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1. INT

UCTION

issertation Organization

This dissertation is organized as a collection of papers addressing three separate topics. Except for
the fact that the topics are all associated with mixed-signal integrated circuit design, they are mostly
unrelated. However, the contributions asscciated with each were significant enough to warrant their

mnclusion here.

The first topic addressed is a multistage multipath-compensated amplifier and related dipole
compression technique. Two papers on the topic are included as Chapters 2 and 3. The first paper
summarizes the progress that has been made up to this point while the second suggests a strategy for
extending the existing work toward the ultimate goal of making structures composed of three or more

gain stages suitable for applications that require fast settling.

The second topic presented is an interactive compuier aided design (CAD) tool called Design Space
Explorer. Tt was developed to assist users in manually exploring a design space. Three related
documents are included as Chapters 4 thra 6. The first document is a journal paper that describes the
tool. The second document is the tool’s Users Manual. The final document describes the process of
developing some specific models for use with the tool. Source code and compilation tools are also

included on a supplemental CD-ROM.

The third, and final, topic describes a simple, compact CMOS transresistor. An JEE Electronics

Letter that describes the circuit is included as Chapter 7.

The remainder of this chapter is broken into three sections each of which corresponds to one of the
three topics addressed in this thesis. These sections provide introductory information and other
comments in an attempt to establish the context necessary to fully appreciate the included

publications.

The dissertation concludes with a chapter that briefly summarizes cach of the threc topics and

identifies the author’s contributions in each area.



P2

Technique

Background

There arc many analog integrated circuits and applications that rely upon the accurate transfer of
charge. Examples include A/D and D/A converters, switched-capacitor filters, and many sensor
interface circuits. As an example, consider the switched-capacitor integrator shown in Figure 1. The
circuit samples the input voltage onto C1 during phase 1. During phase 2, the stored charge is
iransferred from C1 to C2. The performance of the amplifier is critical in determining the accuracy
and speed of the charge transfer. A high DC-gain is required to ensure an accurate transfer while

fast-settling ensures high system throughput.

C
V*O;@}T%}—l
{(b.? 0 Vg
v

Fig. 1 Switched capacitor integrator

Because of their ability to simultaneously achieve adequate DC-gains and large gain-bandwidth
(GBW) products, single stage amplifiers have traditionally been preferred for charge-transfer
applications. Figure 2 shows a few of the architectures that have found widespread use. Figure 2(a)
is the telescopic-cascode, 2(b) is the folded-cascode, and 2(c) is the regulated-cascode. Other variants

of these structures such as the folded-regulated-cascode have found use as well.



(a) (b) (c)

Fig. 2 Single stage amplifiers (a) telescopic-cascode, (b) folded-cascode, {¢) regulated cascode

Te obtain an adequate DC-gain using only a single-stage, the single-stage architectures rely on a
technique termed cascoding. Cascoding is an output impedance enhancement technique involves
vertically stacking devices between the supply rails. In Fig. 2, the cascode transistors are rendered in
a lighter color than the other transistors. The problem with cascoding is that ecach of the devices
stacked between the supply rails consumes some of the available supply range, thus the available
room for output signal swing is diminished. As a result, for a fixed supply voltage, cascoded
architectures have reduced output signal swing capability when compared to non-cascoded structures.
Equivalently, for a fixed signal swing, cascoded output stages exhibit higher minimum supply

voitages than their non-cascoded counterparts.

As supply voltages have declined, the single-stage cascoded architectures have become unsuitable for
some applications because the signal swing capability is unacceptably small. As a result, designers
have begun to consider alternative architectures. One example that has found use is the two-stage

structure shown in Fig. 3.



Fig. 3 Two stage amplifier

Note, in Fig. 3 that the first stage is cascoded while the second stage is not.  The absence of cascode
transistors in the output stage results in good output swing capability. A high DC-gain is achieved by
cascoding the first stage. Signal swing is not a problem at the output of the first stage because the
second stage has a gain which is typically greater than 5. As a result, the signal swing at the output of
the first stage is the magnitude of the output swing scaled by the reciprocal of the gain of the second
stage. e.g., if the full-scale output swing is 1V. and the gain of the second stage is 10, the swing at the

output of the first stage is only 0.1V.

It needs to be mentioned that, two-stage structures, such as the onc shown in Fig. 3, need to be
compensated to ensure stability with negative feedback. Pole-splitting Miller compensation with a
nulling resistor to flip the right half-plane zero into the left half-plane is the most commonly used

technique to compensate two-stage amplifiers.

In the progression to finer process feature sizes, it is projected that supply voltages will decline even
further. Furthermore, the characteristics of the active devices may degrade making the design of
high-gain amplifiers even more difficult. At some point, cascoding becomes infeasible altogether. At
that time, designers will be forced to swiich to alternative amplifier topologies that do not rely on

cascoding.

In anticipation of that moment, research into the alternative low-voltage compatible
gain-enhancement techniques should be performed today. The field of potential solutions should be

studied and the solutions ranked according to their performance. The goal is to develop an



amplification technique that is compatible with very low supply voltages, yet it should exhibit a DC

gain and settling performance that rivals the structures in use today.

Although there are many candidate techniques that need investigation, the work performed for this
dissertation is an investigation of one technigue that offers potential to solve the probiem. The

architecturc under consideration 1s a multisiage multipath-compensaied amplifier.
pil

Multistage Multipath-Compensated Amplifier

The multistage multipath-compensated amplifier achieves the required DC gain by cascading simple,
low-voltage compatible gain stages. The term multistage refers to the fact that two or more stages are
used to realize the amplifier, An arbitrary number of stages can be cascaded to achieve the desired

DC gain.

In contrast to single-stage amplifiers, multistage amplifiers need to be compensated to ensure they
remain stable when used in negative feedback configurations. When possible, amplifiers composed
of more than two gain stages are avoided because compensating structures with three or morc stages
can be a tedious process. Furthermore, the compensation procedure eraployed may require sacrificing

the available GBW product in order to ensure stability.

The compensation technique used for this amplifier involves the usc of multiple feedforward paths
through the amplifier. The technique is special, when compared to other compensation techniques, in
the respect that a multistage amplifier can be compensated without sacrificing the achievable GBW
product. Thus, in a given process, multistage multipath-compensated amplifiers can have GBW

products that are just as high as their single-stage counterparts.

Due to the fact that the technique relies upon the cancellation of low-frequency pole-zero pairs
{(dipoles), multipath feedforward compensation has not found widespread use. Inexact cancellations
result in the appearance of slow settling components in the transient response. If the magnitudes of
these components are too large, they can negatively impact the settling time. A large amplifier GBW

product is pointless if the settling time is determined by the unwanted slow-settling components.

Cancellation accuracy is limited due to process and environmental variations, modeling errvor, and
device aging. In order to make the multistage multipath-compensated amplifier viable for
applications that require fast settling, an amplifier topology that inherently ensures accurate dipole
cancellations needs to be developed. At the present time, realization of such an amplifier appears

unlikely. Alternatively, a tunable amplifier could be designed and a tuning methodology to drive the



mismaich down to an acceptable level could be devised. The latter approach was pursued in this

work.

Tuning Dipsle Mismatch

Tuning the dipole mismatch of an n-stage multipath-compensated amplifier, where » is three or

greater, is a hard problem. The following paragraphs outline some of the difficulties.

The first major difficulty involves developing a method to accurately estimate the dipoles’
mismatches under the constraint that the technique must be implemented with a reasonable amount of
circuitry on the CMOS die. Special test equipment such as a spectrum analyzer, digitizing
oscilloscope, or precision signal sources was not available. Additionally, the tuning circuitry should

not materially impact the maximum performance of the system.

One method of estimating the dipoles’ mismatches involves analyzing the system’s frequency
response. Unfortunately, the magnitude response is not very sensitive to dipole mismatch. A closely
spaced pole-zero pair is not distinguishable in the magnitude response. The phase response, however,
is more sensitive. Rapid phase deviations occur in the vicinity of a mismatched dipole. The smaller
the mismatch, however, the smaller the deviation in phase. Therefore, to distinguish a closely spaced
dipole, accuratc phase measurements are required. Another difficuity related to this approach is

generating the required sinusoid of variable frequency.

Alternatively, the dipoles’ mismatches can be estimated in the time-domain. This method involves
analyzing the system’s time-domain response to a known stimulus. Unfortunately, the transient
impulse response is the superposition of decaying exponentials whose magnitudes and time constants
are not precisely known. Accordingly, decomposition of a forced transient response imto its
constituent components is imprecise at best. Furthermore, because each additional stage added to the
amplifier results in an additional component in the transient impulse response, the difficulty of this

approach compounds with the number of stages in the amplifier.

An n-stage multipath-compensated amplifier has (n-7) dipoles. To tune such a structure, an amplifier
with (n-1) control signals is required. In the ideal casc, each control signal would affect only one of
the dipoles and not affect the others. If this were reality, the process of tuning the dipolc mismatches
would be greatly simplified. In real structures, however, although the #»’th control signal has a larger
impact on the »’th dipole pair, all of the system poles and zeros are affected by adjusting any one of
the control signals. These interdependencies complicate the tuning process because it 18 necessary to

consider how a change in one control signal will simultancously affect all the dipole pairs. The



ability to determine how the control signals should be adjusted to reduce all of the dipole mismatches
2 J D

simultaneously is an tmportant aspect of this problem.

Approach Taken

At the outset of this project, the difficultics associated with wning the dipoles’ mismatches in an
amplifier with three or more gain stages seemed insurmountable. An obvious solution to the problem

was 1ot forthcoming.

The two-stage multipath-compensated amplifier is the easiest case to tune because it has a single
low-frequency dipole. The tuning difficulty rapidly compounds with the number of stages in the
amplifier because each additional stage introduces another dipole in the system transfer function.
Therefore, it was decided to focus on the two-stage case first. It was hoped that what was learned in
solving the two-stage case would help lead to a solution of the more complicated problem of tuning

an amplifier with three or more stages.

The paper, presented as Chapter 2, describes a two-stage multipath-compensated amplifier and a
foreground technique used to tune its dipole mismatch. The method involves sampling the transient
step response of the device under test at different points in time to determine the polarity of the dipole
mismatch. Using the mismatch information, an amplifier bias current is adjusted to reduce the
mismatch. The entire process is repeated a large enough number of times to ensure convergence for
the expected worst-case mismatch. To minimize the impact on performance, a time-domain
averaging technique was employed. A prototype was integrated in a 0.25u CMOS process and the

concept was experimentally validated. The full details are in the paper, included as Chaper 2.

As was hoped for, the insight gained while developing a technique to tune a two-stage multistage
multipath-compensated amplifier, led to the development of a strategy for tuning an amplifier with
three or more stages. The technique is closely related to the one used o tune the two-stage structurc.
However, its implementation is more involved. For an n-stage amplifier, the method involves
sampling the transient step response at n different points in time. The difficulty associated with
determining how the {#-/) control signals should be adjusted to simultaneously reduce all the dipoles’
mismatches is addressed by the use of the Newton-Raphson iteration. The derivatives required by the
algorithm can be obtained via a finite difference method or by sampling the impulse response. Due to
the complexity associated with the tuning algorithm, implementing this technique in hardware will
most likely require a digital signal processor in the tuning loop. The approach is outlined in a paper

contained as Chapter 3. Reduction of this concept to practice is left as future work.



sign Space Explorer

In the context of circuit design, design optimization usually involves writing mathematical
expressions for the relevant performance parameters in terms of the design’s degrees of frecdom
(DOF). If thesc expressions arc simple enough, tractable analytical expressions for the design

tradeoffs can be derived and optimization is straightforward.

In most cases, however, the expressions for the design tradeoffs are not tractable. The usual
approach, in such a situation, is to formulate a cost function and use a mathematical optimization tool

to perform the optimization.

At the present time, computers are reasonably good at repetitive tasks such as optimization, but they
are not good at tasks that require creativity. For this reason, humans are still required to design new

or improved circuit topologies.

Because of their fully-automated, non-interactive nature, the use mathematical optimization tools
often have the undesired side-cffect of impeding the assimilation of designer knowledge. The black-
box type of interface to the optimization tool isolates the designer from the optimization process.
Except for the final result, very little information is fed back to the user. The net effect is a slower
rate of design knowledge assimilation which may lengthen the time required to develop new and

improved circuit topologies.

Rather than being completely isolated from the optimization process, designers can more rapidly
deepen their understanding of the available design tradeoffs by interactively exploring a design space.
The additional insight into design performance gained by manual exploration of the design space will

aid the designer in creating improved design topologies in the future.

Design Space Explorer (DSE) is a CAD tool designed to make it easy to interactively explore a circuit
design space of pre-characterized circuit topologies. The interactive nature of the tool helps designers
more quickly gain a qualitative understanding of how a design’s degrees of freedom relate to its
performance parameters and the design tradeoffs that are possible for a given design topology.
Although the focus here is on circuit optimization, care was taken in the design of the application to
ensure the software is suitable for design exploration in other disciplines as well. A paper that more

fully describes the tool is included as Chapter 4.

DSE is fully programmable. Users can extend the application to include new or custom circuit

topologies without recompiling the application. They do so by writing their own design specification



files. Programming the application is documented in the DSE Users Manual which is included in this

document as Chapter 5.

The application is coded in Jave' and is compatible with the emerging network-centric computing
paradigm. Of the benefits that accrue due to the use of the network-centric computing paradigm, the
most significant is the enhanced communication of design knowledge and prevention of reinvention

enabled by the use of a centralized Design Knowledge Repository.

For those interested in learning how to develop their own DSE models, Chapter 6 contains a
document that provides a comprehensive description of how detailed models of a standard differential

amplifier, a telescopic cascode, and a two-stage amplifier were developed.

Since the printed version of the source code is too long to include in this document (53677 lines of

code), it has been included in electronic form on a supplemental CD-ROM.

1OS Transresistor

Many applications require converting signal currents into signal voltages. In most situations, resistors

are used to perform the conversions.

Due to the low sheet resistance of polysilicon, large integrated polysilicon resistors consume a lot of
dic area. For this reason, polysilicon resistors are avoided for applications that are extremely
cost-sensitive. High volume parts are examples of such applications. Saving just a few cents may
make the difference between a product being successful in the marketplace or not. Additionally,
polysilicon resistors are not well suited for applications that require massive arrays of repeated blocks
that contain resistors. Examples of such circuits are neural network and sensor arrays. The area
required by the resistors restricts the maximum number of e¢lements in the array. Thus, there are
many applications would benefit from a more area-efficient methods of converting the signal currents

into voltages.

In this work, we report a simple MOS transresistor that is perfect for such applications. Compared to
other transresistors that have appeared in the literature, the newly proposed structure offers

comparable linearity while requiring less area.

! Java is a Trademark of Sun Microsystems, In¢.



The paper published in JEE Electronics Letters describes the circuit and compares its performance
against several other popular transresistors. Experimental results arc presented as well. The paper is

mcluded in this document as Chapter 7.
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Mark E. Schlarmann and Randall L. Geiger

Abstract

Multipath feedforward compensated amplifiers are suitable for low-veltage applications and capable of
achieviag very high gains in modern deep-submicron CMOS processes. These architectures are often
plagued by slow-settiing due to imperfectly cancelied low-freguency peole-zero pairs. A mew pele-zero
mismatch compression methodology is wutilized to tune the tramsient performance of a two-stage
amplifier. The approach was validated with a prototype fabricated in a 8.25) CMOS process.

Introduction

Competitive pressures are compelling the integration of entire systems on a chip (SOC). For
mixed-signal systems, this requires that both analog and digital functionality be integrated onto the
same die. The starting point for such an endeavor is generally a CMOS digital process with optional
processing steps that are added to obtain analog friendly features such as low Vg transistors,
temperature stable resistors, linear capacitors, etc. Although it would make the life of an analog
designer easier if each of the additional process options were automatically included, each one adds to
the final cost of fabricating the chip. Therefore, only those extra processing options that are
absolutely required for a given application are incorporated into the production process for that
application. For high-volume parts, significant efforts are expended to develop solutions that provide

the required analog functionality in purely digital processes.

To achieve the levels of integration required by complex SOCs, modern deep-submicron processes
are required. The digital core of a typical 0.13um process operates at 1.2V. New and emerging
processes will operate at even lower voltages [1]. Where possible, the analog circuifry needs to

operate at the same low voltage as the digital core.

In contrast to digital circuit performance, analog circuits do not benefit from supply voltage
reductions. Many traditional analog circuit architectures either suffer a significant degradation in

performance or become completely non-functional as the supply voltage is reduced. In this paper,



attention is focused on one essential analog building-block, the amplifier. Specifically, we will
concentrate on an alternative low-voltage compatible transconductance amplifier intended for use in

charge-transfer applications.

Integrated applications that require accurate charge transfer are abundant. Examples include switched
capacitor filters, analog to digital converters, digital to analog converters, and many sensor interface
circuits. In these circuits, the DC gain of the amplifier determines the precision of the charge transfer

while the amplifier settling time determines the maximum system throughput.

Of the many different amplifier topologies that are capable of producing the required DC gains,
cascoded single-stage architectures were used almost exclusively in the past. They were preferred
because, in addition 1o meeting the gain requirements, they achieved faster settling than other
structures. This is a conseguence of the fact that cascoded single-stage amplifiers, in general, do not
need compensation. As such, they do not suffer a bandwidth reduction duc to the process of

compensation.

The viability of single-stage cascoded structures is declining as fabrication technology progresses to
lower supply voltages. This problem is due to the fact that cascoding involves stacking several
devices between the supply rails. As a result, cascoded gain stages require a larger minimum supply
voltage to operate than non-cascoded stages. In emerging digital processes, the signal swing
capability of the cascoded amplifiers will not be large enough to meet the performance requirements

of most mixed-signal applications.

As a transitionary step in the evolution to much lower supply voltages, one might consider using an
existing amplifier architecture and simply reduce the maximum signal swing to the match the
capability of the amplifier. Unfortunately, this is usually not a viable option. For example, in order
to maintain the same signal to thermal-noise ratio on the sampling capacitors when the maximum
signal swing is reduced by a factor of 2, the size of the hold capacitors must be increased by a factor
of 4. In such a scenarie, to maintain the same system throughput, the transconductance gain of the
amplifier has to also increase by a factor of 4, which requires a 16-fold increase in the quiescent
current of the amplificr. From this example, one can sec that the amplifier power consumption is very

sensitive to signal swing.

Alternative amplifier architectures that are compatible with lower minimum supply voltages and that

are capable of operating at speeds comparable to what is achievable with the amplifiers in use today
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need to be developed. In the following section, we will briefly survey a few of the low-voitage

amplifier design techniques that have appeared in the literature and then focus on a new approach.

Replica Gain Enhancement

Replica-amp gain enhancement [2] is an amplifier gain-enhancement technique that offers potential
for low-voltage implementation. The technique uses two transconductance amplifiers; one termed the
main amplifier and the other the replica amplifier. The replica amplifier generates a signal-dependent
current that is injected into the output node of the main amplifier. Since the replica amp supplies a
portion of the current required to drive the main amplifier’s load, less current is drawn from the main
amplifier. As a result, the magnitude of the main amplifier’s error voltage is reduced which is
analogous to increasing the gain of the main amplifier. The matching accuracy of the replica and
main amplifiers largely determines the amount of gain enhancement, which is slightly
disadvantageous because in the absence of good process characterization data, it is difficult to make
an a priori prediction of the gain. The constituent amplifiers can be relatively simple low-voltage
compatible gain stages. Therefore, this technique offers good potential for operating at high speeds in
deep submicron processes. Concerns about the possibility of slow settling components appearing in
the transient responsc have been addressed in [3]. The ultimate performance potential of this

technique has not yet been demonstrated.

Positive Feedback

Due to concerns regarding system stability, performance variations, noise magnpification, and yield
predictability, many in the design community have acquired negative perceptions regarding the use of
positive feedback as a method for enhancing the DC gain of an amplifier. As a result, the use of
positive feedback as a low-voltage compatible gain-enhancement technique has not been fully
explored. In reality, embedding a positive-feedback amplifier within a larger negative-feedback

system does offer significant potential for low-voltage applications and needs fuller investigation [4].

Circunit Level Solutions

Circuit techniques may circumvent the need for extremely high-gain amplifiers in charge transfer
circuits altogether.  Consider the class of circuits that employ correlated double sampling
techniques {5]. If successive samples are correlated, these circuits exhibit an effective gain that is

larger than the actual gain of the amplifier. For fully correlated samples, the gain is effectively
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squared facilitating the use of simple, low-gain, low-voltage compatible architectures for the
amplifier. For Nyquist converiers, successive samples are not necessarily correlated. By fixing the
input for two cycles, a Nyquist rate converter can be constructed at the cost of halving the throughput.
Other circuit-level solutions to circumvent the need for high-gain amplifiers in charge transfer

applications may also emerge.

