 10.a Regular Differential pair with positive feedback.

Vout

ng

By vm% 83 [Vout CD %

80‘ gm3V0ut go 3

—— —_ e

Figures 10.b Small signal model, simplified model.
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As stated above, previous positive feedback implementations have suffered from two
problems. First is a strong dependence of the amplifier’s gain on different transistor
parameter matching where none of those transistors have controllable or self-adjusting
parameters [6], [11]. Second, the high gain sensitivity to output signal-swing. The amplifier
transfer function will have a denominator of the form of (Xg.-Zgy) where g, and g, terms can
be the transconductance, or the output conductance of a transistor but most importantly the
difference of the two sums must be much smaller than either of the sums. We are looking for
wide swing operation, the high sensitivity occurs because this large output swing makes gx
and g, strong function of the output signal. Therefore, the DC gain of the amplifier will
change dramaticaily as the output node swings up or down. This problem is not mentioned in

the earlier publications.

The tight matching requirement can be relaxed by three methods. First, make at least
one of the key matching parameters controllable and establish some type of adaptive control
to achieve the required level of matching. Second, use some kind of cascoding such that the
amplifier DC-gain is not completely dependent on the perfect matching issue. Therefore, the
existence of cascoding will allow more room for the parameters to move in. Third, use some
node other than the output node as the input to the negative conductance element with lower
signal swing to reduce the parameter dependence upon output signal swing. If a cascode
structure is used , a reduction in the sensitivity of the positive feedback can be achieved if the

sensing node is taken from the cascode nodes as will be shown in Chapters 2,3, and 4.
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6. Survey of Previous Work on Positive Feedback Technique

Positive feedback is used in many aspects of circuit design such as oscillator and
bandpass filter design. However, the positive feedback technique has been rarely used as a
method to boost Op-Amp gain. Most researchers have avoided the concept because ofi
instability concerns. Others preferred to use other names such as negative conductance and
bootstrapping technique. Regardless, the concept has received minimal attention in industry.

In 1982 Allstot [11] built a pre-amplifier for precise voltage comparators using the
positive feedback technique for gain enhancement. The preamplifier is redrawn in Fig. 11.
The positive feedback was generated by cross coupling of active PMOS load transistors. The
preamplifier was built with other ADC components in an 8um CMOS process. Allstat said
little about how much gain enhancement is practically achievable, detailed analysis of this
amplifier was done by Gregorian where he suggests that practically this configuration can

boost the amplifier gain by at most a factor of four [12].

Fig. 11 Pre-Amp with positive feedback
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In 1987 Abidi has studied a low supply high gain amplifier under the term of a bootstrapping
technique [13]. The amplifier is shown in Fig. 12, and has a DC gain that can be written as

Uout gm ro ( 14)

Uin 1_a+gslro—agslro

Fig. 12 Boot-strapping technique by Abidi.

In 1988 Labor and Gray used the positive feedback technique to build high gain amplifier,
which was used in the integrator, for a high Q-factor switched capacitor filter. This was the
first sophisticated amplifier with positive feedback [6]. The amplifier is shown in Fig. 13. In
this work the authors assured that regardless of the impedance mismatch, and even if the
amplifier’s open loop pole moves to the right half plane, the closed loop amplifier will be
practically stable whenever enough negative DC feedback is provided by the external B
network. The amplifier was implemented in a 3um CMOS process with a 5V supply. The
measured gain was 80dB, but very sensitive to temperature and process variations [6].

In 1989 Nuata and Seevinck used the positive feedback technique to enhance the DC

gain of an OTA actually a pseudo-differential OTA that was imbedded in a VHF filter [14].
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In there application high gain was required to get excellent linearity. The OTA is shown in
Fig. 14. The same OTA was re-used again by Nuata in 1992 to build in a monolithic form.
More detailed analysis was done [15]. The OTA was fabricated in a 3um CMOS process

using a 10V supply. The OTA showed a DC gain of 40dB. The OTA gain was given by

_gm, gy
= = 8Mmqy = gmy = gm,
8o

A
3
— + gmg — gm

"~

J M4
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Vi, dig 4
s{t@dil
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[}—_'4\ A ! ”: ‘l’_\iz
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Fig. 13 Amplifier with positive feedback by Labor et al.
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Fig. 14 A pseudo-differential OTA by Nuata.
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In 1991 Nakamura et al. built a current based positive feedback amplifier. The
amplifier was based on the folded cascode structure as shown in Fig. 15. The amplifier was
fabricated in a 2um CMOS process and tested with 5V supply. The amplifier showed an
84dB DC gain compared to 78dB for the non positive feedback counter part [16]. The gain
enhancement was within 6dB range which is a poor improvement compared to the increased

power dissipation and the increased complexity of the structure.

1
JT

Iup+_{ ™ " }—Ep- Out+

A—HE A
A—F i i

Out-|

Fig. 15 Current based Postive feedback Amplifier by
In 1997 Lahiji et al. used the positive feedback technique to boost the gain of a bipolar-
transistor amplifier. The simplified amplifier is shown in Fig. 16. Simulations showed 160dB
gain. No comment was made regarding the sensitivity of the gain to different factors [17].
Finally in 2002 Yan and Geiger reported an amplifier with negative conductance gain
enhancement where the amplifier was built using the AMI 0.5um process. The amplifier gain
is dependent on matching of the output conductances of different transistors. The amplifier is

shown in Fig. 17. The amplifier transfer function is given by

_Yo _ ~8m el
Ay(s) = - where R, = Bas - (15)



The authors reported a DC gain of 80dB for S0mV output swing, the gain drops to 60dB for
output swing of 240mV [18]. This was the first publication that reflects the gain sensitivity to

output signal swing.
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Fig. 16. Bipolar-transistors amplifier simplified schematics by lahiji et al.
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Fig. 17. Amplifier with negative conductance gain enhancement by Yan et al.
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7. Summary

In this chapter the importance of the signal processing blocks, and the amplifiers in
specific are emphasized. The basic amplifier characteristics are visited. Issues related to
amplifier speed definition and enhancement methods were highlighted. Amplifier’s gain
definition and enhancement techniques were reviewed. A wide survey on the positive
feedback technique previous implementations is performed. In the next chapters new
strategies of implementing the positive feedback technique to boost DC gain and unity gain

frequency are presented.
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Abstract

Two new techniques that use internal positive-feedback to build very high DC-gain
amplifiers are presented. Amplifiers proposed by first technique have controllable gain and
don't require perfect matching of transistors to achieve the very high DC gain. An
implementation of a sample and hold circuit constructed using the first proposed technique is
described. Simulation predicts a DC gain larger than 100dB is possible without limiting the
speed of the amplifier. Amplifiers proposed by the second technique have self-adjusting gain
property. An implementation of a 3 bit MDAC in a 9-bit pipeline ADC built in a 1.8V, 0.21p
digital process using one of the proposed amplifiers is described. Test results predict high
gain with very fast settling.
1. Introduction

High accuracy, good linearity, and high speed are the three most important properties
of many useful analog and mixed-signal circuits and systems. Invariably, the speed
performance in these circuits is limited by the settling behavior of a CMOS operational
amplifier (Op-Amp). Included in this class of useful circuits are switched capacitor filters,
algorithmic A/D converters, sigma-delta converters, sample and hold circuits, and pipeline

A/D converters [1], [2], [3]. The settling behavior of the Op-Amp has a direct impact on both



the accuracy and the speed that can be achieved. Continual wisdom teaches fast settling
requires single pole settling behavior and a high gain-bandwidth-product (GB) [1,2,9]. In
high-speed applications, the input and output parasitic capacitances also limit the speed of
operation. High accuracy and good closed loop accuracy requires a high DC gain.

High performance analog and mixed—signal design in state of the art digital CMOS
processes has become an expectation of the industry for nearly the past two decades. The task
of building fast Op-Amps with a very high DC-gain is a difficult problem and this task has
become much more difficult in the submicron digital processes [3]. There is a little in the
literature that shows promise for allowing designers to meet these expectations in processes
with feature sizes smaller than 0.lum. The high GB and fast settling with short channel
devices have been approached by designers by biasing the critical devices at high current
levels [2,5,6]. The high DC gain of the Op-Amp has been approached by one or more of the
following techniques; cascading of gain stages, applying dynamic biasing, or using output
impedance enhancement.

Cascading two stages or more can result in a very high DC gain, however, the regular
compensation for stable operation will seriously limit the high frequency performance [1,2].
For these reasons cascading of three or more stages is not a common practice in the industry.
A related cascaded approach relies upon alternative compensation circuits and is termed
multi-path nested or feed-forward cascade these structures are noted for challenging
problems with achieving exact pole-zero cancellation [7]. Without precise cancellation the
existence of pole-zero doublets makes settling very slow.

The second method, dynamic biasing, was reported to combine high DC gain and a

fast settling [4]. However, in dynamically biased amplifiers, during the settling period the



critical active devices operate in the weak inversion region to enhance the DC gain but the
settling becomes slow. Moreover, a single stage dynamically biased amplifier may not
provide sufficient gain and cascading them is difficult [5]. Dynamically biased amplifiers
have limited acceptance because of this disadvantage [1,2].