Cascaded Structures

Cascading several low-complexity gain stages to achieve a high-gain amplifier is another technique
that is compatible with low-voltage supplies. Until now, however, amplifiers with more than two
stages have found very limited adoption. The extra design effort and circuit complexity has not yet
been justifiable. Supply voltage reductions and degradation of the quality of the active devices in
deep-submicron processes may render the gain of the single and two-stage structures inadequate

requiring three or more gain stages in the near future.

To ensure their stability in feedback configurations, multistage amplifiers need to be compensated.
Popular compensation techniques for two-stage amplifiers are based upon dominant pole
compensation generally in the form of pole-splitting (Miller) compensation.  Feedforward
compensation [6] finds occasional use. More sophisticated compensation techniques are required for

amplifiers with three or more stages.

Examples of n-stage compensation techniques include nested Miller compensation [7,8,9], hybrid
nested Miller compensation [7], multipath nested Miller compensation [7], nested Gm-C
compensation [10], nested Miller compensation with feedforward gm stage [12], damping factor
control frequency compensation [11], active feedback frequency correction [13], and embedded RC

frequency compensation [14]. Good comparative studies of these structures are found in [12-13].

Beyond ensuring an adequate phase margin, amplifier compensation techniques are characterized by
the amount of gain they provide and the maximum bandwidth they can achieve. For high-speed

applications, a fast-settling transient response is also important.

Many of thc multistage amplifier compensation schemes utilize some variant of the multipath
feedforward architecture. The term mudtipath signifies the presence of multiple signal paths through
the amplifier while feedforward indicates the corresponding signals propagate in one direction only,
from the input towards the output. Many of the multistage compensation techniques suffer significant

reductions in the obtainable bandwidth for cach stage added to the amplifier. This is somewhat ironic
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since multipath feedforward topologies were conceived as a way to compensate for bandwidth

reduction [7].

Thomsen et al [15,16] used a multipath feedforward architecture to realize a conditionally stable
S-stage amplifier. It was not suitable for applications that required fast settling because of the
presence of low frequency dipoles (closely spaced pole-zero pairs are often referrved o as doublets but
are more aptly described by the term dipoles). In [17] it was shown how an architecture similar o
Thomsen’s could be used to realize an unconditionally stable n-stage amplifier. The technique offers
the potential to realize amplifiers that can simultaneously achieve high gain-bandwidth products and
large DC gains. However, these structures still rely on pole-zero cancellations to prevent the
appearance of slow-settling components in the transient response. Thandri et al. [18] observed that
for a two-stage structure the cancellation accuracy required to obtain a certain level of settling
performance is relaxed as the dipole is positioned closer and closer to the UGF of the amplifier (refer
Fig. 11 of [19]). By positioning the dipole at as high a frequency as possible, they implemented an
amplifier whose sensitivity to dipole mismatch was lower than one with its dipole positioned at a
lower frequency. Although viable for two-stage structures, this concept is not extendible to
amplifiers with a larger number of stages because amplifiers with more than two stages require
spacing the dipoles at successively lower frequencies. Furthermore, because the cancellation is
inexact, the slow-settling components are not suppressed. As a result, their method is most suitabie
for applications that require low to medium resolution settling accuracies. Practical implementations
of [17] that maintain accurate pole-zero cancellation over process and environmental variations have

not appeared in the literature.

In this work, a calibration technique that compresses the dipole mismaich in a multi-stage
multipath feedforward compensated amplifier is reported.  Experimental results for a two-stage

structure are presented fo validate the approach

Although the pole-zero calibration technique is presented here in the context of a multipath
feedforward architecture, the calibration technique and the architectural issues are separable. The
technique can be used to calibrate other amplifier topologies that suffer {from slow-settling due to

low-frequency dipoles as well.

A description of the multipath feedforward compensation architecture is presented in Section II. The
new calibration technique is introduced in Section [II and experimental results validating the

technique are included in Section I'V.
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viultipath Feedforward Compensation

Using multipath feedforward compensation, an n-stage amplifier can be compensated to ensure that it
is unconditionally stable when used with attenuative negative feedback. The technique involves a
nested iteration of the module shown in Fig. 4. Each of the gain blocks in the figure represents a gain
stage with a first-order transfer function of the form:

Hk(S):

—k kef{ab} 0

X(5)—

Fig. 4 Basic muitipath feedforward module

The transfer function of the basic module is given by:

1, (5)= ) - g (o + 1, (5) @

X(s)

Substituting (1) into (2) for f,(s) and Hy(s) and simplifying results i

hY
AQ+Af1——
h( ”{ R:(1+‘40)}

H,ls)= 3
)= ) )
Adjusting the bandwidth of the second stage to satisfy:
P, =P(l+4,)=PF, +GBW, (4)
results in pole-zero cancellation and (3) simplifies to:
A1+ 4,
w(5) =t ) 5)

I—-s/P

Thus, if the condition of {4) is satisfied, the basic module exhibits a first-order response with a DC

gain, pole location, and gain-bandwidth product (GB) given by:

A, =A4,01+4,) (6

ab
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GB,, = AP+ A4 )= AP =GB, (8)
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Since the DC gain is proportional to the product of the gains of the individual stages, the overall gain
is enhanced if each stage has a DC gain that is larger than 1. The first stage determines the pole
location while the second stage determines the overall GB. Since the GB of the module is equal to
the GB of its second stage, the module is capable of achieving operating speeds that arc just as fast as
a single stage. Unlike many other compensation techniques, multipath feedforward compensated
amplifiers are not restricted to operating speeds that are lower than what a single-stage amp can

achieve.

By nesting the basic module within itself, amplifiers with more than two stages can be created.
The procedure used to design a voltage amplifier is illustrated in Fig. 5. Two simple first-order gain
stages are used to realize the basic module as shown in Fig. 5(a). The bandwidth of the second stage
is adjusted to ensure that pole-zero cancellation occurs. Since the resultant structure has a first-order
transfer function, it can be thought of as equivalent to a singie stage and can be nested within another
module as shown in Fig. 5(b). The pole-zero cancellation process is repeated again for the module of

Fig. 5(b) resulting in a three-stage amplifier with a transfer function of:

_Nals)_ 4,0+ 4,(1+4))
H123(S>'—V(S)"‘ I~S/Pi (9)

1




Fig. 5 Muitipath feedforward compensation technique (a) basic module, (b) nesting the module

within another, (¢} amplifier of (b} flattened to yield the resultant three-stage amplifier

Thus, the overall structure has a first-order transfer function even though it consists of three stages. If
cach stage has a gain that is much larger than one, the DC gain can be quite large. The overall GB is
identical to the GB of the final stage. The resultant amoplifier is shown in flattened form in Fig. 5(c).

Amplifiers with more than three stages can be constructed by additional nesting.

Fig. 6 is a plot of the typical closed-loop pole and zero locations for a third-order multipath
feedforward compensated amplifier used in a standard feedback configuration. If perfect cancellation
occurred, the system would be exactly first-order. Practically, mismatches always exist and the

system only approximates a first-order response.

Im(s)1
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Fig. 6 Closed-loop pole and zero locations for a third-order multipath fecdforward compensated

amplifier
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Imperfect cancellation of closely-spaced pole-zero pairs results in the presence of extra decaying
exponential components in the transient response [20-22]. These additional components decay more
slowly than the desired component because the poles responsible for their appearance lie at lower

frequencies than the uncovered pole.

If the magnitudes of the mismatches are small, the magnitudes of the undesirable components are also
small. However, if the mismatches are large, the sizes of the undesired components are also large.
Unfortunately, accurate pole-zero cancellation is not easy to ensure due to modeling errors, process
variation, and environmental faciors. For this reason, for applications that require fast seitling,
amplifiers with low frequency dipoles are normally avoided. To extend the applicability of the
proposed structures to applications that require fast setiling, a calibration technique that compresses
the dipole mismatch was developed. The remainder of this paper is devoted to the issue of the

calibration of dipole mismatch.

Calibration Technigue

The material herc will be restricted to a self-calibration technique for a two-stage multipath
feedforward compensated amplifier. The more difficult problem of calibrating amplifiers with more
than two stages is beyond the scope of this paper but some preliminary results addressing the more

general problem can be found in [23].

The switched capacitor gain stage shown in Fig. 7 was constructed with the two-stage multipath
feedforward compensated amplifier shown i Fig. 8. During the charge transfer phase, ¢,, this
configuration has a pole-zero constellation similar to that shown in Fig. 9. I the low-frequency pole-
zero pair cancels exactly, the system exhibits a first-order step-response like that shown in Case B of
Fig. 10. In that case, the response is a standard exponential rise from zero to the final steady-state

output value.

Cases 4 and C of Fig. 10 illustrate the effect of pole-zero mismatch on the step-response. Cases 4
and C correspond to the scenarios where the low-frequency pole lies on the real axis to the left and to
the right of the zero respectively. Notice that when the low-frequency pole lies to the left of the zero,
overshoot occurs in the step response, whereas when the pole lies to the right of the zero, undershoot
occurs. The sensitivity of the step response to the dipole mismatch can be exploited to obtain a signal

that indicates the polarity of the mismatch. This ervor signal is used to calibrate the amplifier.
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Fig. 7 Switched capacitor gain stage schematic
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Fig. 8 Schematic diagram of the multipath feedforward compensated two-stage amplifier used in the

switched capacitor gain stage of Fig. 7
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Fig. 9 Pole-zero constellation during charge transter phase
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Fig. 10 Step responses for two-stage multipath amplifiers with varying degrees of pole-zero

mismatch

The technique involves sensing the slope of the step response after a delay that is several times longer
than the time constant of the high-frequency pole but still shorter than the time constant of the
low-frequency pole. For example, consider the value of the derivatives of the responses shown in
Fig. 10 at time t;. As illustrated in the figure, a negative slope indicates that the pole lies to the left of
the zero while a positive slope indicates the pole lies to the right of the zero. In the proposed
calibration algorithm, the mismatch information is used to adjust the amplifier bias current, Iy,
which shifts the locations of the dominant pole in the direction needed to cause pole-zero
cancellation. The measure/adjust process is repeated until the required cancellation accuracy is

achieved.

Slope Measurement

Onec method for sensing the slope is to use a RC-based differentiator circuit.  Although
straightforward to implement, this method does not work well in practice because the signals we are
trying to diffcrentiate are too fast. The RC differentiator exhibits a sensitivity/speed tradeoff.
Reducing the time constant of the differentiator increases its bandwidth and tmproves its ability to
respond to fast changing signals. However, reducing the time constant also reduces its gain which

limits its sensitivity. As a result, the RC differentiator is not well suited for this application.



Fig. 11 Sampling scheme used to detect incomplete settling

An alternative approach that offers the potential to operate at much higher speeds is one that utilizes
sampling. The waveforms shown in Fig. 11 illustrate the concept. The circuit is excited with a step
input large enough to achieve a full-scale output swing. Fig. 11 shows two cycles of an output
voltage swing from an amplifier that has a large pole-zero mismatch. An inter-period sample, y,, is
taken at time t; and compared to the scttied value, y,, at time 7. If y2- y; > 0, it is deduced that the
low-frequency pole lies to the left of the zero. Conversely, if v, - y; <0, the pole lies to the right of

the zero.

Obtaining the inter-period sample can disturb the subsequent settling, affecting the value of Vo at
time 7. Sampling the disturbed value at time 7 would introduce an error. To avoid this problem, the
system is excited with a periodic step input and the settled-value y, is measured at the end of the

subsequent cycle, attime r=1t,~ 27.

Random noise present in the samples v; and y, limits the ability to resolve an underdamped system
from an overdamped one. Averaging is used to combat the effects of random noise. By averaging

the difference y1-y2 over &k measurement cycles, the signal to noise ratio is improved by a factor of

Vi .

Performance Expectations

Because the step-response of a single-pole system never reaches its asymptotic steady-state value in
finite time, adjusting the amplifier bias until the inter-period sample y; is equal to the end-of-period
sample y, will not result in exact dipole cancellation. Therefore, even if the tuning circuit were
perfect, there would be some residual mismatch due to an algorithmic bias. In reality, the tuning loop
is imperfect itself limiting the performance even further. An understanding of how these factors

affect the transient performance is required.



When used with negative feedback, the two-stage multipath compensated amplifier has a
fow-freguency dipole as illustrated in Fig. 9. Assuming linear operation, such a system’s transient

step response can be writien as
()= A, E- I +k)- ™ +k-e™ | (10)

where 4, and & are the closed-loop DC gain and the magnitude of the input-step respectively. The
response is composed of a constant and two decaying exponential terms. The constant is equal to the
asymptotic steady-state response, while the decaying exponentials appear due the system’s finite

ability to respond to fast-changing inputs. Since P, lies farther in the left half-plane than P, the eft

term decays more quickly than the e”” term. Thus, the ™" term is often the bottleneck limiting
system throughput. Note that the coefficient of the slow-settling term is &. The tuning scheme

presented here aims to improve settling performance by reducing the magnitude of & to a level where

the e”” term does not adversely affect the settling time. Mathematically, k is given by

k= 1ZB/Z (11)
I-P/P

Note that & approaches zero as P, approaches Z. Thus, the magnitude of the slow-settling component

can be reduced by increasing the accuracy of the pole-zero cancellation.

The tuning circuit adjusts the amplifier bias in an effort to make the inter-period sample y; equal to
the end-of-period sample y,. Since the tuning loop is imperfect, it is unable to make y, exactly equal
t0 yp. After tuning is complete, there is always some residual error. For the purpose of analysis,

assumne the tuning circuitry is capable of driving v, to within a certain tolerance {(denoted by A/2) of
Y.

(v, ~4/2)< v, <{y, +4/2) (12)
Substituting for y; and y» using (10) and solving for & at the endpoints of (12} yields two values of k£

_2 Au"g

k =
2T P ) [T — R

(13)

Assuming & is a full-scale input transition, then A4, -& corresponds to a full-scale output transition.

Therefore, since A is designates the magnitude of the tuning error, the term (—f:) can be thought of as



24

the reciprocal of the effective resolution of the tuning loop. In accordance with common convention,

resolution will be expressed in terms of bifs of resolution. Thus, (\—é—} will be replaced with 27

I3
A() ]

where N is the effective resolution of the tuning loop in bits.

Although the analytical expression of (13} is guite succinct, the relationship is difficult to visualize
for two reasons. First, there are too many parameters that can be varied. Relationships that have
more than 3 dimensions can be hard to visualize. Second, the relationship between the model
parameters and & is nonlinear. Despite these problems, Fig. 12 provides useful insight into the
relationship. It shows the worst-case |i| as a function of the tuning loop resolution assuming the

samipling instances 7 and 7- are chosen optimally. The plotted curves correspond to different pole

ratios p = F, / F|. Only stable systems that have a low-frequency dipole are of interest, therefore, p
lies in the range 0 < p <1. The curves in the plot reveal how |k| varies over the normal range of p.

Each of the curves trend downward indicating that, in general, the magnitude of the slow-settling
component declines as the resolution of the tuning loop increases. Additionally, for a given tuning
loop resolution, the larger the pole ratio, the smaller the magnitude of k. Given these observations, it
is apparent that systems that benefit the most from tuning by the described method are those with
widely spaced poles. It should be noted that the curves of Fig. 12 represent the best result that you
can expect to achieve for a system with a given tuning loop resolution and pole-ratio. If T; and T are

chosen at points that differ from the optimal, inferior results can be expected.

2 4 8 8 d6 12 14 18
Torirg b oon Resohbon (i)

Fig. 12 Worst-case k| as function of tuning loop resolution assuming optimal choiccof 7; and 7>



Implementation

The calibration technique was implemented by the architecture shown in Fig. 13. The normal data
path consists of the switched capacitor gain stage of Fig. 7 constructed with the two-stage multipath
feedforward compensated amplifier of Fig. 8. The amplifier’s second-stage bias, Inc is fixed, while
the first stage bias, Ipias is varied to adjust the pole and zero locations. Table 1 shows how the
simulated pole and zero locations vary with respect to Ig;as. Note that P, cancels Z; somewhere in the
interval 0.45 < Ipms < 0.5 pA. To demonstrate the low-voltage compatibility of the multipath
feedforward compensation technique, the amplifier was designed to operate at 1.5V with a 1V
differential output swing. For convenience, the remainder of the circuitry was designed to operate at
2.5V. The components in the shaded areas of Fig. 13 comprise the calibration loop which consists of

two switched capacitor (SC) integrators, a crossbar switch, and a voltage-controlled current source.

IS¢ Gain °
V;o»_“ Stage L. DVO
. 81
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Fig. 13 Block diagram of systcm under calibration, shading identifies calibration circuitry

During normal operation, Ias is held constant because V¢ is held fixed by integrator . Due to the
existence of leakage currents, this configuration requires periodic refreshing to maintain the accuracy
of the cancellation. For applications where periadic refresh is not acceptable, alternative architectures

that generate the required control voltage using a DAC may be required.



Table | Simulated open-loop pole and zero locations as a function of IBIAS

Open-Loop Closed-Loop
IBIAS 1 P1 P2 DC gain P1 P2
wn | owsy' | omey' | s’ (s’ (us)’
5.20 ~12.8 -20.1 283 1986 -83.2 ~5.87
0.25 -15.7 -11.8 -26.7 4488 -588 -11.7
0.30 -18.1 -9.68 -28.3 6273 -58.1 ~14.2
0.35 -20.2 -9.60 -26.0 7123 -53.4 -18.7
0.40 -22.1 -10.2 -25.8 7427 -50.6 -19.3
0.45 -24.0 -11.0 -25.6 7497 | 475 =222
0.50 257 -11.8 <255 | 7488 | 437 _-259
0.55 - -27.3 -12.8 -25.4 7392 -36.8 , -32.7
0.60 -28.8 -13.7 -25.3 7302 -34.7 -8.161 | -34.7 + B.186i
065 | -30.3 -14.7 =253 | 7205 | -34.7-11.61 | -34.7 +11.6i
0.70 -31.7 -15.6 -25.2 | 7107 | -34.8-14.1i | -34.6 +14.14i
0.75 -330 | -165 251 | 7012 -34.6 -16.1i | -34.6 +16.1i
0.80 -34.3 -17.4 =251 1 6919 -34.8-17.8i | -34.6 +17.8i
085 -35.5 -18.3 -25.0 5830 -34.5-18.3i | -34.5+19.3i
0.20 -36.7 -19.2 | 249 8745 -34.5-20.71 | -34.5+20.7i
0.95 -37.8 -20.1 -24.9 6662 | -34.5-21.9i | -34.5+218i
1.00 -38.8 -21.0 -24.8 6584 -34.4-23.0i | -34.4 +23.0i

Calibration is performed at startup and at periodic imtervals to track temperature variations.
Applications that require continuous operation require the instantiation of two systems. One
processes data while the other is calibrated. To maintain the required level of performance without

suspending the data flow, their roles are periodically reversed.

The waveforms of Fig. 14 illustrate the operation of the calibration routine. The circuit is excited
with a periodic step input large enough to achieve a full-scale output swing. The calibration begins
by resetting the signal Vggg shown in Fig. 13. Next, the inter-period sample of the transient output
voltage, vy, is sampled onto the input capacitors of integrator I; at time ;. At the start of the next
cycle, =T, the stored charge is transferred to the hold capacitors of I, producing a change in the
output voltage of 1,, 7 Vg, that is proportional to y,. Switch S, is toggled every cycle. Thus, the
polarity of the signal applied to 1, alternates every cycle. The end-of-period sample, y,, is sampled
onto the input capacitors of §; at time t;, and momentarily, the stored charge is transfcrred to the hold
capacitors of §,. Since the polarity of the input has been reversed, 7 Vigg offsets the previous 7 Vagr
by an amount proportional to y;. After completion of the described sequence of operations, the
residual voltage at the output of 1, is proportional to the desired quantity which is the difference

between the magnitudes of the inter-period and end-of-period samples, y;-va.
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Fig. 14 Calibration loop waveforms

Repeating the {+y;-y,} process without resetting Vggzr improves the system’s ability to resolve the
desired quantity from random sample noise. The desired signal adds linearly at the output of I, while

the noise terms add as the square root of the sum of the squares. Therefore, the accumulation of Vigg

over N {+y-y,} cycles vields a +/ N improvement in the signal to noise ratio.

If after N cycles of {+y;-v»} accumulation, Vggg 18 positive, it can be concluded that the zero leads the
pole and Iy;as must be reduced to obtain pole-zero cancellation. Conversely, if Vegy is negative, the
opposite holds true. Therefore, afier Vgrg has been accumulated over N cycles, the second integrator,
I,, is strobed resulting in the slight adjustment of the control voltage, Ve, in the appropriate direction.
The change in V¢ modifies the bias current, Igas, which in turn causes the poles to shift. The
described procedurc is repeated a fixed number of times and then the calibration process is
terminated. The pseudocode of Fig. 15 summmarizes the operation of the calibration routine. In the
figure, N¢ and N, refer to integer constants that define the total number of times the pole locations are
adjusted before termination and the number of {+y;-y2! cycles to be accumulated before each V¢
adjustment respectively. K, and K, are gain constants that are determined by capacitor ratios. They
are chosen to be small to ensure that the steps taken by the calibration are small enough to avoid

instability in the calibration algorithm.
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Fig. 15 Pseudocode description of the calibration algorithm

Integrators [; and I, were realized with switched capacitor integrators of the type depicted in Fig. 16.
To avoid static pole-zero mismatch, structures that include offset cancellation were chosen. The
finite gain of the amplifiers limit the accuracy of the charge transfer operations and therefore limit the
overall accuracy of the post-calibration pole-zero cancellation. Considering the finite gain effects but
neglecting amplifier offset, the charge delivered per cycle to C,, Q[n], for the integrator shown in Fig.