The third method of enhancing the DC-gain of the Op-Amp is to increase its output
impedance. This task was performed either by cascoding, using gain-boosting (often termed
regulated cascoding) techniques or by using negative conductance positive feedback. A
related technique termed boot strapping is another form of the positive feedback technique
[8]. The cascoding approach is well-known and has been widely used method of gain
enhancement by the industry for the past decade. With cascoding the amplifier gain becomes
proportional to the square or the cube of the intrinsic transistor gain, g/g,. One level of
cascoding usually doesn't provide sufficient DC-gain. In more recent digital processes, the
double cascoded amplifier has very limited output swing, and is not applicable to low-voltage
circuits. Enhancing amplifier gain by the gain-boosting technique is one of the most
successful ways of boosting amplifier gain without seriously limiting the high frequency
performance [2]. However, the boosting amplifiers do add poles and zeros to the amplifier
transfer function and will create new local feedback loops in the structure. This will generate
pole-zero doublets, which will siow the settling of the amplifier. As the industry move to
deep submicron processes, native transistors show higher and higher output conductances
which makes the previous techniques, cascading, cascoding, and gain boosting, less and less
capable of providing the high DC gain that is needed. The easiest solution and a solution that
has been widely adopted is the use of special processes that provide ‘“analog friendly”

devices. These analog friendly devices have longer channels, lower threshold voltages, and



worse gate leakage when compared to the native digital transistors. Longer channel lengths
and lower threshold voltage in larger transistor sizes and larger parasitic capacitances thus
slowing the step response. Analog friendly devices have longer time to market and often
exhibit big differences in performance from one foundry to another [3]. The dominant
limitation of using analog friendly devices is, however, the increased processing costs and
need for multiple supply voltages. The third method of enhancing the output impedance is by
using the positive feedback, or the negative conductance/transconductance technique.
Positive feedback offers potential for obtaining a very high DC gain without adversely
affecting the high frequency performance. In particular, positive feedback has the potential of
providing high gain using only digital transistors. Most of the positive feedback
implementations that have been proposed suffer from two limitations. First is a strong
dependence of the amplifier gain on precise transistor matching [1,2,4]. The second is high
gain sensitivity to the output signal swing. There is also a previous and un-narrated concemn
about potential instability in the open loop amplifier causing stability problems in feedback
circuits that use unstable open loop amplifier. The strong amplifier gain dependence on
transistor matching occurs because the gain depends on matching between different types of
devices parameters that are inherently weakly correlated and highly variable from one
process to the next. The high sensitivity to output signal swing is caused by the fact that the
positive feedback is invariably taken from the output node that has a large swing. For
applications requiring wide output swing operation, this connection will make the gain a
strong function of the output signal level. Therefore, the DC gain of the amplifier will drop
sharply as the output node voltage swings up or down. This signal-swing problem was not

addressed in the early publications. Finally it must be recognized that effective use of the
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positive feedback technique may generate an Op-Amp with a dominant pole in the right half
plane. This is, however, not a problem in most applications since use of the amplifier in a
loop with negative feedback will guarantee stability as will be shown in the next section. The
positive feedback method, in contrast to the other methods of enhancing output impedance,
holds potential for building fast amplifiers with a very high DC gain suitable for operation in
all-digital low voltage processes.

Finally. for simplicity during the rest of this work. even though, for small signal
analysis only one half of the equivalent small signal circuit will be shown, all derivations of
gain and transconductance, for differential structures. are for differential input differential
output signals.

2. Introduction to Positive Feedback Schemes

The concept of applying positive feedback, also known as negative conductance or
transcnductance compensation, to enhance the open loop amplifier gain has been proposed in
several publications. Most of the proposed structures share the common characteristic of
generating a negative conductance by internal feedback of a signal from the output node that
is used to compensate for the inherent positive conductance at the output to achieve the very
high DC gain. To illustrate the basic positive feedback gain enhancement technique, consider
the cross-coupled active-load PMOS transistors used to compensate the output conductance
of a simple differential pair as shown in Fig. 1. A negative transconductance, -gm3, is
generated by the cross coupling of transistors M3 and M5 . The small signal model is shown

in Fig. 2. A small signal analysis shows that the DC gain of the amplifier can be written as

A"=V0ul - -gml (l)
v;n gul+gu.’.+g03+gml_gm3



If the transistor M3 is sized such that

8m3=8o1+8o2+8ui*+8m2 (2)
then the amplifier will exhibit an infinite DC gain. Note that no additional nodes or poles are
added with the positive feedback. However, to get the very high DC gain, nearly perfect
matching between g,;+g,2+8,3+8m2 and g, is required. The perfect matching over process
variations, temperature variations and signal swing is very difficult to achieve.

The stability of feedback amplifiers using a positive feedback Op-Amp does deserve
consideration because of the wide spread concern about this problem. If C; is the total load
capacitance on the output node V,,* in the amplifier of Fig. 1, then the frequency dependent

gain is given by the expression

_ - gml
= 3)
SC, 48,1+ 802+ 803+ B2 = Bmy)

This amplifier gain can be written as

A(s)=—2 @
s-w,,
where
GB:IA(J '%al (5)

where A, is given by (1) and where the pole of the Op-Amp, @, is given by

@, = (8, ~ (8 + 8,2+ 8,5+ 8.2))/ C, ©6)
[t is apparent from (6) that the pole of the open loop Op-Amp will move into the RHP if

Bm3) 8ot ¥ 802 ¥ 83t B2 M

Although the specific relationship between the A, and @, and the device model parameters

for the circuit of Fig. 1 is defined by (1) and (6). The functional form of (5) is characteristic



of positive feedback amplifiers in general. A negative feedback network using a positive
feedback operational amplifier characterized by (5) is shown in Fig. 3. A standard analysis of
the feedback amplifier gives the closed-loop transfer function

__GB (8)
s-w,, +pB-GB

H(s)=
From (8) it is apparent that the closed loop pole location is given by

w,=w, -pB-GB 9)
It follows from (9) that the closed loop amplifier will be stable provided

w, B -GB (10)

For practical amplifier circuits, the magnitude of the dominant open-loop pole, irrespective of

whether it is in the LHP or the RHP, must satisfy the relationship
,.(<B-GB (1

[t thus follows from (10) and (11) that the closed loop amplifier will be stable independent
on whether the open loop amplifier is stable or unstable wherever (11) is satisfied. Note (10)
not only shows the closed loop amplifier will be stable for all practical amplifier circuits
irrespective of the stability of the open-loop amplifier, it also shows the closed-loop pole will
lie far in the LHP on the negative real axis.

3. Conceptual Description of the Proposed Positive Feedback Techniques
3.1 Low Sensitivity Current-Controlled Positive Feedback Technique

We propose constructing new amplifiers by applying controllable positive-feedback
to several standard cascoded amplifiers. By applying a controllable positive feedback in

combination with cascoding, transistor-matching requirements are relaxed. The positive
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feedback signal used to enhance the DC-gain is derived from the extra nodes created by the
cascode. Since the signal swing at the cascode nodes is much smaller than the output signal
swing, this approach will considerably reduce the effect of the output voltage level on the
amplifier gain. Figures 4.a and 4.b show the implementation of the current-controlled
transconductance cross-coupled transistors to traditional folded cascoded, and telescopic
amplifiers. Fig. 4.c, and Fig. 4.d show the possibility of realizing high DC gain amplifiers,
high speed with the rail to rail option for the amplifier shown in Figd.d. All of the amplifiers
presented here are fully differential. Common mode feed back circuits, and biasing circuits
are not shown for simplicity. We will concentrate on the amplifier shown in figure 4.a. The
other amplifiers in Fig.4 exhibit similar properties. The gain of the amplifier shown in Fig.
4.a can be controlled using replica-biasing scheme. The amplifier shown in Fig. 4.a has a
small signal model that is shown in Fig. 5. Ignoring the bulk effect, for simplicity of
expressions and considering differential input differential output relation, this structure has
an open-loop gain, A,, of the form.

A =—g"'l (12)

Y {gQS(g«:l+g()l+g«;6—gm6)+gu-lgn5J
gm3 8ms

Assuming that g,3=8ms, 803=Bs+, and g.s<<g,2 the voltage gain can be rewritten as

Av= “8mi 8m3 (l3)
gn}(gal +8,:% 8.5 _gmo)

Equation (13) shows that the DC-gain of the amplifier can be infinite as gm6 approaches
8o1+802+8,s- Looking back to Figure 4.a we see that g, is fully programmable by controlling
the tail current, which allows us to overcome the process and temperature variation effects.

Observing voltages V,* and V,” we notice that they experience very small swings compared
y €xpe g
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to Vo' and V,,, since V.=V,,/g.v/g,;). For example in our design the intrinsic transistor
gain of M3 is slightly larger than twenty, g,.#/g,;>20. So if the output voltage have a swing of
one volt, V,,=V.,* 250mV, then voltage V., experience a swing that can be written as
Vi=Vu212.5mV. Therefore, g.s is not a strong function of the output voltage level. The
amplifier shown in figure 4.c can be applied where a moderate gain is required with moderate

output impedance. Under the approximation of g,<<gm, voltage gain, A,, can be written as

A = ~8mi " 8m2 (14)
(gm3 .gml _gm-& 'gnl)

As g,y approaches (gm2-gmi)/g,2 we will end up having very high DC-gain. This amplifier
shows very high bandwidth. Note that g, is fully controllable. Finally the opamp shown in
Figure 4.a is applied to a sample and hold circuit with sampling frequency of 50MHz.
Simulation shows high settling speed as will be shown in the next section.