16 is given by:

Qn]=(1-k)CY, [n]-kC.Y,, [n-1] (14)

where & =1/[C, +{4+1)C,]. Foralarge DC gain, 4, k approaches zero and the charge transferred each

cycle is the desired value of C-V,,. However, for smaller DC gains, k becomes nonzero. As a result,
due to the second term, the amount of charge actually delivered is slightly affected by the previous

output voltage held by the integrator.

- f__‘*’/_q
9
o

Fig. 16 Switched capacitor integrator used for [; and I
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This is problematic because it leads to an undesired drift in the output voltage that is incorrectly
interpreted as a pole-zero mismatch. Fig. 17(a) illustrates the output voltage of integrator I, for
{+v;-v2} phasing. As illustrated in the figure, the output voltages preceding the y, transitions are
always positive and larger than the voltages preceding the y, transitions. Due to the second term i
{14), the v, and y- related charge transfers are not exactly equal. Despite the fact that y;=y,, a

systematic output drift occurs which is incorrectly interpreted as pole-zero mismatch.

ERY EReE
J1 ;
& ces

(a) (b)

Fig. 17 Integrator output waveforms for (a) {+yl-yZ} sequence and (b) {+v1-y2-y2-y1} sequence

Modifying the order of the charge add-subtract operations reduces the sensitivity to the finite gain of
the amplifiers and diminishes the resultant output drift. Use the {+y,-y>-yo+y;} sequence illustrated
in Fig. 17(b) rather than the {+y,-y,} sequence. Notice that the output voltages preceding one of the
y; and one of the y, transitions are large in magnitude. Therefore, the errors due to the second term of
(14) can be significant. However, duc to the fact that the output voltages preceding those transitions
differ in polarity, their effects partially offset each other and thus reduce the problem of output drift.
The voltages preceding the other two transitions are generally small and therefore according to (14)

result in smaller errors.

The most direct way to gauge the effectiveness of the calibration technique is to observe the seitling
behavior of the transient step response waveforms. Due to the fast transitions in the response, these
signals have significant energy at high frequencies. Exporting the signal to an external instrument
without compromising ifs spectral content requires a driver with a very wide bandwidth. To reduce
the bandwidth requirement to the point where it became feasible to design the driver, it was necessary
to slow the circuit down by adding additional capacitive loading. The resultant driver is shown in

Fig. 18. It drives the 50-Chm inputs of an oscilloscope and consumes 30mW of power.
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Fig. 18 Driver circuit

asured Results

A prototype chip was fabricated in a 0.25u CMOS process ona 2.2 x 2.2 mm die. A micrograph that
has been annotated with labels identifying the major functional system blocks is shown in Fig. 19,
The switched capacitor gain stage whose response is being tuned consumes roughly 0.08 mm’ while

the circuitry required to support the tuning procedure consumes nearly three times that area.

Fig. 20 shows the range over which the system’s transient step response can be adjusted. The
differential control voltage normally produced at the output of the tuning loop (V) was applied
externally and swept over its normal range. The plot shows that the response is continuously

adjustable between a significantly overdamped response to one that is obviously underdamped.

Fig. 19 Chip Micrograph
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Fig. 20 Measured transient step response as a function of tuning loop control voltage Ve

In an effort to simulate the system’s ability to compensate for process, aging, and environmental
variations, the uncalibrated amplifier was intentionally biased to elicit a non-ideal response. Then,
calibration was enabled and the system was allowed to tune itself to compensate for the bias

mismatch. The results were recorded and are shown in Fig. 21.

Fig. 21(a) shows the case where the uncalibrated amplifier was biased to exhibit an underdamped
response. Two different post-tuning responses are shown. One corresponds to accumulating Virg
over 8 I; {+yl-y2-y2+yl} adjustment cycles while the other was obtained by accumulating over 256

cycles. As expected, as the number of accumulation cycles increases, the tuning loop resolution
improves forcing y; closer to y,.

Fig. 21(b) shows an overdamped case. Note the dramatic improvement in the response obtained by
accumulating Verr over | cycle. Less dramatic effects are obtained by accumulating Vege over a

larger number of cycles.
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Fig. 21 Measured transient step responses before and after calibration (a) underdamped response (b)

overdamped response

The simulated pole locations are listed in Table 1. When P, cancels Z;, the closed-loop pole ratio
P,/P, is approximately 1.6. Fig. 22 is a plot that shows the simulated effect of low-frequency dipole
mismatch on settling time for 1, 0.5, and 0.1% settling accuracies. The plot is only valid for systems
with pole ratios of 1.6 and was obtained by fixing the pole ratio and sweeping the zero over the
low-frequency pole [19]. The prototype does not conform to the curves of Fig. 22 exactly because the
pole ratio of a real system does not remain constant as kyas is adjusted. Even though the curves are

inexact, they offer a reasonable approximation of the circuit’s behavior and provide plenty of insight.
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Fig. 22 Simulated settling time of a system with a low-frequency dipole and pole ratio P1/P,= 1.6 vs.

dipole mismatch for settling accuracies of 1, 0.5, and 0.1%

The vertical dotted line in Fig. 22 represents cases where the low-frequency dipole cancellation is
exact. In those cases, settling time is determined solely by the high-frequency pole, P;. Thus, the
horizontal dotted lines represent the times required for a perfect system to settle to 1, 0.5, and 0.1%
accuracies. Observe that settling time can actually be improved by introducing a slight pole-zero
mismatch. By placing the zero slightly lower in frequency than P, the system will settle faster than a

system with a perfectly cancelled dipole.

Overall, when the dipole mismatch is large, the settling time is primarily determined by the location
of the low-frequency pole P,. As the cancellation accuracy improves, settling is increasingly

dependent upon the location of the high-frequency pole P,.

Fig. 23 shows the measured settling time as a function of the number of {+yl-y2-y2+yl} cycles used
to accumulate Vggg for 1, 0.5, and 0.1% settling accuracies. Fig. 23(a) and (b) correspond to the
under- and overdamped cases of Fig 21{a} and (b) respectively. The lefimost bars labeled 0

correspond to the sysiems before calibration.



34

& 1 2 4 & % 37 &4 1286 98
Mumaber of {4y 1 -yl-yley 1 Actarmsinbons Per Cvole

(a)

S

&3

Seta
2y} Focurmlanins 7

(b)

LRI
sumber of fay by

Fig. 23 Measured settling time vs. number of {+yl-y2-y2-yl1} cycles used to determine Vggg for
settling accuracies of 1, 0.5, and 0.1% (a) for underdamped response of Fig. 21{a), (b) for
overdamped response of Fig. 21(b}

Increasing the number of {+yl-y2-y2+y1} accumulations (proceeding from left fo right m Fig. 23(a)),
results in increasing pole-zero cancellation accuracy and therefore, corresponds to moving from
somewhere starting on the left side of Fig. 22 toward the middle of the figure (Z,/P,= 1). Likewise,
proceeding from left to right in Fig. 23(b) corresponds to starting somewhere on the right side of Fig.

22 and moving toward the middle of the figure.

Summary

Multipath feedforward compensated amplifiers are not suitable for applications that require fast
settling because they have low frequency dipoles that result in the appearance of slow-settling

components in the transient response. A self-calibration methodology that compresses the dipole



mismatch was outlined for a two-stage structure. A prototype circuit was integrated in a 0.25u

CMOS process and the concept was experimentally verified.
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Appendix A. Design of a three-stage multipath feedforward amplifier

By nesting the basic multistage feedforward module of Fig. 4 within itself, amplifiers with more than
two stages can be created. The procedure is illustrated for a three-stage voltage amplifier in Fig. 5.
Two simple first-order gain stages, H,{s) and (s}, are used to realize the basic module as shown in
Fig. 5(a). Since only the notation bas changed, all of the expressions derived for the basic module,
equations (2)-(8), apply to this case except the ‘2’ and ‘b’ subscripts are changed to ‘I” and 2’
respectively. Adjusting the bandwidth of the second stage facilitates pole-zero cancellation as

described in (4). Therefore, the condition required for pole-zero cancellation is given by:
P,=P(i+4 )=P +GBW, (15)
The partial transfer function is given by:

V,(s) A(1+4)
H A . = = !
=30 .y (16)

1

While the DC-gain, pole location and GBW are given by:

4, :Az(§+~41) (17)
P, =F (18)
GBW,, = GBW, (19

Since the resultant structure of Fig. 5(a) has a first-order transfer function, it can be thought of as
equivalent to a single stage and can be nested within another module as shown in Fig. 5(b}. Since we
are still dealing with the same module, equations (2)-(8) still apply except the ‘a’ and ‘b’ subscripts
are replaced with “12° and ‘3’ respectively. Thus, the requirements for pole-zero cancellation for this

module are given by:
P, =P,(1+4,)=P, +GBW, = F, + GBW, 20)
When (20) is satisfied, the transfer function of the module in Fig. 5(b) is given by:

o <g)~_V3(S)__A3{1+A12)_43(§+A3(§+A1)) @n
BEys) 1-s/P, 1-s/P B

H

Expressions for the DC-gain, pole location and GBW are given by:



The resultant amplifier is shown in Fig. 5(c).

constructed by additional nesting.

i

A :A3<}+A2{E+A1))
Ppn=h8,=F

GRW,,, = GBW,

38

(22
(23)

(24)

Amplifiers with more than three stages can be
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Abstract

Amplifiers with closely-spaced low-frequency pele-zero pairs (dipoles) are normally avoided for
applications that require fast settling because they have slow-settling components in the transiemt
response. In this werk, an algerithm that invelves 2 Newion-Raphson iteration is utilized fo tune an
amplifier with multiple low-frequency dipoles and facilitate pole-zero cancellation. The tuned structure
is more suitable for fast settling applications.

Introduction

As fabrication technology progresses into deep-submicron feature sizes, achieving an adequate DC
gain is becoming increasingly difficult. The origin of this problem is twofold. First, reductions in
supply voltages are making it difficult to employ cascoding and still maintain adequate signal swings.
Second, the degradation in device output conductance is making it difficult to achieve an adequate
gain in two or fewer non-cascoded stages. As a resuli, non-traditional amplifier topologies are being

investigated with increased urgency.

Amplifiers with more than two stages of gain are a potential solution to the problem. However, to
ensure their stability with negative feedback, multistage amplifiers need to be compensated. Since
cach additional stage introduces poles into the system transfer function, the task of compensation
becomes more difficult as the number of stages is increased. Several multistage amplifier
compensation strategics have appeared in the literature [24-27]. Unfortunately, as a side-cffect of the
compensation process, most techniques sacrifice the gain-bandwidth product of the amplifier in
exchange for stability. As a result, amplifiers with three or more stages are typically too slow for

applications that require fast settling.

There is at least one multistage amplifier compensation technigue [28,29] that does not sacrifice the

gain bandwidth product of an amplifier in exchange for achieving stability. Although the technique
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results in an amplifier that has a gain-bandwidth product that is as large as can be achieved with a
single stage amplifier, the resultant structure is still pot suitable for fast settling applications because
it has a poor transient response. The limitation of this technique is the fact that it relies on the
cancellation of low-frequency pole-zero pairs. Inexact cancellations result in the appearance of
slow-settling components in the transient response [30,31] making these amplifiers unsuitable for

applications that require fast accurate seftling.

In an effort to overcome these limitations and extend the applicability of multistage multipath
compensated amplifiers to the high-speed realm, a calibration technique fo eliminate the dipole
mismatch of a two-stage structure was proposed [32]. The viability of the technique was

demonstrated in a 0.251 CMOS process. The results are awaiting publication elsewhere.

The applicability of the method proposed in [32] is limited to amplifiers with two gain stages and one
low-frequency dipole. In this paper we present a generalization of the technique to cover amplifiers
composed of an arbitrary number of stages. Although we focus specifically on the multistage
multipath compensated amplifier architecture proposed in [28], the technique is generally applicable

to other architectures that suffer from low-frequency dipoles as well.

The problem and the assumptions required for its solution are briefly described in section 2. The new

calibration technique is outlined in section 3 and an example and short discussion appear in section 4.

Problem Description and Assumptions

An n-stage multipath-compensated amplifier has a system transfer function that has » poles and n-/
zeros. The details can be found in [28,29,32]. If the components of the system are prudently

dimensioned, the zeros can be used to cancel all but one of the poles.

Fig. 24 shows a typical example of the closed-loop pole and zero locations in the complex s-plane for
an #’th order multipath amplifier used in a standard feedback configuration. For notational purposes,
the poles are numbered in the order of increasing magnitude. If perfect cancellation were possible,
the system would be exactly first-order. Practically, mismatch always exists and the system only

approximates a first-order response.

Imperfect cancellation of the pole-zero pairs (dipoles) results in the appearance of cxtra decaying
exponential components in the transient response. These additional components will decay more

slowly than the desired component because they lie at lower frequencies than the uncovered pole.
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Fig. 24 Closed-loop pole and zero locations for an »’th order multipath amplifier

In this work it was assumed that the amplifier architecture allows the pole locations to be individually
tuned. Fig. 25 illustrates the concept. The amplifier has a transfer function H(s) whose pole locations
are adjustable via several control signals. The 4’th control signal, by, is assumed to control the

location of pole, p.

LT p— H(S) b Your

b1 b2 bB bn-‘l

Fig. 25 Amplifier block with programmable pole locations

In a real physical implementation the &’th control signal is a voltage or current used to bias the £’th
stage of the amplifier. In general, the relationship between a control signal and the corresponding
pole location can be highly nonlinear. To ensure a reasonable model of the amplifier, a nonlinear
relationship between the control signal and its corresponding pole location was assumed. The
assumed relationship is shown Fig. 26. It is a hyperbolic tangent relationship scaled to allow tuning

of £25% of the pole’s nominal value.
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Fig. 26 Nonlinear relationship assumed between the control signals and their associated pole

locations

Throughout the work we assume that the closed-loop poles of the system transfer function are widely
separated on the real axis in the left half-plane. We also assume that each low frequency pole is
located in close proximity (+15% their nominal values) to a zero. Although, the open-loop pole
locations are highly sensitive to variations, feedback desensitizes these quantities and stabilizes their

values. Therefore, these are reasonable assumptions for the closed-loop pole locations.

Proposed Calibration Technique

An n’th order system with a pole-zero map like the one shown in Fig. 24 has a transient step response

given by:

ym:Aﬁ(ui& expau,f)} 25

i=

where 4, is the asymptotic steady-state gain, p; is the location of the i’th pele, and £; is a constant

defined by:

i=12,n (26)

J
J#

The first term in (25) is the asymptotic stcady-state response. The remaining terms all decay with
time and form the transient component of the response. Thus the transient step response of an #’th

order system with widely separated real Ieft half-plane poles can be decomposed into a sum of #

decaying exponentials with differing time-constants. This relationship is illustrated for a third-order



system in Fig. 27. Observe that the total responsc shown in Fig. 27(e) is simply the sum of the

components shown in Figs. 27(a)-(d).

From (26) vou can see that that adjusting the i’th control signal b; such that p; and z; are coincident
forces k; to zevo. Thus, by careful adjustment of the n-/ control signals, the corresponding

slow-settling terms in the transient response can be eliminated.

The calibration technique involves forcing the derivative of the transient step response to zero at
specific instances in time. Judiciously choosing the points in time where the derivative is nulled

ensures that each of the unwanted transient terms is eliminated.

The slowest settling component of the transient response is the term associated with p,. Since the
poles are widely separated, the other transient components decay significantly faster. Forcing the
derivative of the step response to zero at a point in time after all the other transient components have

decayed away ensures that the slowest settling component’s coefficient, &, is forced to zero.

The next slowest settling component of the transient response is associated with p,. Since the poles
are widely separated, the other transient components, disregarding the one associated with p;, decay

significantly faster.

Forcing the derivative of the step response to zero at a point in time, T, after all the other transient
components, except the p; term, have decayed away ensures that the joint variation due to the action
of both the p; and p; terms sums to zero. However, since we forced the p, term to zero by choosing a
time point at Ty, the joint effect of zeroing the derivative at times T, and T is that the p, term must

also be forced to zero.

The same arguments can be used justify repeated application of the concept until all n-1 slow-settling

components are eliminated.
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Fig. 27 Total transient step response of a third-order system (e)

can be decomposed into a summation of (a) thru (d)

For example, forcing the derivative of the step response shown in Fig. 27 to zero at time T) requires
that k;=0. Simultaneously requiring that the derivative of the response is zero at time T, ensures that

ky=0 as well.

Reasonably good performance is obtained by choosing the time points equal to two time constants.

T, =21, =—=—, i=12,n—1 (27)

b )==— =0 (28)
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f'zibl,bz""f)”_f:gl =0 (29)
'jta:—T
: ay
S (bv by---b, ) = ?;;l‘— =0 (36)

where the f;’s are nonlinear functions of the control signals. In vector notation, these equations can be

written as:
f(b)=0 (31

Equation (31} is a system of »-/ nonlinear equations in »-/ unknowns. The Newton-Raphson
algorithm is one technique that is commonly used to solve these types of problem and is described
elsewhere [33,34]. One drawback of this approach is that the derivatives of each of the nonlinear
functions with respect to each of the control signals is required at each iteration. The required
derivatives can be obtained using a finite difference method on samples of the transient sfep response.

An easier method to obtain the same information involves sampling the impulse response.

Example

A fourth-order linear system with poles spaced at an mterval of a decade was assumed. Using a
normal distribution with a standard deviation equal to 15% of the magnitude of the associated pole,

three zeros were randomly generated near the low-frequency poles.

Nonlinear relationships similar to the one shown in Fig. 26 were assumed to relate the control signals

to the pole locations.

Table 2 shows the locations of the poles and zeros prior to and after calibration. The algorithm
converged in 6 iterations. Note that there were significant dipole mismatches prior to calibration, but

after calibration, the results agree to better than 6 significant digits.

Table 2 Pole and zero locations before and after the calibration routine was performed.

Poles Zeros Poles
{pre-cal) (post-cal}
-1e3 -1.134345¢3 -1.134345¢3
-led -1.109643¢4 -1.109643¢4
-les -1.086678e5 -1.086678¢5
-1¢6 -1.000000¢6




The algorithm has been used to successfully tune systems as large as 9’th order containing 8 dipoles.
The technique has also been used fo tune structures with poles spaced as close as an octave apart.
Convergence problems may arise if the magnitude of the pole-zero mismatch 1s on the same order as

the spacing between the poles.

Before a practical implementation of this algorithm can be implemented, the effects of noise and

guantization need to be considered.

Summary

Amplifiers with low-frequency pole-zero pairs are not suitable for applications that require fast,
accurate settling because dipole mismatches result in slow settling components in the transient
response. In an effort to overcome this limitation, a technique to tune the responses of amplifiers to

eliminate the dipole mismatch is proposed.

The procedure requires sampling the transient step response and uses the Newton-Raphson algorithm

to determine the values of the bias currents and voltages required to achieve accurate cancellations.

To demonstrate the technique a 4’th order system with 3 mismatched low-frequency dipoles was

calibrated. After six iterations, the dipoles matched to better than 6 significant digits.
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Abstract

A prototype network-centric circuit design tool and design knowledge repesitory has been developed.
They allow a designer to interactively explore a eircuit design space of pre-characterized cirenit
topologies using a convenient graphical user interface. Users cam extend the system to include new or
custom circuit topologies without 2 lot of pregramming effort by writing their own design specification
files.

Designers will benefit from the use of the application as it will enable them (o obtain a deeper
understanding of the operation of their circuits and the performance tradeoffs that are possible for a
given circuit topology. The enhanced understanding gained by the designers will result in better design
realizations and will accelerate the development of improved topologies in the future.

Several benefits acerue due to the use of the network-centric computing paradigm of which the most
significant is the enhanced communication of design knowledge and prevention of reinvention by the use
of a centralized Design Enowledge Repository.

Introduction

Digital integrated circuits are routinely designed, synthesized, placed and routed, and verified using
highly optimized computer-aided design tools. Considerable efforts have been expended in academia
[35-38] and industry [40-42] in attempts to apply similar design automation concepts to analog
systems. However, almost all commercial analog circuits are still designed by hand. The limited
success of analog design automation is often attributed to the complexity of the analog design
problem itself. Analog design is a very knowledge-intensive task that is presently best performed by

humans.

Most of the design automation systems reported in the literature complete the entire design process
with little or no human interaction. They are often criticized for their complicated nature and steep
fcarning curves. Due to the complex nature of the general analog design problem, instead of
attempting to solve the entire design problem in one automated step, it may be advantageous to not

completely remove human interaction from the process at the outset. Rather, more practical benefit
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may be derived from small, easily used, interactive design tools that analog designers can use to make
their jobs easier. With this approach, each utility will be used for only a small portion of the overall

design task and humans will still guide the process.