Gain control can be done in many ways. One straight forward way is to build a
replica scheme, sense the gain of that replica amplifier and use it to control the desired
amplifier gain. The extra replica amplifier don’t need to consume the same power as the
amplifier in use, it can be a scaled version. Moreover, for several applications were muitiple
amplifiers set close to each other on the same substrate, one replica amplifier can be used to
control the gain of all the amplifiers. Gain control circuit can run at a very low speed since it
is controlling biasing parameters. A simple control circuit appears in Fig. 6. We need to
control both tail current sources in complimentary way such that the total current stays fixed.
Gain control depends on the fact that as the pole switches from left half plane to right half
plane, amplifier outputs switch polarity. For example in case of amplifier shown in Fig. 4.a,

amplifier’s gain can be written as



A, = ~Smi Em3 (15)
gu}(gul +gul +go5 _gmé)

First we reset the amplifier in a closed loop form using the auto-zero technique to eliminate
the offset voltage effect then we open the loop. Next we start to change amplifier’s tail
currents. Always we start from a situation where g, is small, so replica amplifier differential
output will be positive, controlling the discrete integrator to increase its output by a very fine
step. This increase in integrator’s output will increase the current flowing thru transistor Ms,
and reduce that through M, which increases g.s and reduces g,;. This behavior continues
until g,s becomes larger than the sum of g,;. g.2, and g,s, once this happens the amplifier
differential output becomes negative and we stop the operation of the control circuit and we
modify the biasing of the other amplifiers. In this technique, for best results, we need to short
together the two amplifier outputs every time before we change the control voltage. In our
design this action is done inside the opamp by the common mode feedback circuit (CMFB).
3.2 Low Sensitivity Self-Adjusting Positive Feedback Technique

Again we propose here constructing new amplifiers by applying positive-feedback to
several standard cascoded amplifiers. By applying a self-adjusting positive feedback in
combination with cascoding transistor matching requirements are relaxed. The positive
feedback signal used to enhance the DC-gain is derived from the extra nodes created by the
cascode to reduce the effect of the output signal level on the amplifier gain. Figures 7.a, and
7.b show the application of the proposed positive feedback to traditional telescopic, and
folded cascode amplifiers. Amplifiers presented here are fuily differential. Common mode

feed back circuits, and biasing circuits are not shown for simplicity. We will concentrate on
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the amplifier shown in Fig. 7.a. [n this work the amplifier shown in Fig. 7.a is implemented
using digital transistors in a 1.8V, 0.21u CMOS process.

The proposed amplifier is constructed using two-stage architecture. The first stage is a
telescopic amplifier with positive feedback. The second stage is a simple differential pair as
shown in Fig. 7.a. The two stage architecture was chosen because we are looking for wide
swing operation of 1.1 V,; while employing a low supply voltage of 1.8V. The existence of
the second stage with the positive feedback being implemented in the first stage will make
the gain sensitivity to the signal swing even lower. The first stage of the amplifier has the
simplified small signal model shown in Fig. 8. Small signal analysis shows that the first stage

has an open-loop gain, A,, of the form;

:\. ~ gml .(gnl +gml)gm3 (16)
[g.:lgu}gml + gulgu}gu-t + gulgulgmj + gn}-gmtgml - gulgufigml ]

Assuming that g,;=g.4. and g>>g,, voltage gain can be rewritten as;

gmlgmlng (17)
[gulgulgml + g:dgu-lgml - gul gn.‘igml ]

Equation (17) shows that the DC-gain of the first stage becomes very large and from (10)

will approach

=~ —gmlgmlgm3 (18)
[gulga_'iga-t +gulgu3gn~$l

as (8o1'8or&m2) approaches (g, 8,2 8ms+8o3' 8o+’ 8m2)- This is comparable to what would be
achieved with a double cascode structure that would require the stacking of two additional

transistors in each half-circuit. It can be observed from Fig. 7 that the positive feedback in the
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differential mode is negative feedback in the common mode. This negative feedback helps

the Op-Amp to adjust its biasing condition to maintain the high gain.

It is well known that the channel length modulation causes the transistor output conductance

to be larger than zero [9,10]. The transistor output conductance is given by
gm':/lil i ( 19)

where Ai is the channel length modulation coefficient and I, is the common drain current. It

thus follows from, g,/ g,2+803"8xi-€o1 - 803 =0, that
8ol 8o+ 8ox Boi8ot” 8oi = Lus” (A Ak Ay Ay -Ay°A3) (20)

[t is well known that the A parameter is dependent on gate length and is given by the

relationship
A, L —ax"‘ 2n
Ll avd.u

where X, is the gate reduction of the channel due to V. If it is assumed that (dX;/dV,) is
constant and the same for both N-channel and P-channel devices then setting the rightmost

factor in (20) to zero, we obtain the relationship

(ax, ) (1 L)
()"}“'%A‘_M’)'(amj (l«lflq-la zq-tq]'o 22

If we choose the lengths L,, L, L;, and Ly so that L,=L; , and L,=L,, then setting the

rightmost factor in (22) to zero, results in the expression

! —l,=0 (23)
L-L, L-L, L
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which will be satisfied if
L,=2L, (24)
Thus, setting L>=2L,; will result in the gain given by

= gml'gml.gml‘ (25)
[glilgll3g|:4 +gnlg03go-$l

assuming g,,/=gn3 and substituting from (19),(21) and (24) into (25) we obtain

207 . . 4

~Om m2 gm m2 m2

A =Sm’8 {,‘f“gJ (26)
3gulgu-t ”gul 3g04

[t can be shown that the gain of the basic cascode without the positive feedback is given by

A = Smt " Em2 " 8m3 27
[gm}gnlgul + gmlgulgmt ]

If we assume gm2=gm4 in this structure and the lengths are all the same so that
841=803=802=Bu+, then the basic cascode has gain of

A, =Sntfm (28)
-gnl

Comparing (26) and (28), it follows that the positive feedback and length sizing has resulted

in a boost in gain of (4g,,2/3g,4) which can be quite significant.

Common mode circuit of the first stage can be redrawn as shown in Fig. 9. To see
how process variations will affect the quiescent voltages and currents of the circuit, let us
consider the strong PMOS case. For this case, the magnitude of Vy, for the PMOS transistors

will be lower resulting in larger g,:4 and g,,3 4 since transistors M; and M, are connected to
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fixed bias references. Therefore, both the nodes V,.._r and V, will be pulled up towards V4.
Since the operating point of the transistor M3 is set by the positive feedback connection, and
since M> forms an inverting common source amplifier with source degeneration, then
increasing its Vi, will turmn it on harder increasing gm2, 8,2, and g,;. Since g, 3=2g,2.4 this will
make the increase in the value of the negative term in the denominator of Eq. (17) able to
track the increase of the sum of the positive terms and adjusting the gain. Note that the
change in the excess bias of transistor M; is equal to the change of the excess bias of
transistor M> which helps gm2 and gm3 to track each other under the assumption of fixed
voltage at node V.. This negative feedback loop in the common mode circuit, shown in Fig. 9,
has large gain and its operation is consistent with the operation of the common mode
feedback circuit. Similar arguments can be made for the other process corners. The existence
of the extra biasing circuitry, shown in faded color in Fig. 10 has two main functions: First, it
defines the quiescent biasing voltage, V,. Second, it helps to fix the voltage of node V..
Observing voltages V" we notice that they experience very small swings compared to V,,,~.
since V.=V,./gn¥/801/G,, where G, is the gain of the common source output stage. For
example in our design (gn¥/8.:* G,)>200, so if the differential output voltage has a swing of
IV,p, then voltage V.~ will experience less than SmV,., swing. Therefore, the feedback is
almost unaffected by the output signal level. The two stages amplifier is Miller compensated.
Compensation capacitors where connected to the cascode nodes, for simplicity, only one side

of the compensation capacitors is shown in Fig. 10.
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Finally the amplifier, shown in Fig. 10, is embedded in a 9-bit 1.8V ADC circuit. The
ADC was tested at frequencies as high as 82MS/s. Simulation and test results show high

speed slewing and settling, with sufficiently high gain.

4. Simulation Results

4.1 Current Controlled Folded Amplifier with Positive Feedback.

The folded cascoded amplifier with the internal positive feedback, shown in Fig. 4.a,
was simulated using CMOS TSMC 0.25u process. The amplifier consumes a total current of
800uA at a supply voltage of 2.5V, and deriving a capacitive load of SOOfF. Simulation
shows that typically we can get a DC gain of 103.6dB with a unity gain frequency of
278MHz. A comparison between the modified and the traditional folded cascoded is shown
in Table | where both amplifiers have been simulated with approximately the same power
dissipation, the same excess bias on the similar transistors, and the same load capacitance.
The table shows that for approximately the same conditions we were able to enhance the DC-
gain from 46dB to 103dB, for the same load, and phase margin. Results are shown in Figures
I1.a, and 11.b. Moreover, the same amplifier architecture was applied to a switched capacitor
sample and hold circuit with two non-over-lapping clocks at frequency of 50MHz with Insec
separation between the two non-overlapping phases. The circuit is shown in Fig. 12. The
amplifier implemented consumes a total current of 3.6mA, and drives a load capacitance of
1pF. The sampling capacitors have a size of SSOfF. Simulation results are shown in Fig. 13 a,
b. Simulation with parasitics shows that the amplifier was able to slew and settle to an error
less than 0.23mV for a 1V peak-to-peak output swing within 3nsec time period, which is

equivalent to 1 1-bit of accuracy.
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4.2 Self-Adjusting Positive Feedback Implementation.

The telescopic amplifier with the internal positive feedback, shown in Fig. 10, was
simulated using Texas Instruments digital CMOS 0.21u process. The amplifier draws a total
current of 8.0mA, has two common mode feedback circuits, and operates with a supply
voltage of 1.8V while driving a capacitive load of 1.0pF. Compensation capacitor size, Cc,
was 400fF, that is a total of 800fF per side. Simulation shows that the amplifier has a DC
gain of 81dB with a unity gain frequency of 1.218GHz. A comparison between the modified
and the traditional telescopic cascode is shown in Table I, where both amplifiers have
approximately the same power dissipation, the same excess bias on the similar transistors, the
same load capacitance, and both were built using only digital transistors. The table shows
that we were able to enhance the DC-gain from 63dB to 80dB, for the same load, and phase
margin. Results are shown in Fig. 14.a,b. DC sweep shows that the amplifier has a maximum
swing of 1.5V, with gain higher than 68dB under nominal conditions.

Moreover, the same amplifier architecture was used with a switched capacitor sample and
hold circuit that forms a 3-bit MDAC with one redundant bit using two non-over-lapping
clocks at frequency in the range 27MHz to 165MHz. The simplified sample and hold circuit
is shown in Fig. 16. The sampling unit capacitor has a size of C1=125fF and the MDAC
circuit has a gain of 4. Post layout simulation results are shown in Fig. 17.a, b. Simulation
shows that the amplifier was able to slew and settle to an error less than 0.2mV for a 1V
peak-to-peak output swing within 2.Insec. Chopped diffusion transistor layout pattern is
shown in Fig. 18. Using this pattern we were able to reduce the diffusion parasitic

capacitance at the expense of increasing the side-wall-capacitance, which has a much lower
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density than the diffusion one. Layout extraction in the case of wide devices shows that we

can save 15% to 20% of the parasitic capacitance value using this technique.