Accelerated Assimilation of Designer Knowledge

The standard technique that is commonly taught for solving a multidimensional circuit design
problem is to define an application specific cost-function and subsequently use an optimization
routine to determine the design parameters that minimize it. Practically, circuits are seldom designed
using this methodology because writing a cost-function that realistically represents a designer's
priorities is a complicated and time-consuming task that depends upon the application under
consideration. Attempting to short-circuit or approximate the cost function results in circuit designs

that are sub-optimal.

As a side effect, the use of mathematical optimization tools does not substantially contribute to the
designer’s understanding of the relationships among the performance parameters and the design
parameters. This is problematic because coming up with improved circuit designs and circuit
topologies is a creative process that draws upon a designer's experience and understanding. The use of
automated optimization procedures may actually impede the development of improved circuit
topologies because the non-interactive nature of an automated optimization approach results in slower

assimilation of designer knowledge.

Designers can more rapidly deepen their understanding of a design by interactively exploring a design
space and observing the corresponding effects on and the relationships between the performance
parameters. The benefits are especially clear for designs that are too complicated to derive tractable
analytical relationships for the performance parameters. The additional msight into design
performance gained by manual exploration of the design space will aid the designer in creating

improved design topologies in the future.

Duplication of Effort

Reinvention is another problem that plagues the analog circuit design community. Many of the same
circuit problems arise over and over again in slightly different contexts. In most cases, the resultant
solutions are not sufficiently generalized to be easily applied to future applications, and if they are,
there is often not a practical mechanism to communicate the results to the larger design community.

Even groups within the same organization commonly duplicate each other’s efforts.



Aggregation of generalized design knowledge in one central location that is accessible to everyone

within an organization through a standardized interface could result in substantial productivity gains.

The Prototype Application

To address the problems previously discussed, a prototype application consisting of a network-centric

circuit design tool and a design knowledge repository have been developed.

Although the software can also be run as a stand-alone application, the prototype system conforms to
the emerging network-centric computing paradigm. Fig. 28 contains a block diagram illusirating the
network-centric operation of the tool. The executable, in the form of a Java applet, is transmitted to
any Java capable web browser via a network connection. A repository of pre-defined design
specification files is maintained at the server. Each of the design specification files embodies the
design knowledge available for a specific circuit topology that can be downloaded and used to

program the applet at the request of the client.

Applet

Intemet

WWW /!/V'Java Enabled
- Client

Server

Design Knowledge
Repository

Fig. 28 Block diagram illustrating network-centric operation

The downloadable applet is used to interactively explore a design space through a graphical user
interface. The required design information is defined by loading a text-based design specification file
that contains a list of equations used to characterize the behavior of the circuit and a list of constraints

that restrict the solution 1o the domain of viable solutions.

The application is similar in concept to the equation manipulator developed by Swings, Gielen, and
Sansen called DONALD in [38]. As described in their publication, this tool could eventually become
part of a larger overall automated analog design system. Our realization differs from theirs in that the
system architecture was chosen to be network-centric and the equations are required to be declared in

imperative form.
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The application’s interactive nature will allow designers to more quickly obtain a deeper
understanding of how their circuits operate and what performance tradeoffs are possible for a given
circuit topology. The additional insight gained through the use of the tool will accelerate the
development of improved circuit topologies in the future. Reinvention is avoided because the design
specification file for a given circuit topology is developed once by one author and then “published”

for others to use.

Downloadable design specification files can be quickly used to investigate the characteristics of
certain pre-characterized circuit topologies. Any user can extend the system to include new circuit
topologies by developing their own custom design specification files that upon completion can be

published for others to use by submission to a centralized design knowledge repository.

Fig. 29(a) contains an example screen snapshot of a Design Space Explorer application window. The
window is divided horizontally into two resizable panes. The lower pane, called the feedback pane,
contains a text area used for providing interactive feedback to the user while the upper pane contains

a table of design parameter data.

The first row in the table is a special row for editing the values of the design parameters. It is referred
to as the current values row. The numerical values of the parameters in the first row are referred to as
the current values of the parameters. The cells with white backgrounds are modifiable while those
with gray backgrounds are either declared as constants or computed and not modifiable. The

remaining table rows each correspond to different viable designs.

S

o Lpeohons Phane By

Tgesteain! YVida

dag 3¢ wen suved b g tn sl seermns ¥y

(23 Sl

Sobmen Sptek Momeli o

(a) (&)

Fig. 29 Screen snapshots (a) Design Space Explorer Application Window, (b) an example plot
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Figure 30 shows the tool’s operational flowchart. Most of the time the application is idle awaiting
new input data. When a user enters new data, the tool computes all of the dependent parameters and
then checks to see if the solution violates any of the constraints. If any constraints are violated, an
error message is generated and fed back to the user via the feedback pane. However, if none of the
constraints were violated, the design is considered vigble and an enfry corresponding to the design is
added to the table of viable designs. In this manner, the application automatically maintains a history
of all of the viable designs encountered. This is & valuable feature for designers because they can
review and compare the effects of the various parameter adjustments throughout their session. Upon
successful addition of a design to the table of viable designs, an informational message is generated

and displayed in the feedback pane.

Input New
Data

Compute
Dep. Params

Check All
Constraints

Insert Row in
Viable Design

Inform User
of Failure

Table Inform User
Update of Success
Display

Fig. 30 Operational flowchart

In the screen snapshot of Fig. 29, three viable designs were present in the table in rows 2 through 4 at
the time the snapshot was taken. Fach of the three viable designs satisfies all of the applicable
constraints but since the independent parameters for cach of the three designs differ, they have
slightly different values of the performance parameters. As indicated in the feedback pane, the

current design in row 1 is not viable becausc it does not satisfy all of the design constraints.

The interface has been designed to enhance productivity. The user is able to control parameter
visibility and display order in the table of viable designs. Plotting capability has been integrated to
rapidly convey the meaning of complex functional relationships. Fig. 29(b) shows a typical example
of a plot created by Design Space Explorer. Special rendering techniques involving special characters

and coloring arc employed to help users quickly identify the differences between the current design



and other designs in the table. These features help focus the user’s attention on the parameters of
interest, shielding them from unnecessary complexity. Additionally, the user is given the ability to
reorder the rows of the table of viable designs based upon a column-wise sorting criterion. This

allows the user to quickly rank the viable designs based upon the parameters of interest.

esign Specification Files

In architecting the Design Space Explorer application, every atternpt was made to keep the main
application general. By making the application programmable, its use was not restricted to a specific
discipline. Design Space Explorer is equally able to model, for example, mechanical and
thermodynamic systems as it is able to model electrical systems. For the work presented here,

however, the focus is on modeling electrical systems.

To facilitate user customization of existing design specifications and encourage the development of
new design specifications, Design Space Explorer accepts plain-text design specification input files.
Presently, these files are hand-coded using a standard text editor. In the future, a customized editor

will be developed to ease the burden of creating these files.

The input file language grammar is very similar to the extensible markup language (XML)
specification. The file is simply a list of elements that are denoted by fags. Although there are many
different elements in the design specification file grammer, the bulk of a design specification file is

made up of eguation and constraint elements.

Equation elements define symbolic variables via a mathematical expression involving zero or more
other variables. In a design specification file, these equations model the response of the system. In
order to function correctly, the dependency graph defined by the relationships among the equations
must be acyclic. In the future, we hope relax this requirement by incorporating a nonlinear equation

solver.

Constraint elements define mathematical inequalities that are used to distinguish viable designs from
those that are not viable. Examples of typical constraints include feasibility constraints such as
range-restrictions on signals, or performance constraints like minimum or maximum values for
specified performance parameters. Flagging those designs that do not satisfy the all of constraints is

important to prevent the user from drawing false conclusions.

The following list outlines the procedure usually employed to develop a design specification file.
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1} Identify the design degrees of freedom (independent parameters;.

2} Express the performance parameters {(dependent parameters) in terms of the independent
parameters and other dependent parameters with the provision that no dependency rings are

created.
3) Express all solution constraints in terms of the independent and dependent parameters.

4y Assemble the results from steps (1), {2) and (3} into an input file of the specified syntax.

Simplified Example: A common-source amplifier

This section provides a simplified example to illustrate the procedure of writing a design specification
file. In the interest of brevity, the explanation here omits the nonessential details. Interested readers

should consult the DSE Users Manua! for a more detailed explanation.

The circuit to be modeled is the common-source amplifier shown in Fig. 31(a).

Fig. 31 Common-source amplifier (a) schematic diagram, (b} small-signal model

Choose DOFs

The first step is to identify an independent set of variables that will be referred to as degrees of
Jfreedom (DOF). These are the variables that the designer has control of during the design process.
The design process is the method used to determine the values of these variables. Once a design’s

DOFs are specified, the physical circuit is uniquely defined.

There are a varicty of ways to choose the DOFs. Best results are obtained by choosing a minimal set
of variables. A common practice is to use physical parameters such as widths and lengths of the

transistors.  This, however, may not be the best approach. Since humans have an easier time
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conceptualizing linear relationships than nonlinear ones, it is helpful if the performance parameters
are linearly related to the DOFs when possible. Since the relationship between many of the

performance parameters and the excess bias (Vgg) is linear [43], Vgp was chosen as a DOF.

The DOFs chosen for this example are listed in Table 3.

Table 3 Degrees of freedom used in example

DOF | Description

Ve | Excess bias voltage, Ves = (Vas - Vi)

Ipg | Quiescent drain current (A)

Voo | Quiescent output voltage (V)

@

Transistor Length (m)

¢ | Capacitive load (F)

Determine expressions for the performance paramiterss

The second step in the task of developing a DSE design specification file involves writing expressions
for the performance parameters in terms of the DOFs. Assuming the device is in saturation, the

square-law device model given in (32) applies.

-C, W 2
1 ps :F#'(VGS—‘VT) '(“"1'171)5) (32)

Substituting the operating-point related DOFs into (32) and solving for ¥, yields an expression for

the width of the transistor in terms of the DOFs.

2-L-IDQ
W = 7
;u'Cu:.; ’Vig '(1+}L'V()g))

(33)

Note that the value of W depends upon the values of several other process-specific variables that have
not vet been defined. Table 4 lists the process-related variables associated with this example. The
process-related variables are not considered DOFs because once the fabrication process is chosen,
they are fixed. The designer does not have the flexibility to change the process parameters during the

design process.
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Table 4 Process-specific variables

Name Description

T
U Electron mobility (-——)
V-s
C, Oxide capacitance density (F/n1’)
A Channel length modulation parameter (V')
Threshold voltage (V)
VT

(considered constant — neglect body effect)

coc N-diffusion bottom and sidewal! capacitance densities in
T (B and (F/m) respectively.

Gy Built-in junction potential (V)

M,, M, N-diffusion bottom and sidewall grading coefficients

ovActCont Rule 6.2b Minimum active overlap of contact

szCont Raule 6.1 Exact size of contact

spcContGate Rule 6.4 Minimum spacing of contact to transistor gate

actMinWid Rule 2.1 Minimum width of active region

polyMinWid Rule 3.1 Minimum poly width

It is good practice to group the process-specific definitions into one file and include it as part of a
larger design specification file. Following this method it is ecasy to switch from one fabrication

process to another by simply including a different process definition file.

The small-signal model of the common-source amplifier is shown in Fig. 31(b}). Cr represents the
total capacitance between the output node and ground. It is composed of the fixed load capacitance

{c;) and the parasitic drain-bulk capacitance (c ).
c, =c +c, (34)

The drain-bulk capacitance is computed by (35).
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The variables 4p and Pp represent the area and perimeter of the junction, ¥y is the forward bias
applied to the junction (they should always remain reverse biased), and the other variables are defined
in Table 4. Computing (35) is problematic because at the point in the design cycle where a designer
is exploring a design space, the exact physical layout has not yet been determined. Therefore, the
exact values of 4p and Pp are not available. As a result, we are forced to rely on estimates. For this
example, a rectangular transistor layout like the one shown in Fig. 32 was assumed. Therefore, the

drain area and perimeter can be computed using the expressions in (36) and (37) respectively.
A, =W -(ovActCont + szCont + spcContGate) (36)

P,=2 (W + ovActCont + szCont + spcContGate) 37

Note that ovActCont, szCont, and spcContGate are variables that are determined by the process
design rules. The meanings of these variables are described textually in Table 4 and graphically in

Fig. 32.

|

ovActCont

________ b
szCont
T i b
spcContGate !
e —y
; L
Ee +

W

Fig. 32. Annotated rectangular transistor lavout

Neglecting ¢, the small-signal transfer function can be shown to be:

7 — o
Eu _ Gm/bo

(38)
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The small-signal transconductance and output conductance are computed via (39) and (40)

respectively.
W s
gm ::u'Cax'w—"E/EB <39}
L
AT,
g, = (40)
T+A-V,

For this example, the performance parameters of interest are the DC gain (4), the pole frequency

(@, ), and gain-bandwidth (GBW) product. Thus, the performance parameters can be computed by

the expressions given in (41) thru (43).

A=-g. /g, (4n
w,=-g,/c (42)
GBW =g, /e, (43)

Determine Expressions for the Constraints

The third step in the task of developing a DSE design specification file involves determining the
constraints on the solution. In order for equation (32) to apply, the device must be strongly inverted
and operating in the saturation region. To strongly invert the channel, the excess bias should be at

least 5 times greater than the thermal voltage (roughly).

Vg > 5 {E} (44)
q

To operate saturation, the following inequality must be satisfied.
Vo 2V s (45)

Other constraints that need to be checked are those ensure that the DOFs have reasonable values and
that the transistor’s width is at least as large as the minimum device width allowed in the fabrication

process.



Compose Design Specification File

The final step in developing the DSE design specification file involves expressing the equations and
constraints in the proper syntax. The file format is very much like XML. FEach equation and
constraint will be declared in separate elemenis that are delimited by rags. For example, the code to

enter equation {33) into the design specification file is contained in Table 5.

Table 5 Code used to define the dependent parameter “W”

<EQUATION DESC=¥Transistor width {(m)">
W= 2 * L * IDQ / (MU * COX * VER**2 * (1 + LAM * VOQ))
</EQUATION>

The equation element is delimited by an opening <EQUATION> tag and closing </EQUATION>
tag. This clement declares a dependent variable named W and assigns it a value based upon the
computed value of the associated formula. A brief textual description of the variable is included as an
optional argument in the opening tag. Each variable in Tables 3 and 4 and the equations (33) thru
(43) are implemented in the design specification file using equation elements similar to the one shown

in Table 5.

The code used to enter the constraint of {44} is contained in Table 6.

Table 6. Code used to define the constraint on the minimum Vg

<CONSTRAINT DESC="Transistor should be strongly inverted”>
VEB > 5 * k * T / g
</CONSTRAINT>

The constraint element 1s delimited by an opening <CONSTRAINT> g and closing
</CONSTRAINT> tag. The constraint ensures the device is strongly inverted. Potential designs that
do not satisfy this constraint are flagged and not entered into the table of viable designs. The other
design constraints are entered into the design specification file using constraint elements that are

similar to the one shown in Table 6.

Figure 33(a) shows a screen snapshot of the DSE application after loading and using the design

specification file described in this example.

Design tradeoffs can be more effectively visualized by utilizing the plotting capabilities of Design
Space Explorer. For example, Figure 33(b) shows the GBW as a function of IDQ for several different
transistor lengths. The plot element that created this plot is shown in Table 7. At first glance, the

code for the plot element is a little intimidating. The plot element has a lot of parameters that can be
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customized. Fortunately, DSE has a built-in plot-creation wizard that simplifies the task of creating

plots.
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Fig. 33 Screen snapshots (a) after loading the example design specification file and, (b) plot showing

GBW vs. Inq for transistors of various lengths

Table 7 Code used to instantiate the plot of Fig. 33

<Plot Name="GBW PLOT" Title="GBW" Desc="Gain-Bandwidth Product in Hz"
XLog=true XAutoRange=true XLabel="IDQ" YLog=true YAutoRange=true
YLabel="GBW" Grid=true Legend=true Markers=true SweepVar="IDQ"
SweepMin=0.0010 SweepMax=10.0 PointCount=60 SweeplLog=true
NewEntriesVis=true >

"GBW" = "GBW / 6.283185"

</Plot>

Advantages of the Network-Centric Paradigm

Network-centric applications are becoming increasingly viable as networking technology matures. In

this application, several advantages accrue due to the use of the network-centric paradigm:

o Facilitates organization-wide {or worldwide) accumulation, sharing, and archiving of design
knowledge by making well-documented design specification files available in a Design
Knowledge Repository. Due to the fact that users can search the repository for circuit
topologies that have already been characterized, the use of one centralized knowledge

repository prevents duplication of work already performed.
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o Software is available for use anytime, from any networked location, worldwide.
e Other than a Java capable web browser, no special application software is required.

o Cross-platform compatibility is assured by the use of Java. This is especially beneficial for
large enterprises with multiple platforms because it helps facilifate communication of design

knowiedge between disparate groups.

= Since the computation occurs on the client-end, the system is scalable to support virtually any

number of clients.

e Lower administration costs. Once the required Java capable browser is installed, users do not
need to spend time acquiring, installing and updating software on their machine(s). Since the
most recent software version resides in one place on the server, revision maintenance

becomes trivial.

Conclusion

Many attempts at analog design automation focus on completing the entire design process with little
or no human interaction. The lack of interactivity slows the assimilation of designer knowledge and
the advancement of new circuit topologies in general. Additionally, circuit designers within an
organization and throughout the world are duplicating each others work over and over again. The use
of organization-wide or worldwide platform-independent design knowledge repositories offers

potential for reducing the frequency of reinvention.

To address these problems, a prototype network-centric circuit design tool and design knowledge
repository has been developed. It allows a designer with network access to interactively explore a
circuit design space of pre-characterized circuit topologies using a convenient graphical user
interface. Any user can extend the system to include new or custom circuit topologies without a lot of

programming effort by writing their own design specification files.

Designers will benefit from the use of the application as it will enable them to obtain a deeper
understanding of the operation of their circuits and the performance tradeoffs that are possible for pre-
characterized circuit topologies. The enhanced understanding gained by the designers will result in

beiter design realizations and will accelerate the development of improved topologies in the future.

Several benefits accrue due to the use of the network-centric computing paradigm of which the most

significant is the enhanced communication of design knowledge and prevention of reinvention by the
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use of a centralized, platform-independent Design Knowledge Repository. Other benefits include

reduced system administration costs, system scalability, and improved mobile computing ability.
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Introduction:

Constrained design problems are often encountered in science and engineering. These problems
involve selecting values for the design degrees of freedom to achieve levels of performance that meet

or exceed predefined minimum levels subject to all the applicable constraints on the solution.

Multidimensional design problems are often optimized using automated optimization routines. This
involves defining a cost function and mathematically determining the values of the degrees of
freedom that minimize it. The weakness in this approach is twofold. First, writing a cost-function that
accurately represents a designer's prioritics is a complicated task that depends upon the application
under consideration. As a result, the designers are required to expend a lot of effort determining what
the optimal cost function should be for each particular application. Attempting to short-circuit or
approximate the cost function will result in a design that is sub-optimal. Secondly, the use of
mathematical optimization tools does not substantially contribute to the designer’s understanding of
the relationships among the performance parameters. This is problematic because creating improved
designs and design topologies is a creative process that draws upon all of a designer's experience and
understanding. In fact, the use of automated optimization procedures may actually impede the
development of improved designs because their non-interactive nature results in slower assimilation

of designer knowledge.

Designers can rapidly deepen their understanding of a design by manually exploring a design space
and observing the corresponding effects on the performance parameters. The benefits are especially
clear for designs that are too complicated to derive tractable analytical relationships for the
performance parameters. The additiomal insight into design performance gained by manual
exploration of the design space will aid the designer in creating improved design topologies in the

future.

This document describes a software tool that allows non-programmers to quickly create a
sophisticated application for interactively exploring a design space through the use of a graphical user
interface. The interactive nature of this tool will help designers more quickly gain a qualitative

understanding of how the design degrees of freedom relate to the performance parameters and the
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design tradeoffs that are possible for a given design topology. Rather than being tailored for any
specific design problem, the software is general enough to be used for the entire class of constrained
design problems. Furthermore, the software is easy to use and allows users to modify existing design
specifications or to create their own custom design specifications. Since it is written in Java, the
package is compatible with the emerging network-centric computing paradigm. As such, it allows
authors to publish their custom design specifications to the World-Wide-Web for users throughout the

world to utilize.

Getting Started

The Design Space Explorer application can be executed as a stand-alone application or within a Java-

enabled World-Wide-Web (WWW) browser as an applet.

Before we describe the operation of the software in detail, there are fow items, such as how to obtain
the software and how to run it, that need to be discussed. Since the software is interactive, the user

needs a brief introduction to the syntax required for entering numbers and formulas.

Obtaining the Application

To use the software to interactively explore the design space of someone else’s published design over
the WWW, your browser should automatically download and execute the application. No user

intervention should be required.