5. Test Results

The proposed Op-Amp, shown in Fig. 10, was embedded in a 9-bit 1.8V pipeline
ADC constructed using 4 stages, each of which is a 3-bit stage. First three stages have | bit
of redundancy used for digital error correction to relax the requirements for the comparator
offsets. MDAC simplified sample and hold circuit was shown in the previous section. The
prototype chip is implemented in a 0.21um, 5 metal layers, double poly, CMOS copper
technology. A die photo that includes an ADC channel is shown in Fig.20. The die surface is
covered by dummy metal layers. The input/output swing of the MDAC is 1.1V, The
measured DNL and INL curves are presented in Fig 21. Max DNL and INL at 82MS/s are
0.39LSB and 0.75LSB respectively. The SNR and SFDR at 10MHz input frequency and

sampling rate of 82MS/s are approximately 46.8dB and 54dB respectively as shown in

o e

5. Conclusions

Two Positive-feedback techniques were used to enhance the DC-gain of several
popular second order amplifiers, without sacrificing the high frequency performance. First
technique uses current controlled positive feedback where gain is controlled by a tail current
source. The second technique uses a self-adjusting structure where devices in the feedback
loop have parameters that track each other. Both techniques show low gain sensitivity to

output signal swing, temperature and process variations. These techniques are applicable to
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low-voltage digital processes as proved by the implementation of the second technique in a

fast 9-bit ADC. Test results verified the concept.
6. References

[f] C. Laber. and P. Gray, "A Positive-Feedback Transconductance Amplifier with
Applications to High-Frequency, High-Q CMOS Switched-Capacitor Filters”, I[EEE J. Solid-
State Circuits. vol. 23, no. 6, Dec. 1988, pp1370-1378.

(2] K. Bult, and G. Geelen, "A Fast-Settling CMOS Op Amp for SC Circuits with 90-dB DC
Gain”, [EEE J. Solid-State Circuits, vol. 25, no. 6, Dec. 1990, pp1379-1384.

(3] W. Sansen, “Mixed Analog-Digital Design Challenges”, IEEE Collog. System on a Chip,
pp. /1 - 1/6, Sept. 1998.

(4] D. Allstot, "A Precision Variable Supply CMOS Comparator”, I[EEE J. Solid-State
Circuits, SC-17, no. 6, 1982, pp1080-1087.

[5] B. Hosticka, " Dynamic CMOS Amplifiers ", IEEE J. Solid-State Circuits, vol. SC-15,
no. 5. Oct. 1980, pp887-894.

(6] B. Kamath, R. Meyer. and P. Gray, "Relationship Between Frequency Response and
Settling Time of Operational Amplifiers”, IEEE J. Solid-State Circuits. vol. SC-9, no. 6, Dec.
1974, pp347-352.

[7] Hiok-Tiag Ng, Ramsin M. Ziazadeh, and David J. Allstot, “A Multistage Amplifier
Technique with Embedded Frequency, Compensation”, [EEE Joumnal of Solid-State Circuits,
Vol. 34, No. 3, Mar. 1999, pp. 339-347.

[8] E. Seevinck, M. Plessis, T. Joubert, and A. E. Theron “Active-Bootstrapped Gain-
Enhancement Technique for Low-Voltage Circuits”, [EEE Transactions on Circuits and
Svstems—II: Analog and Digital Signal Processing, Vol. 45, No. 9, Sep. 1998.

[9] P. Allen, and D. Holberg, CMOS Analog Circuit Design, Chap 1-6, 10, 11, Oxford
University Press, New York, 2001.

(10] P. Gray, P. Hurst, S. Lewis, and R. Meyer, ‘Analysis and Design of Analog Integrated
Circuits’, Fourth Edition, John Wiley, 2001.



41

e
Vout — F— vout*

Wb w b

Fig. 1 Differential pair with positive feedback gain enhancement.

+
Vout
&m3Vout
802 8my Vout A
&n1Vin 8a1 &3

Fig. 2 Small signal model for one half of the positive feedback amplifier.

‘_‘

B

Fig. 3 Amplifier in a negative feedback loop.



vin*®

@@ﬂ & [

) '.j—

Fig. 4 Different implementations of the modified positive feedback technique for different
popular amplifiers. (a) Folded Op-Amp with positive feedback. (b) Telescopic Op-Amp with
positive feedback. (c) One sided cascode with positive feedback. (d) Rail-to-rail
implementation with dual positive feedback.
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Table 1
Comparison of folded amplifier (Fig. 4.a) characteristics with/without positive feedback
Folded cascoded Positive feedback Traditional
DC-gain 103.7dB 46dB
Unity gain freq. 278MHz 288MHz
Load cap. 500fF 500fF
Phase margin 82.5 degrees 81.7 degrees
Total current 0.8mA 0.8mA
Supply voltage 2.5V 2.5V
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Fig. 14 AC characteristics of telescopic Op-Amp with and without positive feedback.

(a) Magnitude response. (b) Phase response.
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Table 2: Telescopic amplifier characteristics, Fig. 7a,
with/without positive feedback

Telescopic Amp Positive feedback Traditional
DC-gain 80dB 64dB

Unity gain freq. 1.218GHz 1.234GHz
Load cap. 1.0pF 1.0pF

Phase margin 63 degrees 64 degrees
Total current 8mA 8mA
Supply voltage 1.8V 1.8V
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Abstract

The finite gain and bandwidth of an operational amplifier are the main performance
limitations for many applications. This paper describes two techniques to increase both
amplifier bandwidth and DC-gain without changing the excess bias or the power dissipation.

Implementations in continuous-time band-pass filters to demonstrate the excellent high
frequency performance of the proposed architectures are described.
1. Introduction

Good linearity, accuracy, and high speed are the three most important properties of
many analog circuits. A wide variety of integrated analog and mixed-signal systems have
performance that is limited by the settling behavior of a CMOS operational amplifier (Op-
Amp). These include continuous time and switched capacitor filters, algorithmic A/D
converters, sigma-delta converters, sample and hold circuits, pipeline A/D converters [1], [2],
[3], and others. The settling behavior of the Op-Amp determines the closed-loop accuracy
and the speed that can be reached. Conventional wisdom suggests that fast settling requires a
single pole settling behavior and a high gain-bandwidth-product (1, 2]. Short channel gate
devices with low parasitic capacitance and small size devices will help increase the speed.
High feedback accuracy generally requires a high DC gain. New submicron processes

provide short channel, small sized devices that provide a fast response, but the low values of
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intrinsic transistor gain inherent in these processes has made it increasingly difficult to build
high DC-gain Op-Amps using previously known architectures.

A popular class of filters, Gm-C filters, is built with transconductance elements and
capacitors [2]. Building accurate data converters and filters at very high frequencies present
many problems [1, 2]. One major problem is the gain error in the data converter case, and the
phase error of the integrator in the filter case (2], (4], [5]. Both amplifier gain error and
integrator phase error are inversely proportional to the amplifier open loop DC gain.
Concentrating on the filter application, the quality factor, Q, of the poles and zeros in the
filter is highly sensitive to the phase of the integrator at the pole and zero frequencies [1]. To
avoid errors in the filter characteristics, a sufficiently high amplifier DC-gain is required to
build the desired integrator. This design problem has been addressed in several publications
as in [1], [2]. Dynamic biasing of transconductance amplifiers has been proposed [4].
However, in dynamically biased amplifiers, and during the last settling period, transistors
operate in the weak inversion region during the last part of the settling period which slows
the settling. Moreover, dynamically biased amplifiers are applicable in the discrete time
circuits only. Dynamically biased amplifiers have limited acceptance because of these
disadvantages [1], [2]. Single-stage dynamically biased amplifiers do not provide sufficient
gain for many applications, and the cascading of three or more stages is not practiced because
of difficulty in compensating these structures [4]. Another approach for gain enhancement
considered for filter applications is to use positive-feedback to enhance the amplifier DC-
gain without limiting its high frequency performance. This approach was considered by
Gray, Nuata and others [1,2]. However, most of the positive feedback implementations have

suffered from three concerns. The first is the strong dependence of amplifier gain on precise
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transistors parameter matching [1,3]. The second is the strong gain sensitivity to the
input/output signal swings. The third is the possibility of unstable operation. The high gain
sensitivity comes from the fact that the positive feedback in reported structures is taken from
the output nodes that exhibit wide swings. Because of amplifier none linearity, the DC-gain
of the amplifier will drop dramatically as the output node swings up or down. In spite of the
previous concerns, the positive feedback technique shows good potential for building fast
settling amplifiers with high DC gain that are suitable for low voltage applications. Besides
the possibilities of enhancing existing amplifier DC gain, we will discuss methods of
enhancing amplifier transconductance. This will lead to faster operation.

In this paper we will discuss two methods that can be used to build amplifiers that
have a combination of high DC-gain and enhanced transconductance without increasing the
power dissipation and without changing the excess bias at the input nodes. The amplifiers
discussed will be applicable to continuous-time and to switched-capacitor systems.

2- Transconductance and DC-Gain Enhancement Techniques

Amplifier transconductance, G, is generally a function of the transconductance of
transistors at the input, g,;. The transconductance of the input transistors can be increased by
increasing the biasing current or by increasing the sizes of the input transistors [5]. Since g
can be expressed as

W 50, (1)

Em = L

Increasing I, linearly will cause a quadratic increase in power dissipation [S]. Either of these

two ideas will result in tradeoffs. Increasing W/L ratio will increase the parasitic capacitances
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at the input nodes, and increasing W/L without increasing the biasing current will result in
limiting the swings at the input of the amplifier.

Here we are going to present two other methods that can be used to enhance the overall
amplifier transconductance while increasing the DC gain at the same time. Both techniques
depend on using the transistors that provide output impedance enhancement as amplifying
transistors too. The positive feedback technique will be used to enhance the DC gain with
minimal additional circuitry. To avoid the concerns about positive feedback mentioned
above, we will consider implementations where the parameters of some of the devices in the
positive feedback path will be either controllable or have self-adjusting property. Such
implementations will relax the constraints on matching. The stability concern is not really a
problem because when the Op-Amps are used in negative feedback applications, the closed
loop poles will be far in the left half plane irrespective of wether the open-loop amplifier has
a left half plane or right half plane poles [1]. It is practical to guarantee that the dominant
pole of the overall system is in the left half plane even though the open-loop amplifier has a
right half plan (RHP) pole [1,7]. For the rest of this work transconductance and gain formulas
are derived for differential input differential output signal.

The first technique, which is applicable to amplifiers depends on the traditional
practice of connecting the active load transistors to the input signal rather than to a fixed
biasing voltage. This approach may require a DC shift in the connection to the active load
transistors to make the input voltage proper to drive the active load transistor. A second
modification of the traditional approach is to eliminate the requirement of a common feed-
back circuit (CMFB) to enhance the supply rejection ratio. To make the biasing of transistors

more robust, we will use some resistive connection to the supply. This resistive connection



will provide the positive-feedback. This technique allows us to increase the amplifier
transconductance, Gp,, without increasing the power dissipation, the transistor sizes, or
without reducing the excess bias on the input transistors.

Consider the amplifier shown in Fig. 2a that has a short-circuit transconductance, G,,.
The amplifier shown in Fig. 2b has a differential transconductance, G, given by

Gn=—gmi+gm2) (2)
that is twice the G, of amplifier in Fig. 2a. for the same power dissipation, the same excess
bias on M, and M5, of course the if the length of M, and M; are the same, this increase in Gm
is obtained at the expense of an increase of input capacitance by a factor 4and a reduction in
input common mode range. Since the amplifier gain bandwidth product and the DC gain are
proportional to G, and since the output conductance does not change, the amplifier in Fig.
2.b has also twice the DC-gain and twice the gain bandwidth product as the amplifier in Fig.
2.a. Transistor M2 sense as a biasing transistor in Fig. 2a, but becomes an amplifying device
in the circuit of Fig. 2b. If excess bias of transistors M; and M; are the same a problem that
appears in the amplifiers in Fig. 2 is the need for a CMFB circuit that should be at least as
fast as the amplifier itself [5]. This requires a lot of power dissipation in the CMFB circuit.
Moreover, transistor M2 in Fig. 2b has an excess bias is directly affected by the supply
voltage variations, thus the amplifier will exhibit poor supply rejection performance.

Modifications on Fig. 2b are shown in Fig. 3. None of these amplifiers need a CMFB
circuit. Transistor M3 in Fig. 3a and Fig. 3c operates in saturation region, while in Fig. 3b
and Fig. 3d in the ohmic region. The amplifiers in Fig. 3.a,c have limited output swings and
limited common mode input swings compared to the amplifiers in Fig. 3b,d. The amplifiers

in Fig. 3a,c have a transconductance equal to;
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gm: t gmj +ga! + goi
Minus sign with gq;; term is applicable for the positive feedback case. Amplifiers in Fig. 3b,d

have a transconductance equal to

G, =—[gml T N J=-[3ml + g":) (4)
gml +gal +go] 2

where g,.;" is the output conductance of the PMOS transistor M3 which operates in the ohmic
region. g,: is close in value to g, Amplifiers shown in Fig. 3c,d have the positive feedback
property. The amplifier shown in Fig. 3.d has a very high unity gain frequency as will be

shown in the next section. Amplifiers in Fig. 3.a,c have a differential DC gain of the form;

— gml[gmlgml + gmlgm3 + g"l:g'"3] (5)

A=
‘ [gml +gm3 [gmlgnl i gm3g,,1]

The negative sign in the denominator is applicable when the positive feedback exists as in
Fig. 3.c. On the other hand small signal analysis shows that the amplifiers in Fig 3.b,d have a
DC gain of the form:

gml(g 1] +gul +g(:3)+gm:g;3
Ay == ©)
‘ (Sm: + 8. +g;sX£un +gol)i(gml +go:)(go: +g|.u.‘)

Again g,3” and gn; are the parameters of the transistor M3 in the ohmic region. Negative sign
in the denominator of the gain formula is applicable when positive feedback exists, that is in
Fig. 3.d. The amplifier of Figure 3.d can show a DC gain as high as 60dB which makes it
suitable for filter applications where very high speed operation with low power dissipation
are the key features, also it is very useful as a pre-amplifier for fast voltage comparators.
Because the denominator of Eg. (6) includes different types of parameters, it is very hard to

match them together over temperature and process variations. The drawback of this



technique is the increase of the amplifier input capacitance which reduces the effective speed
enhancement. However some tricks can be used to reduce amplifier input capacitance. Those
tricks include using extra cross coupled capacitors between the input nodes and output nodes.
This will make the capacitors at the input look as negative capacitors. Other tricks are biasing
tricks like reducing the transistor size (W/L) ratio by increasing the excess bias for a fixed
quiescent current. Finally. in the above expressions, the body effect has been neglected for
simplicity of expressions. Although it affects the gain expressions nominally, the positive
feedbuck inherently compensates for the body effects as well.

The second technique is applicable to amplifiers with one level of cascoding. The
basic idea is implemented in two steps. As a reminder traditional cascoded architectures have
two cascoded transistors connected to the output node, traditionally only one side of the
cascode is in the signal path. For maximum utilization of the consumed power, we will excite
both sides of the cascode. The second step is to drive the transistor in the cascode with a
signal as will as shown in Fig. 4. The voltage K,-Vi, at the gate of cascode transistor M; can
be a feedback trom another cascode node. In this example shown in Fig. 4 with assumptions

shown below, this amplifier has a transconductance of the form:

Kl+ + K2
_ gmlgR (gml gol) ~— 2g,,,1 where K2°< gmm; Kl o gmm (7)
gm|+gR+gul gR

G =

m

So employing the cascode transistor as an amplifying one may double the transconductance
under the assumptions mentioned in detail in Eq. (7). The realization of this two step concept,
positive feedback signals were also taken from the cascode nodes to reduce the gain
sensitivity to the output signal swing. Moreover some devices involved in the positive

feedback loop will have controllable parameters as will be shown next. Examples of the



possible implementations of this technique on folded and telescopic cascode amplifiers are
shown in Fig. 5.a,b. For the rest of this paper we will concentrate on the amplifier shown in
Fig. 5a, the amplifier shown in Fig. 5.b inherits the same properties

Fig. 6 shows one side of the amplifier of Fig. 5a from the small signal perspective. To
implement the first step we were forced to split the input differential pair into two pairs. A
small signal analysis of Fig. 6 shows that the proposed amplifier has a transconductance, Gp,
of the form;

oo Bmo8mi (8 * 80y + 80 )* €8 (8 * 800 + 801 )F €81 (8 + 85 + 8000 8 8ns (603 + 85 T 810
" 83 (8os + 85 ¥ 800 )t i (B + 8.2 ¥ 2.5) (8)

This equation shows that amplifier G,, is approximately equal to (2g,,/+2gus) if we assume
that, g,/=¢.6. and g,;=g,s. The regular folded cascode has a G, value of g.; . An initial
observation would suggest that for the amplifier of Fig. Sa, the transconductance should be
around four times that of regular folded amplifier because we are using both sides of the
cascode to drive the signal, and we are making the transistors in the cascode amplifying ones,
Gy, =4gn ;. But note that there is a difference in the biasing currents between the suggested
implementation in Fig. 5a and the traditional folded case if we are consuming the same
power. In reality gml or gm6 of Fig. 5a has approximately a value of (2/3) of g, of the
traditional case under the constant power assumption depicted in Fig. 7. A comparison
between the two architectures transconductanices shows that we have an enhancement factor
of (8/3). We should not neglect the increase in amplifiers input capacitance which is
increased by a factor of 1 to 4 depending on the implementation, and which will reduce the
effective increase in speed. However, again some tricks can be used to reduce the input
capacitance back to its original value as mentioned earlier. Estimating the DC-gain, A,, of

Fig. 6 results in;
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A =— (ng + gml)[gmo(gol +gol)+gml(g05 +306)]+(gml +gm6)(gm3304 +gm-[gul) (9)
(81 + 802 805 = 806 )(8m380s ~ 8 ms8is)

v

The denominator of Equation (9) shows that the proposed amplifier exhibits a positive
feedback property and shows potential for dramatic gain enhancement.

In our design we concentrated on getting our high gain by making the term, g,s+g.s,
very close to the term, g,,;+g,2. Looking back at Fig. Sa we see that by controlling the current
source we are controlling both g,s and g,s. This allows us to control the amplifier gain, and
not to be totally dependent on the transistor matching issue. Biasing the amplifiers shown in
Fig. 5 requires a replica biasing scheme if we want to make sure that a very high DC-gain is
to be maintained always with very small variability over temperature and process corners.
However, since g, depends on the biasing current, and since M; and Ms are NMOS
transistors while M> and M, are PMOS transistors, then if we make the amplifier gain
dependent on the term (g,;+g,2-8.5-806), and if we have good CMFB circuits, then the
amplifier can maintain the high DC gain if designed carefully even without gain control
circuit. Simulations show that without a gain control, the amplifier can maintain high DC
gain with a maximum variation of less than 14dB across process and temperature corers for
a nominal gain of 107dB. As a reminder, the main drawback of the amplifier in Fig. 5a is the
increased input capacitance of the amplifier. The output parasitic capacitance of this
proposed amplifier is lower than that of the regular folded cascode by a factor of one third
approximately, due to smaller transistor sizes because of the lower biasing currents flowing
through transistors M3, and M. In the next section we will describe simulation results of the
proposed amplifiers. We will also show an application of the proposed amplifiers shown in

Fig. 3d, and Fig. 5a in a continuous-time band-pass filter.
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3. Simulation Results

The amplifier shown in Fig. 3d has been simulated using the TSMC 0.25u process.
The amplifier has a total current of 340uA, a load capacitance of SOOfF, and power supply of
2.5 Volts. Simulations show that the amplifier can achieve a DC gain of 66dB and a unity
gain frequency of 842MHz with a phase margin of 87 degrees. Results for AC analysis are
shown in Fig. 8. For simplicity the phase shown for the AC analysis is shifted up by 180
degrees so the phase margin can be read directly from the figure. Parasitic elements are
included in all the simulations in this section and all simulation results are for differential
output signals.