If vou want to use Design Space Explorer as a stand-alone application or you want to publish your
own Design Specification Files for others to use over the WWW, you need to obtain a copy of the

sofiware.

The software is distributed in a Java Archive (JAR) file called dsejar. Currently the software is
available along with supporting documentation from a link on the WWW page at

http://www .public.iastate.edu/~schlarm

Executing the Application

Once you have a copy of the software, it can be used as a stand-alone application for personal use
and/or development of new Design Specification Files. It can also be distributed via a WWW server

to publish finished design specifications on the web for global interactive use.
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The application was compiled using Sun Microsystems Java Development Kit (JDK) 1.4. Therefore,
it needs o execute in a virtual machine that 15 1.4 compliant or better. At the present time, the virtual
machines in the commercially available browsers are not yet 1.4 compliant. It is not clear that they
will become compliant in the near future. In the meantime, to execule the sofiware, the Java Runtime

Environment (JRE) 1.4, which is freely available from Sun Microsystems, is required.

Publishing Design Specification Files via the WWW

Users who want to publish their own finished design specifications for others to use over the World-
Wide-Web using the Design Space Explorer Applet served from their own local web-server need to
obtain a copy of the Jar Archive that contains the application dsejar. Place the jar file in the same
directory as the him! page that references it. To ensure the browser uses the correct plug-in, the

applet should be included in the html page using the code shown in Table 8.

Table 8 Code to add to the html file to include Design Space Explorer as an applet.

<OBJECT classid="clsid:8ADICB40~044E~11D1-B3E9-00805F489D93"
WIDTH = 300 HEIGHT = 140

codebase="http://java.sun.com/products/plugin/autedl/jinstall-1 4-
win.cab#Version=1,4,0,0">

il

<PARAM NAME CODE VALUE="edu.lastate.ee.schlarm.main.DSEApplet.class™>

I

<PARAM NAME ARCHIVE VALUE = "dse.jar"” >
<PARAM NAME="type® VALUE="application/x-java-applet;version=1.4%>

<PARAM NAME="scriptable”™ VALUE="false">

<PARAM NAME = TINDEXURL" VALUE =%"dse index.txt">

<COMMENT>

<EMBED type="applicaticn/x-java-applet;version=1.4" CODE =
“edu.lastate.ee.schlarm.main.DSEAppiet.class™ ARCHIVE = "dse.jar®™ WIDTH =
300 HEIGHT = 140 INDEXURL = "dse index.txt” scriptable=false

pluginspage="http://java.sun.com/products/plugin/index.htmltdownload"™>
<NOEMBED></NOEMBED>

</EMBED>
</COMMENT>
</OBJECT>

When the applet is initialized it attempts to load an index file that specifies what designs are available
and where they are located. The URL of the index file is specified by the INDEXURL parameter
present in the applet tag. The user can modify this parameter to point to their custom index file

{(notice the INDEXURL parameter tag appears twice in the code in Table € so the user should take
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care to modify it in both places). If the INDEXURL parameter tag is not present in the applet tag,

then by default, the applet looks for the file named dse_index. 1.

An example design index file is shown in Table 9. Each line of the input file corresponds o a
different Design Specification File that should be made available to the user to open using the applet.
Each entry in the table consists of 3 semicolon delimited parts: the name of the Design Specification

File, its URL, and a brief text description of the input file.

Table 9 Example DSF Index file

Common Source Amp;csa/csa.dse ;Common source amp with a resistive load

Two Stage Amp; twostageamp/twostageamp.dse; Two Stage Amplifier

Fig. 34 contains an example screen snapshot of what the initial applet display area might look like.
The name of each design file specified in the DSF index file will be displayed in a list in the order
they were defined. When the user selects one of the list items, the corresponding textual description,
which was also specified in the index file, is displayed in the lower-left pane of the display. The
Launch button starts a new Design Space Explorer Application with the currently selected Design

Specification File.

“iCommon Source Amp
i Two Stage Amp

SCOmInan source ampliitier wih
iz rasistive logd

Launch

USRS 1

Fig. 34 Snapshot of applet window

When Design Space Explorer is executed as an applet security restrictions are imposed on the
activities that the applet can perform by the browser it is embedded in. For example, in most
browsers, applets are not able to read and write directly from the file-system of the machine the applet
is executing on, nor are they allowed to make network connections with any machine except the one
which the applet originated from. It is also possible that on some systems applets may not be given

the privilege to print. If the restrictions are too limiting in your environment, consider circumventing
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the security restrictions, by downloading the application and Design Specification File and running

the software as a stand-alone application.

Running as a Stand-alone Application

To run Design Space Explorer as a stand-alone application obtain a copy of the Jar Archive that
contains the application, dsejar. Since the application is coded using the Sun Microsystems JDK 1.4
you will need a Java Runtime-Environment (JRE) that is 1.4 compliant. To launch the application

use the following command in the directory where the dse.jar archive file resides:

../java -jar dse.jar [ input file namel

where the ellipsis should be replaced by the full path to the java application. The input file name is an
optional argument used to specify the name of the design specification file. If omitted, the

application reads the imput file from the standard input.

Number Format Specification

To interactively use the software or to develop new Design Specification Files it will be necessary to
enter numeric values via a text interface. Therefore, users need to be familiar with the numeric

representation the program will accept.

Real numbers are represented as integers or in exponential notation using ‘e’ or ‘E’ to designate the

exponent. Examples include:
132

0.0

f—y

L42e-5

~4,998E15

The imaginary component of a complex number is designated with a suffix of ‘i’ or ‘I". Examples

nclude:
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Specifying Mathematical Formulas

Interactive users may find it necessary and Design Specification File developers will definitely need
o enter mathematical formulas via a text interface. In order to construct valid equations, these users

need to be aware of the available operations and the precedence of the operators.

All mathematical operations are computed using double (64-bit) complex math. The intrinsic
operations and the order of their precedence are summarized in Table 10. Table 11 contains a list of

the available built-in functions and their syntax.

Table 10 Operator precedence

Precedence Operator Description
I O
2 o exponentiation
3 ¥/ multiplication, division
4 +, - addition, subtraction
5 &, |, " bitwise and, bitwise or, bitwise xor
6 ==,>, <, >=_ | equal to, greater than, less than, greater than or
<=, i= equal to, less than or equal to, not equal to
7 and, or, xor | logical and, logical or, logical xor
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Table 11 Buili-in mathematical functions

Syntax Function Description
abs{x} absolute value of returns the magnitude of x
arg(x) argument returns the principal angle of x measured cow from
the real axis
asin(x) inverse sine returns the principal inverse sine of x
asinh{x) inverse hypebolic sine | returns the principal inverse byperbolic sine of x
acos(x} mverse cosine returns the principal inverse cosine of X
acosh{x) inverse hyperbolic returns the principal inverse hyperbolic cosine of x
cosine
atan(x) mverse tangent returns the principal inverse tangent of x
atanh{x) inverse hyperbolic returns the principal inverse hyperbolic tangent of x
tangent
conj{x) conjugate returns the complex conjugate of x
cos(x) cosine returns the cosine of x (radians)
delta(x) dirac-delta function returns / if abs(xy==0, 0 otherwise

elementat(array,i)

accessing an element of

retarns the 1°th element of an array

an array
expix} exponential returns “¢” raised to the x power
im{x) imaginary component | returns the imaginary component of x
log(x) natural logarithm returns the natural logarithm of x
max{x,y) maximum returns the argument with the largest real
component; if equal real components returns x
min{x,y) minimum returns the argument with the smallest real

component; if equal real components returns x

polyeval{x,a0,...an}

polynomial evaluation

returns a0+al*xM+a2*x 2+, an™x n
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Using

Design Space Explorer Overview

Fig. 35 contains an example screen snapshot of a typical Design Space Explorer application window.
The window is divided horizontally into two resizable panes. The lower pane, called the feedback
pane, contains a text area used for providing interactive feedback to the user while the upper pane

coniains a table of design parameter data.

independent Dependent
Parameters Parameters

@ s
;e H
DA Y S

Current Values Row

Tabie of Viable Designs

Consiraint Yiolation(s) Delzcted:
Feedback Pane 13 1 has enterad weak inversion, increasa YEBY
1 constraint violated

Fig. 35 Example snapshot of the Design Space Explorer Application Window

The first row in the table is a special row for editing the values of the design parameters. It is referred
to as the current values row. The numerical values of the parameters in the first row are referred to as
the current values of the parameters. The cells with white backgrounds arc modifiable while those

with gray backgrounds are either declared as constants or computed and not modifiable.

Fig. 36 shows a simplified flowchart of the operation of the tool. Most of the time the application
waits for new input data. When the user enters new data, the tool recomputes all of the dependent
parameters and then checks all the constraints on the solution. If any of the constraints are violated, an
error message is generated and fed back to the user via the feedback pane. However, if none of the

constraints were violated, the design is viable and an entry comresponding to the new design is added
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to the table of viable designs. Upon successful completion of the addition an informational message

is generated and displayed in the feedback pane.

In Fig. 35, five viable designs were present in the table at the time the snapshot was taken. Each of
the viable designs satisfies all of the applicable constraints but since their independent parameters

differ, they have different values of the performance parameters.

Input New
Data

Compute
Dep. Params

Check All
Constraints

Insert Row in
Viable Design

Inform User
of Failure

Table Inform User
Update of Success
Display

Fig. 36 Simplified operational flowchart

Special rendering techmiques are employed to help users quickly identify the differences between the
current design and other designs in the table. First, cells in the table of viable designs whose values
are exactly the same as the current value are denoted with the “|” character. This reduces the amount
of information the user has to process which allows him/her to quickly focus on the values that are
different. Second, the text color is adjusted based upon the quantity to be displayed. If the real part is
larger than the corresponding real component of the current value, when rounded to the desired
number of significant digits for display, the value is rendered in green. Altcrnatively, if it is smaller,
it is rendered in red. This feature help the user quickly categorize desigas into those that are larger or

simaller.

A particular design can be selected by mouse-clicking on its corresponding row in the table of viable
designs. When a design is selected, it becomes the current design. That is, its numeric values are
transferred to the current-values row. Any design can be removed from the table of viable designs by

selecting it and pressing the ‘delefe’ key.
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Changing the Font Size

By default, new windows are rendered with a 12-point font. However, the user can modify the font
size at any time. As depicted in Fig. 37, clicking on Font Size in the View menu brings up a submenu
of available font sizes. Clicking on one changes the font size to the selected point size throughout the

application.

o the table of viable designs o0

Fig. 37 Screen snapshot while changing the font size

Centrolling Parameter Visibility

When new windows are launched, the visibility and display order of the parameters in the tabular
display assume the defaults specified in the Design Specification File. After launch, however, the
user has complete control of parameter visibility and display order. They can change the visibility of
any parameter at any time by clicking on the corresponding tree item in the selection trec contained in

the Parameter Visibility Frame. The frame is activated by clicking View->Parameter Visibility.

For example consider the screen snapshot shown in Fig. 38 where a portion of a parameter visibility
tree is visible. Each parameter in the repository is guaranteed to have at least one free item in the tree.
The checkbox preceding the parameter label indicates the current visibility status of the parameter. If
checked, the parameter is currently visible. Otherwise, it is not visible. Clicking on the tree item
toggles the visibility of the corresponding parameter. Note that when a parameter is made visible, it
is added to the rightmost end of the table. Therefore, to see the newly added parameters, you may

have to scroll the table pane all the way to the right.
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Right-clicking on a category item causes a small popup menu to be displayed (like the one shown in

Fig. 38). It is used to set the visibility of all the parameters in the category with a single click.

The user can modify the display order at any time by clicking on the column header of a visible table

column and dragging it to the desired location.

1 Categories
& [ Degrees of Freedom
& [ Geomefrical Parametsrs
® [ Large-Signal
@ [ comman-Mode R
2 [ Op. Point
& [ Currents | Hide AN |
@ [ Threshald vVoltages
9 voltages
B vDC3Z - DC Voltage on Mode
TVDET - DC Drain-Source Yol -
I3 ¥DE2 - DC Drain-Source Yol =
{ : e

-

ATransfe

Fig. 38 Controlling parameter visibility

Printing

Choose File->Print to print the current table. If the table is too big to fit on a single sheet it will
automatically be printed to multiple sheets. Tip: since the current display font size determines the
print font size, changing the font size prior to printing will affect the number of pages required to

print,

On some systems, due to security restrictions, when running the program as an applet, printing may
not be allowed. Other systems may prompt the user for permission to print. If you are on a system
which does not allow applets to print, consider downloading the code and running it as a stand-alone
application. Alternatively, you might consider making the data you want to print visible and screen-

dumping the window to the printer.
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Seorting Viable Designs

As depicted in Fig. 39, clicking on a column-head in the table pops up a menu of choices associated
with the selected column. Onc of the choices is to Sert the table of viable designs based on the
values in one column of the table. Since the data in the table may be complex, there are a variety of
options. The rows can be sorted in ascending or descending order based on the real component, the

imaginary component, the argument, or the magnitude.

Since the first row is used for editing the current values of the parameters, it does not participate in
the sort. The table rows are reordered based on the selected criterion using the values in the selected

column as the sorting key.

At constraints satisfied’ ©° "QR’%C mﬁg% ¢
wiable designs. Usging imag, Compuonent »
Using#rg,

Fig. 39 Screen snapshot depicting the column-header popup menu

Display Precision and Numeric Formatting

Clicking on a colunmn-head in the table pops up 2 menu of choices associated with the selected
column, Fig. 39 shows a snapshot of the popup menu. Hovering the mouse pointer over or clicking
on the Display Precision item causes the Digits submenu to appear. This menu can be used to select
the desired number of significant digits to be displayed. Note that this setting onfy affects the
precision of the display. Despite the number of digits selected, all calculations are performed using

the full precision of Java double-precision variables.

The formatting of the displayed numeric quantities can be modified in a manner that is very similar to

the display precision. Hovering the mouse pointer over or clicking on the Formatting menu item in
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the column-header popup menu causes a submenu to appear that allows the numeric formatiing to be
set 10 scientific O engineering representation. In engineering notation, a character suffix is added to
represent the magnitude of the quantity. Table 12 contains a list of the suffix characters and their

associated magnitudes.

Table 12 Engineering notation suffixes and their magnitudes

Suffix | Name Value

T tera iel2
G giga 1e9
M mega le6
k kilo 1e3
m mill fe-3
u micro le-6
n nano te-9

p pico le-12

f femto le-15

a atto Te-18
z zepto le-21
v yotto le-24

Using Multiple Windows

Another feature that gives the user a great deal of flexibility in constructing a custom interface that
suils their needs is the ability to simultaneously open more than one window based on the same
design. You can think of this as having multiple views of the same data. Each view would have
unique properties such as which parameters are visible, the order in the display, the font size, and the

viable design sorting order.

To open another window click Create New Frame from the File Menu. There is no limit to the

number of open frames that you can open at one time.



Row selection is synchronized among all of the open windows. For example, if you select a row in
one window, even though the other open windows may have different sorting orders, the
corresponding row in the other windows will also be highlighted. This feature allows ecasy

identification of design candidates across several open windows.

Creating New Design Specification Files

To facilitate user customization of existing design specifications and encourage the development of
new design specifications, the Design Space Explorer Application accepts plain-text design
specification input files. The input files can be created with any text editor (in Windows use Notepad,
on a Macintosh use SimpleText, in UNIX use FMACS or VI, or use any other word-processing

program that allows you to save your document as fext).

The input file language grammar is very similar to the extensible markup language (XML)
specification. The input file is simply a list of elements that are denoted by fags. Differing types of
elements represent the variety of different components that may be present in an input file. For
example, one type of clement represents a design equation, another type represents a constraint.
There are other elements used to represent bibliographical information such as the authors’ names, the

title, the creation date, etc. The tags simply mark the beginning and ending of each element.

Typical Development Procedure

Constrained design problems are frequently encountered in science and engineering. The procedure
for using it with the Design Space Explorer Application is summarized in the following steps.

1) Identify the design degrees of freedom (independent parameters).

2) Express the performance parameters (dependeni parameiers) m terms of the independent

parameters and other dependent parameters with the provision that no dependency rings are created.

3} Express alt solution constraints in terms of the independent and dependent parameters. Examples
of typical constraints include feasibility constraints such as range-resirictions on signals, or

performance constraints like minimum or maximum values for specified performance parameters.

4) Assemble the results from steps (1), (2) and (3} into an input file of the specified format described

iater in this document.
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Tags

Tags are used to mark the beginning and ending point of an element. A simple tag consists of an
opening angle bracket, (<), followed by a tag name, and then a closing angle bracket, (>). Consider
the following examples <AUTHOR>, <DATE>, and <EQUATION>

Tags come in two different varieties: starting tags and ending tags and tags always occur in pairs. As
suggested by their name, a starting tag marks the beginning of an element and a matching ending tag
marks the end of the element. Matching starting and ending tags have identical tag names except the
ending tag’s tag name is prefixed by a */”. For example, the tag <AUTHOR> marks the beginning of

an element while the tag </AUTHOR> would mark the end of the element.
Nete: tags are not case sensitive; <DATE> is equivalent to <date>.

Starting tags can contain additional information within them which is used to customize the attributes

of the element the tag is denoting. Consider the following example,

<CONSTRAINT DESC="Minimum Width” width
> 3
</CONSTRAINT>

In this example, the constraint element is assigned the descriptive name “Mmimum Width” by

specifying it within the starting tag

Title Elements

Title elements define the title of the design specification file. This title appears in the ‘about the

current design spec.” dialog and the title bars of the windows.
Example:

<DSFTITLE> The Sample Title </DSFTITLE>

Author Elements

Author elemenis are used to specify the names of the authors of the design specification file. There is
no limit to the number of authors that can be specified. The order the authors will appear in the

graphical interface will be in the same order as they appear in the design specification file.

Fxamples.



<AUTHCR> John Smith </AUTHOR>

<AUTHOR> William Jefferson Clinton </AUTHOR>

Revision Elements
A revision element is used to specify the revision number of the design specification file.
Example:

<REV> 1.0 </REV>

Date Elements

A dote element specifies the date the design specification file was released.

Example:

<DATE> July 4, 1776 </DATE>

URL Elements

A URL element specifies the address of a WWW page that is launched when the design specification
file is loaded by an applet.

Example:

<URL> http://www.someurl.com </URL>

Equation Elements

Each equation clement in the input file defines a parameter. If the defined parameter depends on the
value of other parameters, then it is a dependent parameter. Otherwise it is an independent parameter.

Eguations are declared using the following syntax:
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<BEQUATION attribute 1list> var name = math formula </EQUATION>

where attribuie list is a white-space separated list of a combination of the relevant atiributes
contained in Table 13, var_nome is the name of the parameter whose value is explicitly defined as a

function of other variables and numerical constants by the equation expressed by math formula.

Table 13 Attributes of the equation element

Attribute Description

CATEGORIES="catl;cat2;” Specifies the categories the parameter defined in this equation
belongs to. Note that a parameter can simultancously be a
member of more than 1 category af a time. The categories are

defined in 2 semicolon separated list.

CONSTANT Specifies that the user cannot interactively modify the value of

the parameter.

DESC="text description” A short textual description of the equation. Used to customize

ToolTips and error messages.

HIDDEN Sets this parameter’s default visibility to be hidden. If this
attribute and the visible attribute simultancously appear in the

same equation, an error will be thrown,

DIGITS=x Specifies that x digits after the decimal place are to be
displayed (defanlt value = 3).

VISIBLE=ppi Sets this parameter’s default visibility to be shown with a
position priority index of ppi. If this atiribute and the hidden
attribute simultancously appear in the same eguation, an error

will be thrown.

NOTATION=ENG | 8CI Sets the type of notation for formatted displays. “ENG”
corresponds to engineering notation while “SCI” corresponds

to scientific notation.
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To make the tabular graphical user interface more user friendly, the parameters can be grouped into
broad categories using the CATEGORIES atiribute.  This allows the user to quickly perform
identical actions on parameters that belong 1o the same category at one time rather than having to act
on each one of them independently. Each parameter can simultaneously belong to more than one

category. The categories are specified using a semicolon separated list.

The position priority index associated with the VISIBLE attribute is used to determine the defanlt
location of parameters in the tabular graphical user interface. Parameters with lower position priority
indices are placed further to the left n the display. Parameters with equal indices are arranged

alphabetically going left to right in the display.

The use of the optional, descriptive labels is highly recommended because they can greatly enhance
the effectiveness of the graphical user interface by allowing for the customization of error messages,
and the addition of descriptive ToolTips that are automatically displayed when the mouse rolls over

specific areas of the display.

In order to function correctly, the dependency graph defined by the relationships among the equations
must be acyclic. If a set of equations is defined that contains a dependency loop, e.g. vl depends on
v2 that depends on v1, an endless computation cycle would result. Therefore the program checks for

dependency cycles and throws an exception if one is detected.

Examples:

<EQUATION> x = -3 + 4i </EQUATION>

Defines a parameter named ‘x” and assigns it a complex value of -3+4i. Since no attributes were
specified in the starting tag, “x’ assumes the default set of aftributes. Since the right hand side of the

)

assignment evaluates to a numerical value, with no dependence on other parameters, ‘X’ is an

independent variable.
<EQUATION DESC="Underdamped Response” HIDDEN>
vy o= 1 - exp( x * € )**2

</EQUATION>

b

This example defines a dependent parameter named ‘y’ that depends upon two other variables: ‘x

and ‘t’. To customize the ToolTips and error messages associated with ‘y’ it has been assigned a
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short textual description of “Underdamped Response”. The parameter has alsc been declared hidden
meaning that, by default, it will not initially be visible in the tabular display.
<EQUATION

DESC="Sampling Instant”

CATEGCORIES="Time Domain;User Modifiable”

VISIBLE=10 DIGITS=4 NOTATION=ENG>

[l

t s = le-

</EQUATION>

This example defines a dependent variable ‘t s’ with a description of “Sampling Instant”. The
parameter is a member of the “Time Domain” and “User Modifiable” parameter categories. The
VISIBLE attribute specifies that the parameter will initially be visible in the tabular display. The
parameter has been assigned a position priority index (ppi) of 10 which means that all other visible
parameters with ppi’s less than 10 will lie to the left of ‘t_s’ and those with ppi’s greater than 10 will
lie to the right in the display. Other parameters that also have ppi’s of 10 will be ordered
alphabetically from left to right in the display. For formatted displays, the numeric value of this

parameter will be shown with four significant digits in engineering notation.

Constraint Klements
Constraint elements are declared as:

<CONSTRAINT attribute list>
compariscon {(( and | or | xor ) comparison )¥*

</CONSTRAINT>

where the parentheses are used for grouping only and don’t really appear in the constraint definition
and aftribute list is a white-space separated list of a combination of the relevant attributes contained
in Table 14. The “|” indicates the logical ‘or’ operation and the **’ represents that the preceding
quantity in parentheses might be repeated zero or more times. In words, a constraint element consists
of a list of comparison items separated by the logical operators “and”, “or”, or “xor”. The

comparison item is defined as:
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comparison ::= formula ( == | > | < | <= | >= | I= ) formula

where the non-terminal formulo is a mathematical equation that evaluates to a numerical value (see
section 0). Note that the relational operators that include greater-than or less-than do not make sense
for complex operands. Therefore, they are re-defined to consider only the real components of the

operands only. The complex components are ignored during comparisons.

Table 14 Attributes of the constraint element

Attribute Description

o A short textual description of the constraint. Used to
DESC="text description”

customize ToolTips and error messages.

Examples:

<CONSTRAINT DESC="Causality”> t >= { </CONSTRAINT>

This example defines a constraint named “Causality” that evaluates to frue when the variable 1 is

greater than or equal to zero.

<CONSTRAINT DESC="Stability”> re(x) < 0 </CONSTRAINT>

This example shows that the argument of the comparison operation can be more complicated than a
single variable, it can be any expression that evaluates to a number. In this case, the constraint
cvaluates to frue when the real part of x is less than zero.
<CONSTRAINT DESC="Valid Output Range”>

y < 3 and y > -3

</CONSTRAINT>

Defines a more sophisticated constraint that ensures a variable is within a given range (note: if y is

complex, the imaginary part is ignored).
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<CONSTRAINT DESC=“Sophisticated Constraint”>
abs{x) == 0 or { vy < 3 and yv > -3 }

</CONSTRAINT>

Set-brackets are used to group operations at the logical operation level. Sophisticated logical
functions can be compactly written by nesting logical operations. The logical expression inside the

set-brackets is fully evaluated prior to performing the ‘or” operation.

Plot Elements
Design Space Explorer has the ability to plot relationships. Plot elements are declared as:
<PLOT attribute list>

{"series name" = "formula®)+

</PLOT>

where attribute list is a white-space separated list of a combination of the relevant attributes
contained in Table 15. The ‘+° represents that the preceding quantity in parentheses must be
repeated at least once and may be repeated more than once for more than one series on the same axes.
The quotation marks used to delimit the series_name are required only if the name contains

whitespace characters.
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Attribute

Bescription

NAME="plot_name”

A unique name used to identify the plot. The
name cannot contain whitespace characters.

This attribute is required.

TITLE="plot title"

The plot's title

XLOG(=TRUE | FALSE)?

Flag used to indicate the independent axis

should have a logarithmic scale.

XAUTORANGE(=TRUE | FALSE)?

Flag used to indicate if the independent axis
should antomatically rescale itself to fit the

data.

XLABEL="axis_label"

Defines the independent-axis label

KXMIN=X0 Used to define the minimum of the
independent-axis range when XAUTORANGE
is false.

KMAX=X1 Used to define the maximum of the

independent-axis range when XAUTORANGE

is false.

YLOG(=TRUE | FALSE}?

Flag used to indicate the dependent-axis should

have a logarithmic scale.

YAUTORANGE(=TRUE | FALSE)?

Flag used to indicate if the dependent-axis
should automatically rescale itself to fit the

data,

YLABEL="axis_label"

Defines the dependent-axis label

YMIN=Y0

Used to define the minimum of the dependent-

axis range when YAUTORANGE is false.
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Attribute

Description

YMAX=Y1

Used to define the maximum of the dependent-

axis range when YAUTORANGE is false.

GRID(=TRUE | FALSE)?

Flag used to specify the grid should be visible
{default is visible).

LEGEND(=TRUE | FALSE)?

Flag used 1o specify if the legend should be

visible {default is not visible).

MARKERS(=TRUE | FALSE)?

Flag vsed to specify if point-markers should be
visible (default is false).

SWEEPVAR="sweep_variable name"

Specifies the name of the independent variable

that will be swept.

SWEEPMIN=50

Used to define the minimum of the range over

which the independent variable is swept.

SWEEPMAX=81

Used to define the maximum of the range over

which the independent variable is swept.

SWEEPLOG(=TRUE | FALSE)?

Flag used to indicate if the samples should be
space logarithmically or linearly

{(default=linear spacing).

POINTCOUNT=n

Number of sample points

NEWENTRIESVIS(=TRUE | FALSE)?

Flag used to specify that when new designs arc
added to table of viable designs that their
resultant data series be automatically visible in

the plot (default = true).

DESC="text description”

A short textual description of the plot. Used to

customize ToolTips and error messages.
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Examples:
<PLOT NAME="TimeSweep” SWEEPVAR="t">
"y {t)” = "sin{w*t + theta)”

</PLOT>

This example defines a plot named “TimeSweep” with a sweep variable named "t". The plot contains
one data series named "v(t)" whose value is specified by the formula "sin(w™*t + theta)".
<PLOT NAME="TimeSweep" SWEEPVAR="t'">

ys" = "sin{w*t + theta}”

i

ye'™ = "cos{w*t + theta)™

</PLOT>

This example is the same as the previous example except that it includes two data series to be plotted

on the same axes.

<PLOT NAME="Phase™ TITLE="Phase Response” XLOG XAUTORANGE
XLABEL="Frequency"” YLOG=false YAUTORANGE=false YMIN=-90 YMAX=180
YLABEL="Phase” GRID=true LEGEND=true MARKERS=false SWEEPVAR="w"
SWEEPMIN=0.01 SWEEPMAX=1.0ES POINTCCUNT=1G0 SWEEP?OG=true
NEWENTRIESVIS=true >

"Open-Loop" = "arg(Hol)*RAD TO DEG"

</PLOT>

This is a more complex example that specifies many of the available options specified in Table 15.

Include Elements

While loading a given design specification file into the Design Space Explorer Application, another
design specification file can be dynamically included (inserted) into the design specification via the

Include Statement.
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Examples:

When Design Space Explorer encounters the following statement while loading a DSF file, it inserts
the contents of the file located at ¢/constants.dse into the input stream at the point where the include
statement occurred. This is an example of how an absolute path is used to incorporate an include file

on a Windows-based machine,

<INCLUDE> c:/constants.dse </INCLUDE>

When Design Space Explorer is running as an applet, including files by specifying the absolute path
of a file may not work due to security restrictions. In these situations, use a URL to refer to the

desired include file.

<INCLUDE> http://www.someplace.com/constants.dse </INCLUDE>

Relative addressing can also be used to refer to include files. The following example looks for an
include file called constants.dse 1 the same place as the design specification file that contains the

include statement.

<INCLUDE> inc/constants.dse </INCLUDE>

If the previous example was encountered while loading a design specification file from a URL such

as http//'www.someplace.com/design.dse, Design Space Explorer would search for a file named

htip://www .someplace.com/inc/constants dse.  Likewise, if the previous example was encountered

while loading a design specification file such as c:/design.dse, the application would search for

c:/inc/constanis.dse.

Filter Elements

Filter elements facilitate variable substitution in text files. They allow users to create customized

reports based on the design’s current values.

Menu items are added to the menu hierarchy for each filter element in the design specification file.
The user activates the variable substitution process by selecting the corresponding menu item. When
activated, the specified text file is processed. Each specially delimited variable placeholder is

replaced with its numerical equivalent obtained from the current design.


http://www.somcDlace.com/desi2n.dse
http://www.someDlace.com/inc/constants.dse
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Filter elemenis are declared in the design specification file as:

<FILTER attribute list>
file

</FILTER>

where aitribute list is a white-space separated list of a combination of the relevant attributes

contained in Table 16 and file specifies the absolute or relative address of the text file to be processed.

Table 16 Atiributes of the Filter element

Attribute Description

Menu = “colon_delimited_list” A colon delimited list describing the desired menu to
place the new Menultem on. For example “File:Create”
places the new Menultem on a submenu of the File menu

called Create.

MenuText="menu text” The text that will appear in the menu of the Menultem
used 1o activate the action. This is a required attribute.

A parse exception will be thrown if it is not defined.

Notation="ENGISCI” Specifies whether all numeric guantities should be
formatted in scientific or engineering notation. If not
specified, each quantity is formatted according to its

properties specified in the DSF file.

Digits=n Specifies the number of significant digits used in
formatting all numeric quantities. If not specified, each
quantity is formatted according to its properties specified
in the DSF file. » must be a positive integer less than or

equal to 10,
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Variables are delimited in the input file using ${varName} where varName is the name of a properly
defined variable in the design specification file. A few special varisbles used for date and time

stamping are automatically defined. Theirnamesare _ DATE__,  TIME ,and DATETIME .
Example:

Table 17 lists the contents of a design specification file that declares three variables and a filter
element. When this file is processed by Design Space Explorer, a menu called create is added to the
menu bar of the application window. The create meny contains the menu itemn Repor:. When the
Report menu iter is activated, variable substitution is performed on the text file festFilfer.txt. The

contents of testFilter.txt are listed in Table 18, The results are listed in Table 1.

Table 17 Contents of design specification file tesiFilfer.dse

<EQUATION> Width = 4 </EQUATION>

<EQUATION> Length = 5 </EQUATION>

<EQUATION DIGITS=6> Area = Width * Length </EQUATION>

<FILTER MENU="Create® MENUTEXT="Report"> testFilter.txt </FILTER>

Table 18 Contents of the text file rtestFilter. ixt used to demonstrate variable substitution

Report Created: ${ DATETIME }

The total area for a plot of ${Width}m X ${Lengthim is S${Area) m"2.
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Table 19 Resultant text file created by variable substitution

Report Created: Aug 18, 2002 11:30:10 AM

The total area for a plot of 4.00m X 5.00m is 20.0000 m"2.

Simple Input File Example

Up to this point in this document, each type of input file clement has been independently described.
Now it is time to put the pieces together into one comprehensive example that you can study.
Although Design Space Explorer can be used on any constrained design problem from any discipline,
the example provided here will focus on a circuit design problem. Consider the circuit schematic of

the common source amplifier shown in Fig. 40.

————
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Fig. 40 Common source amplifier with a resistive load schematic
When creating a new design specification file, the first thing that is typically done is to declare the
relevant bibliographical information. This involves declaring a title, the authors’ names, a revision

number, release date, and 2 URL where documentation can be found. For this example, the header

information might look something like the example code shown in Table 20.
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Table 20 Declaration of bibliographical information

<DSFTITLE>
Single Stage Common Source Amplifier with a Resistive Load
</DSFTITLE>

<AUTHOR>
Mark E. Schlarmann
</AUTHOR>

<REV>
2.0
</REV>

<DATE>
Aug. 19, 2002
</DATE>

<URL>
http://www.public.iastate.edu/~schlarm/dsf/csa/csa.htm
</URL>

Let’s assume the transistor of Fig. 40 is operating in the saturation region. This means we will need
to impose a constraint on our solution to ensure that this is indeed the case. For a NMOS transistor to
operate in the saturation region the transistor has to be on (its excess-bias (VEB) > §) and its drain to
source voltage (VOQ) has to exceed its excess bias. Therefore we need to add the following

constraint element to the input file:

Table 21 Constraint that ensures the transistor operates in the saturation region

<CONSTRAINT DESC="Transistor Saturation Reguirement®>
VEB > 0 and VOQ > VEB
</CONSTRAINT>

If we further assume the transistor operates in strong inversion, the square-law model of the transistor
can be applied. Therefore, to ensure that the transistor operates in strong inversion we add the

following constraint.

Table 22 Constraint that ensures the transistor operates in strong inversion

<CONSTRAINT DESC="Strong Inversion Requirement®>
VEB > 0.15
</CONSTRAINT>

When the constraints in Table 21 and Table 22 are satisfied, a square-law model similar to equation

46 can be used to model the transistor.

k , .
[0 :B‘?’”‘(VG "Vr)“ (I+/LV()Q) {46)
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where 1g is the quiescent current flowing from drain to source, k, is the product of electron mobility
and the oxide capacitance density, B is the width/length ratio of the transistor, Vg is the gate voltage,
Vr is the threshold voltage, A is the channel length modulation parameter, and Vg is the quiescent

output voliage.

Equation 46 can be simplified slightly by introducing an intermediate variable called the excess bias

voltage (Vip) which is defined as:
Vig =V =V 47
Substituting (47) into (46) and solving for Vg yields:

e
21

Q

Vo= 0 48)
55 x/k,,BHWOQ (“8)

Choosing Veg to be a dependent (computed) parameter, (48) can be implemented by the code
displayed in Table 23. Notice that Vig was declared to be a member of two categories: Dependent

and Large Signal.

Table 23 Code used to define the dependent variable Vip

<EQUATION

DESC="Excess Bias (V) ¥

CATEGORIES="Dependent;Large Signal®

HIDDEN>

VEB = sgrt{ 2 * IQ / (KN * B * (1 + LAMBDA * VOQ)}))
</EQUATION>

In the example circuit, Ve, k,, A, and the supply voltage, Vpp, are all process-specific parameters.
Once the specific fabrication process is chosen, the numerical values of these parameters arc known.
Table 24 contains the code used to define the values of these parameters for a hypothetical fabrication
process. Notice that these parameters are cach declared to be members of the fndependent and

Process groups and that they are each assigned a default visibility of hidden.
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Table 24 Code used to define the process-specific parameters

<EQUATION
DESC="Threshold Voltage (V)"
CATEGORIES="Independent;Process”
HIDDEN>
VT = 1.0

</EQUATION>

<EQUATION
DESC="Mobility * Cox (A/V**2)}%
CATEGORIES="Independent;Process"”
HIDDEN>
KN = 100E-6

</EQUATION>

<EQUATION
DESC="Channel Length Modulation Parameter”
CATEGORIES="Independent; Process™
HIDDEN>
LAMBDA = (.01
</EQUATION>

<EQUATION
DESC="Supply Voltage (V)"
CATEGORIES="Independent; Process”
HIDDEN>
VDD = 3.3

</BQUATION>

The parameters in equation (48) that have not yet been defined, ({y, Voo, Wi and L;), are defined as
independent parameters mn the code shown in Table 25. In a given process under specified loading,
these three variables are the primary degrees of freedom that a designer has the flexibility to change.
Given their importance, these variables are by default visible and are assigned position priority

indices that will ensure they are visible in the display.
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Table 25 Other independent large-signal parameters

<EQUATION
DESC="Quiescent Output Voltage (V)*¥
CATEGCORIES="Independent;lLarge Signal®
VISIBLE=10>
VOQ = 2.0

</EQUATION>

<EQUATION
DESC="Quiescent Current ({A}"
CATEGORIES="Independent;Large Signal"®
VISIRLE=20>
I1Q=50e-56

</EQUATION>

<EQUATION
DESC="Transistor Length (m)}"
CATEGORIES="Independent"”
VISIBLE=30>
L1 = 10e-6

</EQUATION>

<EQUATION
DESC="Transistor Width (m)"
CATEGORIES="Independent”
VISIBLE=40>
Wl = 20e-6

</EQUATION>

Ignoring the parasitic gate-drain and drain-bulk capacitances, the small-signal transfer function of the

circuit shown in Fig. 40 can be written as:

His)=——8» 49
(S) gyt Y, +5C, 49)

The code required to calculate the response at a particular frequency is contained in Table 26.
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Table 26 Evaluation of the transfer function at a particular freguency

<EQUATION HIDDEN
CATEGORIES="Independent;Small Signal"®
DESC="Evaluation frequency {Hz}">
£=1.0

</EQUATION>

<EQUATION HIDDEN
CATEGORIES="Dependent;Small Signal”
DESC="Evaluation freguency {(rad/s)">
w = 2 * 3.14155265359 * ¢

</EQUATION>

<EQUATION HIDDEN
CATEGORIES="Dependent;Small Signal”
DESC="Complex Frequency Variable”>
s = (0+11)*w

</EQUATICON>

<EQUATION
DESC="0Open-Loop Transfer Function®
CATEGORIES="Dependent;Small Signal®
HIDDEN>
Hol = - gm / {gd + 1/RL + s*CL)
</EQUATION>

Using the open-loop transfer function given in (49), it is possible to derive expressions for several
small signal performance parameters including the DC gain, the bandwidth, and the gain-bandwidth
product. The code required to implement these expressions in the design specification file is shown

in Table 27.
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Table 27 Smali signal performance parameters

<EQUATION
DESC="DC Gain"®
CATEGORIES="Dependent; Performance; Small Signal¥®
VISIBLE=40>
A0 = - gm / {gd + 1/RL)
</EQUATION>

<EQUATION
DESC="RBandwidth (Hz)"
CATEGORIES="Dependent;Small Signal;Performance®
VISIBLE=50>
BW = ( 1/RL + gd ) / (2 * CL * 3.141592653 )
</EQUATION>

<EQUATION
DESC="UGF or Gain-Bandwidth (Hz)"
CATEGORIES="Dependent;Small Signal;Performance”
VISIBLE=60>
UGF = A0 * BW

</EQUATION>

The small signal performance parameters in Table 27 are defined in terms of the small signal
transconductance gy, the channel conductance g, the load resistance Ry, and the load capacitance, C;.
The transconductance and channel conductance can each be derived from the large signal parameters
already defined as shown in Table 28. Since g, and g are intermediate quantities used to derive the

performance parameters of interest, we have chosen to make them hidden by default.

Table 28 Code used to derive the small signal parameters from the large signal parameters

<EQUATION
DESC="Transconductance"”
CATEGORIES="Dependent;Small Signal™
HIDDEN>
gm = KN * B * VEB

</EQUATION>

<EQUATION
DESC="Channel Conductance®™
CATEGORIES="Dependent;Small Signal”
HIDDEN>
gd = LAMBDA * IQ

</EQUATION>

The quiescent output current, quiescent output voltage, and supply voltage were ecach defined as
independent variables earlier in Tables 24 and 25. Therefore, we know the current flowing through
R, and the voltage across it. The required size of Ry can be computed using Ohm’s Law as shown in

the code present in Table 29.




Table 29 Required load resistance in terms of the independent variables

<EQUATION
DESC="Load Resistance®™
CATEGORIES="Dependent”
VISIBLE=35>
RL = (VDD - VOQ) / IQ
</EQUATION>

The load capacitance C, is an independent parameter that is really determined by the application
under consideration. Once the application is identified, the loading is usually specified. The code in

Table 30 is used to define the load capacitance.

Table 30 Code used to define the load capacitance C;.

<EQUATION
DESC="Load Capacitance (F}"
CATEGORIES="Independent®
HIDDEN>
CL = 20e-12

</EQUATION>

Power consumption is another performance parameter that is often of interest to designers. The code
in Table 31 demonstrates how we can add a power consumption performance parameter to the design

specification file. Other performance parameters could be defined in a similar manner.

Table 31 Definition of the power consumption performance parameter

<EQUATION
DESC="Power Consumption (W)"
CATEGORIES="Dependent;Small Signal;Performance"”
VISIBLE=70>
P = 1I0 * VDD

</EQUATICN>

Since it has not previously been defined and we will need it to restrict the solution space to viable

solutions only, an expression for the gate voltage is declared as shown in Table 32.
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Table 32 Expression used to compute the gate voltage

<EQUATICHN
DESC="DC Gate Voltage (V)™
CATEGCRIES="Dependent; Large Signal®
HIDDEN>
VG = VEB + VT

</EQUATION>

Seme additional constraints are required to eliminate solutions that are not viable due to voltage range
limitations on the transistor’s gate and the output node. These voltage range constraints are shown in

Table 33.