The modified folded amplifier of the second technique with the positive feed-back
was simulated using CMOS TSMC 0.25u process. The amplifier consumes a total current of
1.2mA driving a capacitive load of 500fF and biased by a power supply of 2.5V. The
simulation shows that the amplifier has a DC gain as high as 107.3dB with a unity gain
frequency of 805MHz. A comparison between the modified and the traditional folded
cascode is shown in Table 1 where both amplifiers have approximately the same power
dissipation, the same excess bias on the similar transistors, and the same load capacitance.
The table shows that for the same conditions we were able to enhance both the unity gain
frequency from 433.5MHz to 805MHz and the DC-gain from 47.23dB to 107.3dB for the
same load and approximately for the same phase margin. Results are shown in Fig. 9. Again
the phase response in Fig. 9b is shifted up by 180 degrees to show the phase margin directly
from the figure. The proposed amplifier architectures have been implemented in a continuous
time 4™ order Butterworth band-pass filter. The filter is constructed by cascading two Gm-C

biquads, as shown in Fig. 10. The only difference between the two biquads is the value of the



damping transconductor (gn,2). The filter has a transfer function, center frequency, and

bandwidth given by the following relationships [8].

gmls
.VL= gml SCJ — Cl (lO)
V. s°CC,+5C,8n+8m Sz+s_3£+ 8 m
Cc, CcC,
w, =—5m (1)
C.C,
8o
Bw = &m: (12)
C,

The transconductance amplifier of Fig. 3d implemented in the filter consumes a total current
of 4mA. Capacitors have sizes, C;=1.2pF, C,=1pF. The simulated OTA has its open loop
pole in the right half plane, still the closed loop operation is stable as shown. This point of
operation for the OTA has been selected simply because the positive feedback in OTA of
Fig. 3d is not controllable, and this point of operation has shown minimum amplifier
characteristics vanation, sensitivity, over temperature and process corners. Simulation results
are shown in Fig. 11 for the typical corner. As shown in Fig. 11a. Simulation results show
that the filter has a center frequency of 1.047GHz, and a bandwidth of 3830MHz. Transient
simulation shows that the filter can achieve a 360mV,, output swing. Discrete fourier
analysis shows that at the maximum swing for an input at 1.04GHz, the total harmonic
distortion is -30dB. The same filter architecture is implemented using the OTA shown in
Fig. 4a with a total current of 4.0mA. Capacitors have sizes, Ci=1.2pF, C,=0.6pF. Simulation
results are shown in Fig. 10. Simulation results show that, the filter has a center frequency of

1.216GHz, and a bandwidth of 250MHz. Transient simulation, shows that the filter can
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achieve a 300mV,,_, output swing. Discrete fourier analysis shows that at the maximum swing

for an input at 1.216GHz the total harmonic distortion is —32.6dB.
4. Conclusions

Two techniques to enhance amplifier transconductance in addition to Positive-
feedback have been proposed to build high speed and very high DC-gain amplifiers. In this
work we were able to verify that we can enhance the transconductance of some well known
amplifiers without increasing the power dissipation or limiting the input/output swings.
The first technique is applicable to non cacoded structures. The second technique is
applicable to cascoded structures with at least one level of cascoding. In this case, the
positive feedback is controllable and has low sensitivity to output signal swings. The extra
price paid was the increase of the amplifier input-capacitance.
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Fig. 1 General amplifier in a closed loop circuit.
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Fig. 3 Modifications on Fig. 2b. where no CMFB circuit required (a) G enhanced, low
swing. (b) G, enhanced high swing. (c) low swing with positive feedback. (d) High swing
with positive feedback.
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Tablel
Comparison of Amplifier Characteristics w/wo Gy,
enhancement Tech.
Folded cascoded Gm-Enhanced Traditional
DC-gain 107.3dB 47.23dB
Unity gain freq. 805MHz 433.5MHz
Load cap. 500fF 500fF
Phase margin 75 degrees 78.6 degrees
Total current 1.2mA 1.2mA
Supply voltage 2.5V 2.5V

Gm-C Biquad 1 —=— Gm-C Biquad 2

A A

Bias-Generator

(a)

.

Va "

o
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\m
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Fig. 10 The 4™ order Band-pass filter. (a) Filter block diagram. (b) biquad block diagram.
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Abstract

A 9bit, 1.8V, 165MS/s pipelined ADC was built in a 0.21p CMOS digital process.
The interstage amplifier in this converter was built using all digital transistors. To get
sufficient gain with digital transistors, a self-adjusting positive feedback operational
amplifier that shows low sensitivity to output swing was used. The ADC consumed a total
power of 90mW when operated at full speed.
1. Introduction

There is an increasing demand for high-speed signal processing applications such as
HDTYVs, digital camcorders, and portable data communications [l]. Analog to digital
converters (ADCs) for these applications require a low-supply voltage, low power
consumption, 8-10 bits of accuracy, and an increasing demand on a high sampling rate [1,2].
The most recently reported single-channel CMOS ADCs with high sampling rate are
compared in Fig. 1. Due to the possible tradeoff between speed, power dissipation, and die
area, pipelined ADC architectures have been widely adopted to achieve the required
performance [1]. Analog integration in deep submicron CMOS processes has become an
economic necessity for many high-speed signal processing applications. This has brought

several design challenges to the integrated analog circuits in purely digital submicron
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technologies [3]. One of the most important challenges is the ability to build high DC gain
amplifiers in these digital processes. Other major challenges relate to switch resistance
issues. High gain and high speed are the two most important properties of the operational
amplifiers (Op-Amps) used in pipelined ADCs. Op-Amps are the most critical block in those
circuits. Fast settling requires a high gain-bandwidth-product, low parasitic capacitance,
small devices, and no uncanceled low-frequency dipoles. High accuracy requires either a
high DC gain or extreme linearity in the Op-Amp. New digital processes do provide fast and
small devices with low supply voltage operation but at the cost of a relatively high threshold
voltage and high output conductance. Traditional methods of enhancing DC-gain in the Op-
Amps such as cascading, cascoding, and regulated cascoding are loosing their ability to
provide sufficiently high DC gain due to the high output conductance of the digital transistors
[4, 5]. Other non traditional approaches like the dynamically biased amplifiers suffer from
slow settling problems [6]. Although design challenges can be reduced by using analog
friendly low threshold voltage devices [2,3], this approach leads to increased fabrication
costs, and extra processing steps. Moreover, analog friendly devices are leaky, their sizes are
larger than the counter part digital transistors, and generally the analog friendly devices
require increased power dissipation [3].

In this work, a 9bit 165MS/s pipeline ADC was built using all digital transistor Op-
Amp. Positive feedback techniques have been adopted to get the high gain while using the
digital transistors. In this case gain becomes partially dependent on matching between
parameters of different devices and not on the absolute value of the parameters. Most of the
previous positive feedback implementations have suffered from two problems: First is a

strong dependence of amplifier gain on matching between different transistors parameters
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where non of those parameters are controllable or have an inherent self tracking mechanism
[4, 7]. Second is the high gain sensitivity to output signal swing, mainly because the feedback
is traditionally taken from the output node that exhibits large swing. The implementation of a
fast pipeline ADC with low supply voltage, low power dissipation, and an all digital

transistors operational amplifier is described in the following sections.

2. Proposed Architecture

In this work, a 1.8V 9-bit pipelined ADC that can run as fast as 165MS/s is described.
The block diagram of this ADC is shown in Fig. 2. The pipeline is constructed using four 3-
bit stages. The first three stages have one bit of redundancy to provide relaxed requirements
for the comparator and amplifier offsets. As shown in Fig. 2, the ADC is preceded by a
switched capacitor programmable gain amplifier which also performs the sample and hold
function. The ADC consists of three 3b multiplying analog to digital converters (MDACs),
four 3b flash sub-ADCs, and supporting circuits that include non-overlapping clock
generators and digital decoders. Each of the first three stages produce 3-bit codes, after the
digital error correction (DEC) process the final ADC output word will be 9-bits long. The
characteristic of the 3-bit MDAC stage is shown in Fig. 3 where one redundant bit is used for
the DEC. A maximum comparator offset of 0.125V,s can be tolerated. The voltage
comparators have two stages, a pre-amplifier followed by a dynamic latch. An auto-zero
technique is used for the voltage comparators to eliminate the offset effect as shown in Fig. 4
[8]. The MDAC circuit is shown in Fig. 5. The MDAC has gain of 4. For improved speed
and linearity, one of the sampling capacitors (C,) is used as a feedback capacitor too by
flipping it between input and output nodes. The sampling unit capacitor (C;) has a size of

125fF. Fringing capacitors were used to realize the capacitors in the MDAC because they
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have excellent matching properties, good linearity, and a high capacitance density. Input and
output common mode voltages for the MDAC are the same. The input/output common mode
reference voltage is generated internally. The 3-bit DAC threshold voltage levels, £0.75V s,
10.5V,r, $0.25V,r, and O level were generated by connecting each of the three MDAC
sampling capacitors either to -0.25V 1, 0, or +0.25V,¢ reference voltages.