Table 33 Additional constraints on solution due to limited gate voltage range

<CONSTRAINT DESC="Quiescent Output Voltage Range Restriction®™>
VOg < VDD and VOQ > 0.0
</CONSTRAINT>

<CONSTRAINT DESC="Acceptable Gate Voltage Range®>
VG < VDD and VG > VT
</CONSTRAINT>

The code shown in Table 34 implements a plot of the open-loop magnitude response similar to the

one shown in Fig. 41.




Table 34 Code used to plot the magnitude response

599

<Plot

Name=%"Magnitude Response”
Title="0Open-Loop Magnitude Response”
Desc="Cpen-Loop Magnitude Response®
XLog=true

XAutcoRange=true

XLabel="Frequency ({(Hz)"

YLog=tLrue

YAutcRange=true

YLabel="Magnitude Response”
Grid=true

Legend=false

Markers=true

SweepVar="{"

SweepMin=100

SweepMax=1.0E8

PointCount=60

Sweeplog=true

NewEntriesVis=false >

"Hol mag" = "abs (Hol)"

</Plot>
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Fig. 41 Open-loop magnitude response
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The filter element of Table 35 is included to allow the user to create a customized SPICE netlist based
on the design’s current values. This element adds a menu called “creare” to the menubar and places a
user selectable menu item named “WinSpice Netlist” in it. When the user activates the menu item,
the application parses the file “wetlist.oxt” and substitutes numerical values for symbolic variables
present in the file. The resultant SPICE netlist is presented in a new editor pane. An example netlist

file is inciuded as Table 36.
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Table 35 Filter element used to allow the user to create a customized SPICE netlist

<FILTER

MENU="Create”
MENUTEXT="WinSpice Netlist">
netlist.txt

</FILTER>

Table 36 SPICE netlist containing symbolic variables

Common-Source Amplifier with Resistive Load
*

* WinSpice Netlist
* Created: ${__DATETIME_ }
*

* Estimated Performance:

* DC Gain = S{AD}
* Power (W) = ${P}

* UGF (Hz) = S{UGF}
* BW (Hz) = 5{BW}

VDD ndd 0 DC ${VDD}

VSS nss 0 CC 0.0

VGS in nss DC ${VGS} AC 1.0

RL ndd out ${RL}

CL out nss S${CL}

M1 cut in nss nss CMOSN w=S{Wl} 1=S${L1l}

*

.MODEL CMOSN NMOS LEVEL=1 VTO=${VT} KP=5{KN} LAMBRDA=S{LAMRDA}
*
.control
destroy all
save all
op
reset
ac dec 50 1000 les8
plot vdb {out)
rint vm{out)
.endc
*

.END

That concludes the example. Of course, this design specification can easily be modified or extended
to fit your particular needs. Using this same approach you can develop design specification files for
your own custom applications. For reference, the entire design specification code listing has been
included in Table 37. Fig. 42 shows a screen snapshot of the resulting application window after
loading the “comprehensive example” design specification file contained in Table 37. Notice the
bibliographic information specified in the input file is visible in the feedback pane and the parameters

are ordered in the display based upon their position priority indexes.




Fig. 42 Screen snapshot after loading the “comprehensive example”



Table 37 Entire Design Specification File for the comprehensive example

<<DSFTITLE>
Stage Common Source Amplifier with a Resistive Load
</DSFTITLE>

<AUTHOR>
Mark E. Schlarmann
</AUTHOR>

<REV>

2.0
</REV>
<DATE>

Aug. 19, 2002
</DATE>

<URL>
http://www.public.iastate.edu/~schlarm/dsf/csa/csa.him

</URL>

<CONSTRAINT DESC="Transistor Saturation Reguirement®>
VEB > 0 and VOQ > VEB
</CONSTRAINT>

<CONSTRAINT DESC="Strong Inversion Requirement”>
VEB > 0.15
</CONSTRAINT>

<EQUATION

DESC="Excess Bias (V)"

CATEGORIES="Dependent;Large Signal"

HIDDEN>

VEB = sqgrt( 2 * IQ * L1 / (KN * Wi * (1 + LAMBDA * VOQ)))
</EQUATION>

<EQUATION
DESC="Threshold Voltage (V)"
CATEGORIES="Independent;Process"”
HIDDEN>
vT = 1.0

</EQUATION>

<EQUATION
DESC="Mobility * Cox {(A/V**2)™
CATEGORIES="Independent;Process”
HIDDEN>
KN = 100E-6

</EQUATION>

<EQUATION
DESC="Channel Length Modulation Paranmeter®
CATEGORIES="Independent;Process™
HIDDEN>
LAMBDA = 0.01
</EQUATION>

Single
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<EQUATION
DESC="Supply Voltage (V)"
CATEGORIES="Independent;Process”
HIDDEN>
vDp = 3.3

</EQUATION>

<EQUATION
escent Qutput Voltage (V) ©
S="Independent;Large Signal¥
0>

VoQ = 2.
</BEQUATION>

<EQUATION
DESC="Cuiescent Current (A)"
CATEGORIES="Independent;Large Signal”
VISIBLE=20>
10=50e-6

</EQUATION>

<EQUATION
DESC="Transistor Width (m)*®
CATEGORIES="Independent™
VISIBLE=30
DIGITS=4>
Wl = 20e-6

</EQUATION>

<EQUATION
DESC="Transistor Length (m}"
CATEGORIES="Independent™
VISIBLE=40
DIGITS=4>
L1 = 10e-6

</EQUATION>

<EQUATION
HIDDEN
CATEGORIES="Independent;Small Signal"”
DESC="BEvaluation frequency (Hz)">
f=1.0

</EQUATICN>

<EQUATION
HIDDEN
CATEGORIES="Dependent;Small Signal"®
DESC="Evaluation frequency (rad/s)">
w = 2 * 3.14159265359 * f
</EQUATION>

<EQUATION
HIDDEN
CATEGORIES="Dependent;Small Signal™
DESC="Complex Freguency Variable”>
g = (0+11)*w

</EQUATION>
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<EQUATICN
DESC="0Open-Loop Transfer Function®
CATEGORIES="Dependent;Small Signal”®
HIDDEN>
Hol = - gm / (gd + 1/RL + s*CL)
</EQUATION>

<EQUATION
DESC=¥"DC Gain"
CATEGORIES="Dependent;Performance;Small Signal”
VISIBLE=50>
A0 = - gm / {(gd + 1/RL)

</EQUATION>

<EQUATION
DESC="Bandwidth (Hz)"
CATEGORIES="Dependent;Small Signal;Performance”
VISIBLE=60>
BW = ( 1/RL + gd ) / (2 * CL * 3.141592653 )
</EQUATION>

<EQUATION
DESC="UGF c¢r Gain-Bandwidth (Hz)"
CATEGORIES="Dependent;Small Signal;Performance”
VISIBLE=70>

UGF = sgrt{gm**2 - (gd + 1/RL)**2)/{( 2 * CL * 3.141592653 )

</EQUATION>

<EQUATION
DESC="Transconductance®
CATEGORIES="Dependent;Small Signal"”
HIDDEN>
gm = KN ¥ W1 * VEB * ( 1 + LAMBDA * VOQ ) /
</EQUATION>

[l
s

<EQUATION
DESC="Channel Conductance™
CATEGORIES="Dependent; Small Signal”
HIDDEN>
gd = LAMBDA * IQ / {( 1 + LAMBDA * VOQ )
</EQUATION>

<EQUATION
DESC="Load Resistance™
CATEGORIES="Dependent”
VISIBLE=45

DIGITS=4>
RL = (VDD - VOQ) / IQ
</EQUATION>
<EQUATION

DESC="Load Capacitance {F)"
CATEGORIES="Independent®™
HIDDEN>
CL = 20e-12

</EQUATION>
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<EQUATION
DESC="Power Consumption {W)"
CATEGORIES="Dependent;Small Signal:Performance"”
VISTIBLE=70>
P = IQ * VDD

</EQUATION>

<EQUATION
DESC="DC Gate-Source Voltage (V)7
CATEGORIES="Dependent;Large Signal”
HIDDEN>
VG = VEB + VT

</BEQUATION>

<CONSTRAINT DESC="Quiescent Output Voltage Range Restrictiocn®>
VOQ < VDD and VOQ > 0.0
</CONSTRAINT>

<CONSTRAINT DESC="Acceptable Gate Voltage Range”>
VG < VDD and VG > VT
</CONSTRAINT>

<PLOT
Name="Magnitude Response”
Title="Open~Loop Magnitude Response”
Desc="0Open~Loop Magnitude Response”
XLog=true
XAutoRange=true
XLabel="Freqguency (Hz)"
YLog=true
YAutoRange=true
YLabel="Magnitude Response
Grid=true
Legend=false
Markers=true
SweepVar="f"
SweepMin=100
SweepMax=1.0ES8
PointCount=60
SweepLog=true
NewEntriesVis=false>
"Hol mag” = "abs(Hol)"
</PLOT>

<FILTER
MENU="Create®
MENUTEXT="WinSpice Netlist”>
netlist.txt

</FILTER>
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Appendix A. Source Code

Please see the supplemental CD-ROM for copies of the source code and documentation.
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ELING AMPLIFIERS USING

SIGN

This document describes the development of Design Space Explorer (DSE) models for a few
commonly-used amplifier topologies including a standard single-stage differential amplifier, the
telescopic-cascode amplifier, and a two-stage amplifier. Extrapolating the basic procedures outlined

here, models for other structures can easily be developed.

Prior to discussing the particular amplifier architectures, some introductory material will be presented
to provide the necessary background, describe some of the assumptions, and introduce the notation

used. Next, the model of each amplifier architecture will be described in detail.

Common Material

This introductory section contains material that is common to each of the amplifier architectures that
will be considered. Putting this material up front circumvents the need to duplicate information in

later sections of the document.

Degrees of Freedom

The usual procedure for developing a DSE Model involves identifying an independent set of variables
referred to as degrees of freedom (DOF) and expressing the performance parameters in terms of those
variables. Best results are obtained by choosing a minimal set of variables for the DOFs. Since
humans have an casier time conceptualizing linear relationships than nonlinear ones, it is also helpful

if the performance parameters are linearly related to the DOFs where possible.

In the general case, most designs require a large number of degrees of freedom to fully characterize
the possible design space. However, in a specific application, the actual number of variables the

designer may have the freedom to vary may be much less.

For example, using a top-down design methodology, several design parameters are determined by the
requirements of the system the amplifier will be used in. These parameters are usually related to
interfacing with the other components of the system. Examples might include the common-mode
input and output ranges or the capacitive load on the amplifier. The values of these parameters may
be dictated by nceds of the other components in the system and are typically agreed upon prior to the

actual design of the amplifier. For a given design, these parameters are typically set at the beginning
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of the design process and not modified again. In this case, the general model defines the
common-mode ranges and the capacitive load to be degrees of freedom. However, in the specific
application described, these variables are fixed and not available for change during the actual design

Drocess.

Since the variables that arc fixed vary from application to application, rather than designing the DSE
model for a specific application’s requirements, it is good practice to try to keep the models as
general as possible. It is also good practice to make all the DOFs visible by default. This allows the
user to assign values to the DOFs whose values are dictated by the application upon startup. Then
he/she can hide the static parameters which eliminates their display in the graphical user interface.
Following this approach ensures the fixed parameters are assigned the proper value and helps to focus

the designer’s attention on the design’s actual degrees of freedom.

Large-Signal Device Models

Large-signal models relate a device’s terminal currents to its terminal voltages. These models are

required to find a circuit’s operating point.

Design Space Explorer is not meant to be a replacement for SPICE. On the contrary, it allows a
designer to more quickly explore the achicvable design tradeoffs prior to committing a design to a full
SPICE simulation. Simple device models are employed to avoid obscuring the procedure with too
much complexity. Designers interested in more accurate models can modify the examples presented

here to include the second-order effects of interest.

The square-law model was employed to model strongly inverted FETs operating in saturation.

Equations (50) and (51) contain the square law equations for NMOS and PMOS devices respectively.

uﬂ C()’CHW 32 ¥
Iy =+ ZL' (ycs - VTN) (] + ;L;J/Ds) (50)
off
Iu )COA')W 2
spp = —szz“}"“(ysc; - VTP) (1 + ;tpg/sv} (b
eff

The parameters in the formulae have their usual values. They are described in Table 38.
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Table 38 Parameters of the large-signal device models

Mlame Description
W Device width (m)
Leg Effective device length (m) = Lygwn — 2 * LD

Vs, Vsg  Gate-source and source-gate voltages respectively (V)

Vv, Vip NMOS and PMOS threshold voltages respectively (V)
{considered constant — ignore body effect)

A

A Channel length modulation parameters (V*‘}

n>"rp

Vps, Vsp  Drain-source and source-drain voltages respectively (V)

ﬂn’ aup m-zs)

Electron and hole mobility respectively (

C

Fat o NMOS and PMOS oxide capacitance densities (-——;)
m2

Calculated via £0x/Tox

The multiplicative constant coefficients are lumped into single coefficients given by:

¥ C}Xn
B, =Hezom = (52)
and
o
ﬁ] — ylﬁz OA\]) (53)

As a result, (50) and (51) can be expressed more succinctly as:

W,
]DSN = an L— {VGS - VTN )2 (E + ‘2’17 VDS } (54)
eff

and
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o

Lopp = ﬁp Z’_ Vo "Vrp}z (3 + )"pVSD) (55)
eff

Contrary to usual convention, as they are used in (35), ¥, and A, are both defined to be positive

guantities.

Excess Bias Voltage

For a FET, the threshold voltage is the minimum gate-source potential that causes an inversion layer
to form under the gate. The FET does not conduct until the gate-source voltage exceeds the threshold
voltage. Increasing the gate-source voltage beyond the threshold increases the conductivity of the
device, turning the device on harder. As a convenient measure of how hard a particular device is
turned on, a term called the overdrive or excess bias voltage is often used. These terms simply refer
to the amount by which the gate-source voltage exceeds the device threshold. For an NMOS

transistor,

Vigy =Vos =V (56)

/

where Vs is the gate-source voltage and V7 is the threshold voltage. Remembering the polarity of a
signed quantity can be difficult when you have many different variables you are working with.
Therefore, some practitioners prefer to work only with positive quantitics. For this reason, the excess

bias for a PMOS is sometimes defined as the negative of (56) and is given by:
Vesp = _(Vc;s - VT) (57

Using these definitions, for both NFETs and PFETs, the devices are on when their excess bias

voltages are positive.

Ensure Operation in Strong Inversion

Neo clear demarcation between weak and strong-inversion cxists. Simple analytical models have been
developed for transistors operating in both regions. Weak inversion models apply when cxcess bias
voltages are very small while strong-inversion models are appropriate for large excess biases. In the
transition region though, there is some question as to exactly which model should be used. Clearly,
using the strong-inversion model for very small excess bias voltages would be inappropriate. For this

reason, operation in strong inversion is assumed and minimum excess bias voltage constraints are



placed on the solution to ensure that the strong inversion model is not used under weak inversion

conditions.
Ve >VEB _MIN (58}

There are differing opinions as to exactly how large VEB MIN should be. Some feel 5~6 thermal
voltages is enough. Others believe a lower value is sufficient. For this reason, VEB_MIN has been
established as a user-modifiable parameter. By default, it is set to the conservative value of 150 mV
and can be changed if desired. Constraints are added design specificaiion file to ensure that (58) is

satisfied for each device.

Ensure Operation in Saturation

Except in low-power or extremely low-voltage applications, the devices in the amplifiers that will be
considered are normally biased to operate in saturation. For this reason, large-signal models
appropriate for the saturation region were assumed. To ensure the models are not used in cases where
one or more of the devices are not saturated, constraints were added to the design specification file.

For each NFET and PYFET, constraints of the form of (59) and (60) are imposed respectively.

Visy 2 Vg (59
Veop 2 Vep (60)

Small-Signal Parameters

The small-signal frequency dependent models used for the FETs are shown in Fig. 43. Since an n-

well process was assumed, the NMOS and PMOS models differ slightly.

| ]
g & o4 g®
| il i
Tcx-\ Em Ve < B | Cs}v_i_"a'b g(,
i

&

(a) (b

Fig. 43 Frequency dependent small-signal models of (a) NMOS and (b) PMOS ftransistors
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The transconductance parameter is obtained by differentiating the large-signal expression for the

current with respect to the gate-source voltage. For an NMOS transistor:

ol 2BW \ 21 e
oy mm 2 = (VWA g ) = R 61)
8 &VGS 7 ( Gs ~ Vv A ey Ve~V (61)
Similarly, for a PMOS transistor:
olg, 2B.W 21
= = L ;’wr‘ - =3 A/ V = _SDP /2
g mp BVSG L ( 5G T1 )( SD} ;,/SG _ VTP {D )

The output conductance is the partial derivative of the large-signal current with respect to the

drain-source voltage. For an NMOS transistor:

My s AT e
g, = L= A V. ¥V = ImIDSN 63
& dn aVDS nﬁn ( TN) 1+/1 VDS ( )
For a PMOS transistor:
_ g /4 s AL
=1 Y -V V= B2 64
g dp T BVSD pﬁ Pl I ( 5G TP) 1 + ;Lp I/SD ( )

The process of estimating the sizes of the parasitic capacitors is described next.

Estimating FET Parasitics

Although the specific physical layout of the circuit is required to accurately estimate the circuit
parasitics, we can make a few assumptions to obtain reasonable estimates of their sizes. Fig. 44
graphically depicts the device parasitics that are relevant for FETs operating in saturation in an n-well

Process.

p-substrate {(butk material)

Fig. 44 Relevant parasitic capacitances for FETs operating in saturation



The gate-drain capacitance, C,y is a fixed-geometry capacitor. It has a value of:

C

gd

=C, WL, (65)

where C,, is the thin oxide capacitance density, W is the device width, and Lp is the lateral diffusion

of the drain under the gate.

The gate-source capacitance is given by:
2
Cgs = Co:; ;/VL[) + g COJ;' WL {66}

The first term corresponds to gate-source overlap due to the lateral diffusion of the source region.

The second term corresponds to the distributed capacitance that exists between the gate and channel.

The drain-bulk, drain-well, and well-bulk capacitors are junction capacitors. Their effective

capacitance is operating point dependent and modeled by:

C.f AI) + CJSW }Db

Cdb.’de’ wh = M MISW (67>
1 Ve e
Dy s

where C; and Cisp are the bottom and sidewall capacitance densities, 4p and Pp are the area and
perimeter of the junction, ¥z is the forward bias applied to the junction (the junctions are almost
always reverse biased), 0p is the built-in potential associated with the junction, M and Msy are the
bottom and sidewall junction grading coefficients. Pleasc note that the coefficients for a PMOS and
NMOS transistor differ. Therefore, although C, and C,, are of the same functional form, under

equal forward bias, their values will differ.

Since the exact physical layouts of the devices are not available, estimates of the parasitics arc
required. To make reasonable estimates, knowledge of the layout style and the process design rules
are required. Therefore, several constants have been defined in the DSE file. Table 39 lists the
constants and their meanings. Their default values were obtained from the MOSIS CMOS scalable
submicron (SCMOS-SUBM) design rules using the alternative contact to active. For use with other
design rules including vendor specific rules, these definitions will need modification. For more

detailed information on the design rules refer to htin://www.mosis.org.
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Table 39 Design rules constants available for estimating parasitics

Name Value Description
LAM (7 0.3u Half the minimum process feature size
spcWellDiffPot 187 Rale 1.2 Minimum spacing between wells at
different potential
actMinWid 37 Rule 2.1 Minirmum width of active region
spcAct 37 Rule 2.2 Mintmum spacing of active regions

of same type

spcSDActWell 67 Rule 2.3 Minimum spacing source/drain

active to well edge

spcSWContWell 37 Rule 2.4 Substrate/well contact active to well
edge
spcPActNAct 47 Rule 2.5 Minimum spacing between

non-abutting active of different implants

polyMinWid 27 Rale 3.1 Minimum poly width
spcPolyOverAct 37 Raule 3.2a Minimum poly spacing over active
szCont 27 Rule 6.1 Exact size of contact
ovActCont ? Rule 6.2b Minimum éctive overlap of contact
spcContGate 27 Rule 6.4 Minimum spacing of contact to

fransistor gate

One might assume that if the bulk and source diffusions are the same physical size, that the bulk-
source and bulk-drain capacitance would be the same. This is not the case. The bulk-source
capacitor is farger because a portion of the distributed channel to bulk capacitance is lumped together

and assigned to the bulk-source capacitance.

Cm * M M MISW MJ
1 Ve e e
@5 Pp s



CJSWPD

e
M ! \MISH
Ve
0y

A conductive channel exists under the gate of a device in saturation. As a result, a reversed-biased

(69)

junction forms at the interface of the channel and the bulk material. Therefore, a junction capacitance
is present between the bulk and the channel. Since there is no channel node in our device models, as
an approximation, two-thirds of the distributed channel to bulk capacitance is assigned to the bulk-

source capacitance. The third term of (68) accounts for the distributed channel to bulk capacitance.