Using an amplifier with open loop gain value equal to A, and sub-ADC outputs the bits

DD:Dj;. The MDAC gain can be written as

; . D, =-101: =
C'f 4 Aul + yﬂ C‘I +3Cx +Cparmmr:

C, 3 D
‘[1+3C‘JV _ “; ‘V”/ A, C‘/ (1

The main challenge in building this fast, low supply, low power, ADC is the design of the
inter-stage amplifier. In very high speed applications parasitic capacitances of transistors at
the amplifier’s input/output nodes become an important factor that limits the settling speed.
Digital transistors are smaller in size and thus have smaller parasitic capacitances than the
analog friendly transistors. The fact that digital transistors have higher threshold voltages
than analog friendly devices makes the difference in size for a specific current more
significant. Since we are targeting a very high sampling rate, we chose to build the amplifier
using all digital transistors. To enhance the speed further the chopped-diffusion transistor
layout pattern shown in Fig. 6 was adopted. Chopping the transistor active area leads to a
reduction in the diffusion parasitic capacitance at the expenses of increasing the side-wall
capacitance which has a much lower density.

The two-stage amplifier architecture of Fig. 7a was built to achieve a high differential

output swing of 1.1V, while using a single 1.8V supply. The first stage is a new telescopic
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cascode Op-Amp with positive feedback for gain boosting. The second stage is a simple
differential pair. The positive feedback signal used to enhance the DC-gain is derived from
the cascode nodes of the first stage. This feedback signal has a very low swing compared to
the swing on the output node. Using this node as the sense node will substantially reduce the
effect of the output voltage swing on the amplifier gain. For the rest of this work, different
amplifier characteristics are derived for differential input differential output signals, even
though. equivalent small signal circuits drawn will be only for one half of the amplifier.

The first stage of the amplifier has a simplified half circuit small signal model shown
in Fig. 7b. Small signal analysis shows that the first stage has an open-loop gain, A,, of the
form:

gml .(gul+gml)gm3 (’))
[g.:lgnf‘gml + gulgu}gul + gnlgulgn'lJ + gu}gulgml - gulgtdgml ]

A=

This can be simplified to

:\ = gmlu m!gm} (3)
[gulguh m3 + gn_‘sgu-tgml —gulgu_'igmll

Simplifying assumptions as g,>>g, are made Equation (3) shows that the DC-gain of the
first stage becomes very large as (g,1°8038m2) approaches (go:°8,2'8mi+8os 8os'8m2)- TO be
more precise, achieving this equality makes the gain of the amplifier comparable to what
would be achieved with a double cascode structure that would require the stacking of two
additional transistors in each half-circuit. It is well known that the channel length modulation
causes the transistor output conductance to be larger than zero [16]. The transistor output

conductance is given by

8oi=Ail4si 4)
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where Ai is the channel length modulation coefficient and I is the common drain current. It
is well known that the A parameter is dependent on gate length and is given by the

relationship [16]

.1 ax,
A =—
Ll avlﬂ

&

(5)

where X, is the gate reduction of the channel due to V. If it is assumed that (dX;/dVy) is
constant and the same for both N-channel and P-channel devices, If we choose the lengths L,,

L>. L;. and Ly so that L;=L;, and L>=L4, then

l l 1

+ -——= 0 (6)
L-L L-L L
which will be satisfied if
L.=2L, 7
Thus, setting L,=2L; will result in the gain given by
= gml‘gml.gmfi (8)
[g.rlg¢)3gu-$ +gulg413gu.l]
assuming g,,;=gms and substituting from (5),(6) and (7) into (8) we obtain
2 - * ) ml 4 4 m2
‘sz gml2 gm- __.[g‘)l fm-}{ g ..:l (9)
3gulgu-l "gul 3gu~l

It can be shown that the gain of the basic cascode without the pcsitive feedback is given by

= Emi " 8m2 8m3 (lO)
[gmlgulgul +gmlguigu.3]
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[f we assume g,:=gms in this structure and the lengths are all the same so that
£,1=8,3=8,2=8.4 then the basic cascode has gain of

A =3mn Sm2 (11)
2¢°
ol

Comparing (9) and (11), it follows that the positive feedback and length sizing has resulted

in a boost in gain of (4g,,2/3g.+) which can be quite significant.

The common mode circuit of the first stage can be redrawn as shown in Fig. 7c. To
see how process variations will affect the quiescent voltages and currents of the circuit, let us
consider the strong PMOS case. For this case, the magnitude of Vy, for the PMOS transistors
will be lower resulting in larger g,;4 and g, 4 since transistors M; and M, are connected to
fixed bias references. Therefore, both the nodes V,,, r and V. will be pulled up towards V.
Since the operating point of the transistor M, is set by the positive feedback connection, and
since M, forms an inverting common source amplifier with source degeneration, then
increasing its V,, will turn it on harder increasing g2, g,2, and g,;. Since g, 3=2g,2.4 this will
make the increase in the value of the negative term in the denominator of Eq. (3) able to track
the increase of the sum of the positive terms and adjusting the gain. Note that the change in
the excess bias of transistor M3 is equal to the change of the excess bias of transistor M>
which helps g,.2 and g3 to track each other under the assumption of fixed voltage at node V,.
This negative feedback loop in the common mode circuit, shown in Fig. 7c, has a large gain
and its operation is consistent with the operation of the common mode feedback circuit.
Similar arguments can be made for the other process corners. The existence of the extra

biasing circuitry, shown in faded color in Fig. 7a has two main functions: First, it defines the
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quiescent biasing voltage, V,. Second, it helps to fix the voltage of node V,. Observing

voltages V,* we notice that they experience very small swings compared to V.. since

V,r:z Vuull/ (g mj/ 803 )/ G.\' ( 1 2)

where G, is the gain of the common source output stage. For example in our design
(gm¥/8u3™ G,)>200, so if the differential output voltage has a swing of 1V, then voltage A
will experience less than SmV,., swing. Therefore, the feedback is almost unaffected by the
output signal level. The two stages amplifier is Miller compensated. Compensation
capacttors (Cc¢;, Cc2) where connected to the cascode nodes, for simplicity, only one side of

the compensation capacitors is shown in Fig. 7a.

3. Simulation Results

The proposed ADC and amplifier were simulated using Texas Instruments digital
0.21um CMOS process. Each amplifier in the ADC draws a total current of 6.5mA. All
simulation results presented are for differential signals. An AC analysis shows that the
amplifier has a DC gain of 81dB with a unity gain frequency of 1.218GHz while driving a
IpF load. Results are shown in Figure 8. The phase response is shifted up by 180 degrees to
give a direct reading for the phase margin. Fig. 8 shows a comparison between the AC
analysis of the proposed amplifier and the traditional telescopic amplifier followed by the
common source amplifier built using all digital transistors under the same conditions. AC
analysis shows that we where able to enhance the DC gain from 64dB to 81dB without
sacrificing the bandwidth or phase margin. The DC sweep in Fig. 9 shows that the amplifier
has a maximum swing of 1.5V}, while maintaining a gain higher than 68dB under nominal

conditions. Layout extraction shows that by using the chopped diffusion pattern for wide
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devices we can save 15% to 20% of the parasitic capacitance value. Extensive post layout
transient simulation for the whole ADC at 165MS/s was performed. A typical simulation
result for the first stage output is shown in Fig. 10 where the sampling unit capacitor, C;, of
Fig. 5 has a size of 125fF. Simulation shows that the amplifier was able to slew and settle to
an error less than 0.2mV for a 1V peak-to-peak output swing within 2.1nsec. Due to the use
of digital transistors as switches in the common mode feedback circuit, a memory effect,

incomplete reset, may appear by sampling at higher frequencies.
4. Test Results

The prototype 9-bit 1.8V pipelined ADC was fabricated in a 0.21um, 5 metal layer,
double poly, CMOS copper technology. A die photo of the ADC is shown in Fig. 11. The die
surface was covered with dummy metal layers thus obscuring most relevant details. The total
die area for the ADC, a front end programmable gain amplifier (PGA), and a reference
amplifier is 711um X 743um. The input/output swing of the MDAC is 1.1V,,. The ADC
was tested at different sampling speeds. The measured DNL/INL was 0.305/0.7LSB,
0.33/1.03LSB, and 0.87/1.8LSB at 27MS/s, 80MS/s, and 165MS/s respectively. The
measured DNL and INL curves at 165MHz are presented in Fig 12. Test results at different
sampling speeds are listed in Table 2. Sampling errors due to switch resistance became
apparent at 165MS/s. The measured total power dissipated in the ADC was 90mW at
165MS/s and 1.8V supply voltage. This ADC has the lowest reported power dissipation for a
fast pipeline ADC with this range of resolution [2, 7-10]].

The ADC dynamic performance is evaluated by measuring signal to noise and signal
to noise plus distortion ratios (SNR and SNDR) in addition to measuring the spurious free

dynamic range (SFDR). The measured SNR, SNDR, and SFDR at 165MS/s were 44.3dB,
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44dB, and 57dB respectively. SNR measurement for a 0.5V sinusoidal input is shown in
Fig. 14. Summary of other measurements appear in Table 2.

Table 2. Summary of ADC performance measurements

Resolution 9-bits
Process 0.21um, 2 poly, 5 metal, CMOS
Power Supply Single ended 1.8V
Total Power 90mW
Die Size 711pm X 743um

Sampling Freq. | 27 MS/s 80 MS/s 165MS/s
Max swing 1.1 Voyox 1.1 Voo 1.1 Voyok
DNLmax 0.305LSB | 0.333LSB | 0.87LSB
INLmax 0.706 LSB | 1.026 LSB 2.7LSB

SNRys 48.193dB, | 46.78dB, 44.48dB,
fa=6MHZ | f,:=10MHz | fi,=10MHz
SNRDyg 47.9dB 46.3dB 44dB

As shown in Fig. 1, the ADC presented in this paper shows the fastest sampling
speed, and the lowest power dissipation among the previously reported high performance
pipeline ADCs. In fact, this work is the first to report building a high gain Op-Amp using all
digital transistors. Moreover, This is the first work to claim gaining around 20 dB in gain
where the gain is robust and insensitive to temperature variations, process variations, and
wide output signal swings. In combination with bootstrapped switches, this novel amplifier
architecture opens the door to building high performance ADCs in pure digital low supply,

CMOS processes without the need of the expensive analog friendly devices.
5. Conclusions

A 1.8V, 9b low power, pipelined ADC was built using an all digital transistors opamp
in a 0.21um CMOS copper technology. Test results show no missing codes at sampling rate

of 165MS/s. An energy efficient fast settling positive-feedback technique with self-adaptive



gain adjustment and very low gain sensitivity to output swing was used to build the opamp.
A special chopped diffusion transistor layout technique was adopted to reduce the parasitic

capacitance at the important nodes.
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Fig. 6 Chopped-diffusion transistor-layout pattern.
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Fig. 7. Proposed amplifier with positive feedback. (a) Amplifier schematic. (b) Small signal
model of one side of the 1* stage of the amplifier. (c) Simplified schematic of the common
mode of the 1* stage amplifier.
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CONCLUSIONS

There is an increasing demand on signal processing being performed on chip with an
increasing demand on sampling speed. Recently there is a wide employment of the sub-
micron digital CMOS processes in the industry. The adoption of the digital CMOS processes
has brought new challenges to the analog design area. The most important challenge is the
ability to build high gain amplifiers. Other important challenges relate to switch ON-
resistance exist. Traditional gain enhancement techniques including cascading, cascoding,
and regulated cascoding are loosing their ability to provide high gain amplifiers while
maintaining wide swing, high speed, and low supply voltage operation. Expensive solution
represented by building special analog friendly devices on the expense of extra fabrication
processing steps is used most of the time.

Positive feedback technique, also known as negative conductance, or Bootstrapping
technique, can provide us with high DC gain amplifiers since the gain becomes more
dependent on matching of parameters of different transistors rather than on the absolute value
of the parameters. Further more, new digital processes have much better matching properties
compared to older processes. A survey of the previous positive feedback implementations
shows that it has the following advantages

¢ High DC-gain is possible, even with high output conductance devices.
* No speed penalty, no additional poles.
* Applicable to low voltage processes/systems.
On the other hand previous implementations have shared the following points of concern

¢ Perfect matching is required to achieve very high DC-gain.
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* Gain is very sensitive to the output voltage level, swing.

In this work, we have investigated a new way of implementing the positive feedback
technique in conjunction with one level of cascoding. Cascoding will provide us with
more gain and extra nodes that exhibit the same output nodes signal characteristics
but with much reduced swings. So cascode nodes can be used to draw signals for the
positive feedback loops. During this thesis we presented several novel architectures
that uses either a fully controllable positive feedback scheme, where some parameters
are easily controlled by controlling some biasing currents on the expense of the
replica biasing scheme, or architectures with self-tracking parameters, so sufficiently
high gain can be maintained across processes and temperature comers without the
need for extra gain-control circuit. The use of the cascode nodes to generate the
positive feedback rather than the wide swing output nodes makes amplifier gain
exhibit reduced sensitivity to the output signal swing.

New architectures that use the biasing and cascode transistors as amplifying
transistors in conjunction with positive feedback technique are studied. It is shown
that speed, transconductance, and gain enhancement can be performed without
penalty in dissipated power and signal swings, but on the expense of more design
complexity. An implementation on a high Q-factor, high center frequency bandpass
filter is presented.

Finally an ultra fast 9bit, 1.8V, 165MS/s, low power, pipeline ADC that uses
all digital-transistors positive feedback wide swing amplifier is designed, fabricated,
and tested on 0.21pum digital CMOS process. Test results proved the claimed

advantages of this proposed work.
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APPENDIX A: LAYOUT AND TESTING TIPS

The layout of the chip is becoming a very critical factor in determining the implemented
system performance. For example, matching of transistors at the input differential stage will
determine the amplifier or the comparator offset voltage. Matching of capacitors in the
multiplying digital to analog converter (MDAC) will affect the accuracy, i.e. gain error.
Layout pattern of transistors across the output nodes will affect slewing and settling speed.
Moreover, the technology used will affect the layout patterns that can be used. For example
as we go deep in sub-micron processes, spatial dimensions are shrinking down while vertical
dimensions are almost the same. So it became more feasible to use the fringing capacitors in
those sub-micron processes. On the other hand, mutual capacitance and cross talk between
connecting lines is boosted.

While doing the layout of the ADC, and for the amplifier, the chopped diffusion
layout pattern, shown in Fig. 1, has been adopted for transistors across the output nodes of
the first and the second stages. To avoid cross talk between the clock lines and signal lines,
digital and clock nets are placed away from the amplifier layout. The ADC layout floor plan
is shown in Fig. 2. Clock lines and signal lines are totally separated. Switches connected to
the signal path have double guard rings around them. Moreover PMOS transistors are packed
together toward the high supply voltage, while NMOS transistors are packed together toward
the ground contacts bus. All the transistors in the amplifier are cross coupled in a mirror
image form as shown in Fig. 3. Dummy devices have been added for the NMOS transistors
in the differential pairs of the first and second stages. Fringing capacitors have been used to

realize the MDAC and the compensation capacitors where four metal layers have been
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involved in each capacitor as shown in Fig. 4 for two layers. Nine capacitors were built
where only eight capacitors have been used by the MDAC, four capacitors in each side, the
final one is a dummy capacitors for full symmetry as shown in Fig. 5. The final ADC channel

layout is shown in Fig. 6.
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Fig. | Chopped-diffusion transistor layout-pattern.
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Testing for the ADC was done in two steps: Linearity testing, and dynamic
performance testing. The linearity testing was based on the statistical approach where a very
fine linear signal generated using a high accuracy, 18 bit, sigma-deita DAC was applied to
the ADC input. The input has a form of a periodic triangular wave with equal rise and fall
times, i.e. slopes. If the ADC operates ideally then all the ADC output codes should have the
same probability of occurrence. The Histogram of the generated codes is plotted, in our case
each code is to be generated fifty times per bin (50 code hits/bin). In real testing the
triangular input signal exceeds the ADC input range this is why the ADC output capture
waveform shows clipped triangular wave as shown in Fig. 6.a. If all the codes show up at the
ADC output capture waveform with a minimum acceptable probability then this means no
missing codes. A code is defined as missing if its probability of occurrence is less than 1/10
times the ideal probability of occurrence for that code.

For the clipped ADC output signal if we exclude the first and last codes, then all the
codes have equal probability of occurrence given by
Poins coie= (V-Plirg_code-Plasi_code)/(t0tal_codes-2) (D)
Due to linearity imperfections some codes will appear more frequently than other codes.
Since linearity is related to the code interval width, ideally all codes have the same interval
width, the deviation of the probability of occurrence of a certain code from its ideal value
becomes a direct measure of the deviation of that code interval width from its ideal value.
Thus the normalized deviation of the probability of occurrence of a certain code from it ideal
value is called the Differential Non-Linearity (DNL) at that code. So at code[n], the DNL is

code[n| _count o (ADC _codes - 2) -1 (2)

DNL|n}= <
[ l (tolal _samples - last _ code _count — first _code _ coum)
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DNL errors accumulate over a series of codes and cause a total deviation from the ideal

transfer curve, characteristics. The integral none linearity (INL) at code[n] is derived as

INL[n]= Zl DNL[k]

So the INL and the DNL can be estimated based on the estimation of the probability of
occurrence for each code. For accurate probability estimation, large number of samples
should be captured. A rule of thumb, the number of samples captured should be two orders of
magnitude higher than the number of codes in the ADC.

Fig. 6 shows the linearity testing procedure. Fig. 6.a shows the ADC output captured
waveform for the sweep 0.5V input. Fig. 6.b shows the generated histogram that shows the
number of generated codes per bin. Fig. 6.c shows the generated DNL[n] plot generated
using the statistical approach. Finally Fig. 6.d shows the estimated INL[n].

Finally the dynamic performance is measured by measuring the signal to noise ratio
(SNR), signal to noise and distortion ratio (SNDR), and the supuriouse free signal to
distortion ratio (SFDR). All those measurements are done by applying a fast pre-filtered sine
wave input to the ADC and using the spectrum analyzer to measure the harmonics an

example of measured SNR and SNDR is shown in Fig. 7.
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APPENDIX B: LIST OF AMPLIFIERS AND THEIR

TRANSISTOR SIZES
] T_‘_“p—c{gmz
Vx
r L —— V&
]
T
Vo
Mé ] — Vout+
,__1 Ml!
Vin* Vin~ _‘_“—-i M4
M7 L |
Transistor Ml M2 M3 M4 M5 M6 M7 M8
W/L 7.2/0.25 | 23.4/0.36 | 20/0.25 | 4.8/0.25 | 9.6/0.6 | 0.88/0.25 | 8.8/0.6 | 0.8/0.36
(um/um)
~[ M3
M2
vin* vin~
or
Transistor Ml M2 M3 M4
W/L 6/0.24 | 6/0.24 | 1.2/0.36 | 6.8/0.48
(um/pm)
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[ | ':LMS
Transistor Ml M2 M3 M4 M5 M6 M7 MS§
W/L 2.7/0.25 { 17.3/0.36 | 15/0.24 | 3.9/0.25 | 4.32/0.36 | 8.8/0.25 | 32/0.6 | 9.6/0.6
(pm/pm)
e
Vx
Vx
Vuut'jF ‘JI M3
. Vnux’
) —_ b..ﬂ?rr_‘mz
vy v;
Vm.’—-”:‘ " |_V’;‘-
M5 é
Transistor Ml M2 M3 M4 M5
W/L 51.1/0.245 | 72.45/0.42 | 116/0.21 | 245.77/0.42 | 266/0.42
(um/pm)




	2002
	Amplifier performance enhancement methods using positive feedback techniques
	Mezyad M. Amourah
	Recommended Citation


	tmp.1409848845.pdf.Pexc2