Computational Efficiency Issues

Design Space Explorer does not optimize the mathematical expressions used to compute the
parameters, Therefore, the computational efficiency of Design Space Explorer can be improved by
defining quantities that are computed more than once as intermediate variables. For example,

suppose Y/ and Y2 are defined as shown in (70) and (71)
YI=4+83+C (70
Yi=4+8+D (71)

Y7 and Y2 can be compuied more efficiently by the expressions shown in (72)-(74). An intermediate

variable, 7, was introduced to store the value of 4+8.

Yi=7+C a2
Y2=T+D (73)
T=A+F (74)

Since higher levels of abstraction are obtained through the use of intermediate variables, the task of

writing design specification files is made easier through their use as well.

Symmetric Response

Applying arbitrary input signals {v,, v»} to the linear 2-port circuit of Fig. 45 elicits a response that

will be denoted as {y,, v-}.
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2
Vi Yia  Yoa i
V2t Vip Vop - 32

Fig. 45 Two-port circuit excited by {v;, v} results m {y;, v}
Using an arrow to represent the transformation,

ia}"%{z} "

The system is said to have a symmetric response if swapping the inputs results in a reversal of the

output signals.

.
o 1V 4 . .
if é 2 ? - { : } , then response 18 symmetric (76)
N

Fully-differential amplifiers are electrically symmetric. Assuming perfect device matching, their
responses are also symmetric. This property will be exploited to show that the total small-signal

response of a fully-differential amplifier can be decomposed into separate common-mode and

differential-mode components.

The Total Small-Signal Response of a Fully-Differential Amplifier

Suppose that arbitrary small-signal input signals {vi, va} are applied to a fully-differential amplifier.

The resultant small-signal response will be designated as {v,,, Vos}.

{V.‘ v)z‘
< “}—-}{“] {77y
g,vib vubf

The input signals can be equivalently expressed in terms of their common-mode and

vicin + "')ia' //21 - Vaa (78)
Viz'm - Vid /2J v

b

differential-mode components.

Since the small-signal model is a lincar approximation of the nonlinear response, superposition
applies. The input 1s decomposed into four separate signals as shown i (79). The responses that
would result if each of these signals were independently applied to the system are computed. The

total response is the appropriately weighted summation of those responses.
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wn ] O] L)Y } {0 v ]
{ f {wm_i(.%—z 2 vy %J[vmj (79)

Suppose the first term in (79) is independently applied to the system. The resultant response will be

-4

As discussed in 0, fully-differential amplifiers are symmetric and therefore have symmetric

r“'“"“"“""\

designated as {y,, ¥2}.

responses. As a result, the response due to the second term of (79) is given by:

bt~
vicm yl

The portion of the response due to common-mode input variations is found by summing (80) and

(81).
V.. -+ Vr,
{ Iun} {yl } (82)
V!c'm 1/1 + V7

Designate the response of the system that would result if the third parenthesized term of (79) were

Jvm N Vs (83)
L 0 Ya

Since the response is symmetric, application of the fourth term would result in a response oft

[ O 1
—{7 “l (84)
Via J’EJ{

The portion of the response due to differential variations is found by subtracting (84) from (83).

applied as {ys, y4}.

-

z{ Via & VS—”))} (85)

—_—y —_ —_ )
Via | Yalj

!
2

The total response is the summation of (82) and (85).

{ iem +V1a’/2} >{(}' +V )—}_(‘}?_—.}4)/2} (86}
Viem ~ Via /2 (yi + Y )— (,};3 Yy )/2
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The common-mode and differential components of the output response can be computed as shown in

(87) and (88) respectively.

v+
Voo = === (1 4 (87)
Vnd = Voa - Vob = @3 - }?4) {88)

Substituting (87) into (82) yields the response due to common-mode input variations.

g vicm Vocm o
EV - , (89)

Substituting {88) into (85) yields the response to differential input signals.

] 1 ]
_1; vza’ N _1_ Vm! {90)
2 - v.id 2 - vod

Observe from (89) that common-mode variations at the input result in common-mode output
variations but do not vesult in differential variations at the output. From (90) it is evident that
differential input variations result in differential output variations but do not result in common-mode
output variations. Thus, amplifiers with symmetric responses do not exhibit common-mode to
differential-mede or differential-mode {0 common-mode conversion (This is, in fact, not exactly true
because the small-signal model is a linear approximation to a nonlinear set of equations that is only

approximately valid for small-signal variations).
Summing (89) and (90) yields the total small-signal response.

7 R ¢ 7 )
i Via vic'm h Vid / 2 | boa vosm + vod / 2 .
1 = zl - (1)
tvib vi(rm - V[Lf /2 Vof’ Vor.'m - yt)d /2

Expressed in the Laplace Domain, the relationship between v, and v, can be written as:

Vo 8) = H o (8) v, (5) (92)

where H,,(s) is the common-mode transfer function. Like the common-mode component, the

relationship between v,y and v,y can be expressed in the Laplace Domain as:

v ls)=H,(s)-v,(s) 93)

where Hy(s) is the differential-mode transfer function. Since the Laplace Transform is a linear

operator, the right-hand side of (91) can be expressed in the Laplace Domain as:
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(54)

{J_{/(m J} { Ly, t+ L, d}/z}

L{V i‘L{V()cm }— L{Vad I/z

ob}

v (s (s)
{‘)nu \S)} _ { oo \S'/+ v{)a’( )/2}} (95}
v J

v(?b (S) ocm (q\ - od (‘S )/2

Substituting (92) and (93) into the right-hand side of (95) yields frequency domain expressions for the
total response in terms of the common-mode and differential-mode transfer functions.

iR NNt

cin W

Transistor Layouts

in order to develop a Design Space Explorer Model that accurately represents the available design
tradeoffs, the circuit parasitics need to known. However, at the point in the design cycle where a
designer is exploring a design space, the exact physical layout has not yet been determined. For this

reason, we rely on estimates of the parasitics during design space exploration.

Specific transistor layout styles are assumed for each transistor in the design. Based on these

assumptions, reasonable estimates of the parasitics are obtained.

Differential Pairs

In differential amplifiers, the transistors in the differential pair need to accurately match each other.
Because they obtain accurate matching in the presence of process gradients, interdigitized
common-centroid layouts are commonly used to realize differential pairs. Fig. 46 shows NMOS and
PMOS differential pairs and examples of basic building-blocks that can be used to produce their

interdigitized common-centroid layouts.



(a) (b)

GAo—| FocB

DA DB

(c) (D

Fig. 46 Differential pairs (a) NMOS diff. pair (b) NMOS building-block
{c) PMOS diff. pair (d) PMOS building-block

An interdigitized common-centroid layout based on one of the building-blocks of Fig. 46 is
constructed by the following procedure. One or more instances of the building-block are connected
together side-by-side to form a higher-level block referred to as block #1. A second block, block #2,
is created by mirroring block #1 about a vertical line (horizontally flipping). Block #1 and block #2
are connected to form the final structure. Fig. 47 shows examples of NMOS differential pair layouts

created using the technigue.
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Fig. 47 Interdigitized common-centroid NMOS differential pair layouts (a) ABBA sequence (b)
ABABBABA sequence (c) ABABABBABABA sequence

For these layouts, the sensitivity to process gradients is minimized by choosing the interdigitization
sequence that results in the “squarest” aspect ratio. In special cases, other factors, such as packing
density, may compel the designer to choose an aspect ratio that is not equal to one. The aspect ratio
of the active area of an interdigitized common-centroid layout based on the building blocks of Fig. 46

can be expressed as shown in (97).

AR — Z/Vuciiw’ —

active

2-NF-(L+B)+p
(W/NF)

(97)
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The variable 4R refers to the aspect ratio, Z is the transistor length, # is the transistor width, NF is the

number of fingers per transistor, and f is given by (98).
B = szCont + 2 - spcContGate (98)

The variables szCont and spcContGate refer to the size of a contact and the minimum spacing
between a contact and a transistor’s gate respectively. Their values are specified along with other
process-specific constants in Table 39. Given knowledge of the desired aspect ratio, the appropriate

number of fingers/FET can be determined by solving (97) for NF. The resuit is given in (99).

]

prza.( X/HM_&} )

The variable DAR represents the desired aspect ratio, and o is given in (100).

__ B
a“4(L+ﬁ) (100)

The quantity N~ varies continuously with the other parameters. However, using the building-block
approach requires that the layout consists of an even number of blocks. Since each block has two
fingers per transistor, the number of fingers must be quantized to an integer multiple of 4. Therefore,

the actual number of fingers per FET is computed by (101).

NEF = max{&rmt( Nj }4} (101)

The function rint() rounds its argument to the nearest integer. The max{x,y) function ensures that no

layout has fewer than four fingers/FET.

The areas and perimeters of the drains are given by (102) and (103) respectively.
Ay, =— (102)

P, =W +NF -8 (103)

To avoid edge-effects, dummy transistors are usually placed on cach end of the interdigitized
common-centroid array. Therefore, the areas and perimeters of the sources are related to the drain

areas and perimeters by (104) and (105) respectively.



NF +1
AS-—-Z'{ F }AD {104)
NF +1
P.o=2- 105
s ( F }PD (105)

Equations (104) and (105) compute the area and perimeter of the joint source diffusion. Since there
are two transistors, half of the area and perimeter is usually assigned o each of the transistors. Ann-
well process is assumed; thercfore PMOS transistors need to lie in a well. Assuming the array is
padded with a dummy transistor on each end, the minimum width and height of the well that can

accommodate the interdigitized array is given by (106) and (107) respectively.

W =2 [(NF +1)(L + B)+ovdctCont + spcS WCOmWelZ}-%- szCont (106)

H

well

4
= %:— +2-(spcPActNAct + szCont + 2 - ovActCont + spcSWComtWell)  (107)

The constants ovActCont, spcPActNAct, and speSWContWell are the process-specific constants
defined in Table 39 and L is the transistor length. The corresponding well perimeter and area is

calculated by (108) and (109) respectively.

P ell = 2 ’ (WWH + Hwell) (108)

L

Awei/ = W H

well* < well

(109)

The minimum transistor width that can be laid-out without design rule violations depends upon the

number of fingers in the transistor. The relationship is given by:
W_. = NF-actMinWid (110)

The value of the constant actMinWid is the minimum width of poly. Its value is specified along with
the other process-specific constants in Table 39. Constraints are added to the design specification file

to ensure that the minimum width requirements are met for each transistor.
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(c) (d)

Fig. 48 Matched current sources (a) NMOS current source (b} NMOS building-block
(¢} PMOS current source {(d) PMOS building-block

Matched Current Sources

If the tail node of a differential pair is connected to the appropriate power rail and the gate terminals
are tied together, the differential pair degenerates into a set of matched current sources. Therefore,
with only minor modifications, the same building blocks used for realizing interdigitized
common-centroid differential pair layouts can be used to realize matched current sources. Fig. 48
shows the schematic diagrams and basic-building blocks used to realize interdigitized

common-ceniroid layouts of matched NMOS and PMOS current sources.

The resultant structures have the same drain/source/well areas and perimeters as the differential pair
interdigitized common-centroid layouts. Therefore, equations (97)-(110) arc vahd for these structures

as well.
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Single Transistors

Fingered layouts arc more compact and can have smaller drain parasitics when compared to a
conventional rectangular layout. Thercfore, when possible, fingered layouts are preferred. Fig. 49
shows examples of basic building-blocks that can be used to produce fingered layouts of NFETs and

PFETs whose bulks are tied to their sources.

o

G o

w

(a)

jw]

(©) (@

Fig. 49 Fingered layout of single transistors with bulks tied to their sources (a) NMOS schematic

(b) NMOS building-block (¢) PMOS schematic (d) PMOS building-block

A fingered lavout based on one of the building blocks of Fig. 49 is constructed by connecting one or
more of the building blocks side-by-side. No flipping or rotating is required. To illustrate, Fig. 50

shows several examples of fingered NFETs that were created using the building block of Fig. 49(a).
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{a)

Fig. 50 Fingered NFET layouts (a) 4 fingers (b) 6 fingers

The aspect ratio of the active area of a fingered layout constructed using one of the building blocks of

Fig. 49 can be expressed as shown in (1 11).

AR:__Wawive :NF(L+ﬁ)+ﬁ (]11}
H active (W/ NF)

The quantity 3 is a constant given by (98), ¥ is the transistor width, L is the transistor length, and NF

is the number of fingers in the FET.

Given the desired aspect ratio, the appropriate number of fingers/FET is determined by solving (111}

for NF. The vesult is given in (112),

NF' =2-a- /1+%§—1 (112)

The variable DAR represents the desired aspect ratio, and « is given in (100). The quantity NF~
varies continuously with the other parameters. However, using the building-block approach requires
that the layout consists of an integer number of blocks. Since each block has two fingers per
transistor, the number of fingers must be quantized to an integer multiple of 2. Therefore, the actual

number of fingers per FET is computed by (113).



. [ NF’
NF = max(2 : rmﬁ{ 5 }ZE (113)
The areas and perimeters of the drains are given by (114) and (115} respectively.
w-B
A, = 114
D 5 (114}
P,=W+NF-J (115)

To avoid edge-effects, dummy transistors are usually placed on each end of the array. Therefore, the

areas and perimeters of the sources are related to the drain areas and perimeters by (116) and (117)

respectively.
NF +2
Ag =€ E }41) (116)
NF +2
Py =( 7 }PD (117)

An n-well process is assumed; therefore PMOS transistors need to lic in a well. Assuming the array
is padded with a dummy transistor on each end, the minimum width and height of the well that can

accommodate the fingered layout is given by (118) and (119) respectively.

W, =(NF+2YL+ B)+ B+2- spcSDActWell (118)

H = % + spcPActNAct + szCont + 2 - ovActCont + 2 - spcSWContWell (119)

The corresponding well perimeter and area is calculated by (120) and (121) respectively.

P

well

=2-W_,+H,,) (120)

well

A‘.w’.// = M/ H

well~ © well

(121)

The minimum transistor width that can be laid-out without design rule violations depends upon the

number of fingers in the transistor. The relationship is given by:

W

min

= NF - actMinWid (122

The value of the constant actMinWid is the minimum width of an active region. Its value is specified
along with the other process-specific constants in Table 39. Constraints are added to the design

specification file to ensure that the minimum width requirements are met for each transistor.



Maiched Common-Gate Pairs (Cascodes)

In amplifier design, cascode transistors are commonly used. For differential amplifiers, pairs of
cascode transistors need to match as accurately as possible.  Therefore, interdigitized
common-centroid layouts are commonly employed. Fig. 51 shows NMOS and PMOS matched
common-gate pairs {cascodes) and examples of basic building-blocks that can be used to produce

their interdigitized common-centroid layouts.

(a)

SA sB

DA DB

(©) (d)

Fig. 51 Matched common-gate pairs (a) NMOS schematic (b) NMOS building-block
{c) PMOS schematic (dy PMOS building-block

The procedures for constructing interdigitized common-centroid layouts using the building blocks of
Fig. 51 are the same as those described for the differential pair in section 0. The width of the smallest
rectangle that totally encloses the active region of an interdigitized common-centroid layout of a

common-gate pair is of the form:



oo
(8]
oot

W ZE-(K+K)~K (123)

active
2

where MF is a variable whose value specifies the number of fingers per transistor. K and ¥ are
constants expressed, in part, in terms of the design rule constants given in Table 39. K is given in
{124) while x’s value depends on the transistor type. If the transistors are n-type, expression {125)

applies, otherwise for p-types, use (126).
K =2-{ovActCont + 8 + L)+ szCont (124)
The quantity B3 is a constant given by (98) and L is the transistor length.

= spcAct (125)

Kﬂmos

=2 -spcSDActWell + spcWellDiffPot (126)

K PIOS

The height of the minimum-sized rectangle that encloses the active region of an interdigitized

common-centroid layout of a common-gate pair is:

w
H e == (127
active NF '\ )
Given expressions (123} and (127), the aspect ratio of the enclosing rectangle is written as:
Wowe (K+K)-NF'-2 k- NF
AR — qaciive — ( 7 (128)

2-w

active

Given a desired aspect ratio (DAR), (128) can be solved for the number of fingers per transistor.

e I ey 029
K‘.

o

he variable & is the ratio given in (130).

K
K+x

¢= (130

The quantity NF’' varies continuously with the other parameters. However, using the building-block
approach requires that the layout consists of an even number of blocks. Since cach block has two
fingers per transistor, the number of fingers must be quantized to an integer multiple of 4. Therefore.

the actual number of fingers per FET is computed by (101).



NF = max(él . rim(%}é}

The function rinf(} rounds its argument to the nearest integer. The max{x,y) function ensures that no

layout has fewer than four fingers/FET.

The areas and perimeters of the drains are given by (131) and (132) respectively.

P,=W+NF-
The areas and perimeters of the sources are given by (133) and (134) respectively.
S w- ﬁ ’
P, =2-W+NF B}
where the constant B is given by:

B’ = spcContGate + szCont + ovActCont

(131)

(132)

(133)

(134)

(135)

Since an n-well process was assumed, the PMOS transistors lie in a well. In the configuration at

hand, the well is tied to the source. Because the sources may be at different potentials, one

contiguous well is not possible. Rather, the n-well must be divided into NF/2 separate pieces. The

variable K given in (124) is an expression for the width of cach n-well piece. Since there are NF/2

different pieces, the equivalent total width of the n-well is:

NF -K
W —

welf ~ "

4

The height of each n-well piece is given by ().
W . ,
H = F + spcPActNAct + szCont + 2 - ovActCont + 2 - spcSWContWel!

The corresponding well perimeter and area is calculated by (138) and (139) respectively.

P = 2 : (W + Hwe!l)

well well

Aweil = Wwel/ Hwel/

(136)

(1373



The minimum transistor width is given by:

W

min

= NF - actMinWid (140)

The value of the constant actMinWid is the minimum width of an active region. Its value is specified
in Table 39. Constraints are added to the design specification file to ensure that the minimum width

requirements are met for each transistor.

Negative Feedback

Fig. 53 shows the block-diagram of an amplifier used in a standard feedback configuration.
Assuming the loading effect of the feedback network is negligible, the closed-loop transfer function is

given by (141}.

W) H(
Vi(s) 1+ 'HOI(S)

H,(s)= (141)

Where H,(s) is the open-loop transfer function of the amplifier block and P is the feedback ratio.

5 ) ;
V,‘ " Hol(si 1’0

B

Fig. 33 Standard feedback configuration

The open-loop transfer function of can be decomposed into its numerator and denominator

polynomials as:

N (s)
H (s)=—24 142
ol( ) DA (S) ( }
Substituting (142) into (141) yields:
N,/D, N

H, (S)

== - = 4 (143)
1+BN,/D,) D,+pN,

Equation (143) shows how the closed-loop response is computed using the open-loop response. MNote

that the numerators of the open- and closed-loop transfer functions are identical. Thus, the locations

of the zeros are unaffected by feedback. The denominators are, however, a different story.
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A Standard Single-Stage Differential Amplifier

In this section, the development of a DSE design specification file for the fully differential amplifier

depicted in Fig. (54) is described.
1

Anca @
M24 jL————é—%‘ M2B
! i L

iy Moy

I -
1
]
Cry . - Cra
n, | MIA MIB n,
nml! v

Fig. 54 Schematic diagram of a fully differential amplifier

Degrees of Freedom

The design task involves determining the physical dimensions of the devices that maximize a
performance goal subject to a set of constraints. Although the physical dimensions of the devices
must be determined at some point, it is not necessary to partition and explore the design-space in
terms of those variables. It is often more convenient to use an alternate set of variables that result in
simipler, more tractable expressions for the performance parameters [45]. For this reason, the excess
biases of the devices were used as the degrees of freedom (DOFs) rather than the device widths.

Table 40 lists the DOFs that were used for this design.
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Table 40 Degrees of freedom used to characterize the standard fully-differential amplifier

Viest, Vegz, Vags Excess biases of devices MI1-M3 (V)
Ly, Ly L Lengths of devices M1-M3 {m)
P Total power consumption {W)
Vop, Vs Supply voltages (V)
View Common-mode input voltage (V)
Cr Capacitive load (F)
DARI, DARZ, DAR3 Desired aspect ratios of devices M1-M3
BETA Feedback factor, for closed-loop configuration
Iz Setiling accuracy parameter

Common-Mode Qutput Voltage

The upper limit on the common-mode voltage is imposed by the condition that M2A and M2B remain

in saturation.

Vocssamao = Voo = Ve (144)
Likewise, the minimum common-mode output voltage is determined by the point where M1A and
M1B leave saturation.

Vocumin =Vien = Vr1 (145)

To ensure that only viable designs are considered, the following constraint was added the design

specification file.
{
V()C/\/l\’mm} S V(}CM < Vv{){"M {max) L }46>

The choice of common-mode output voltage affects the magnitude of the maximum undistorted
differential output signal that the amplifier can produce. To ensure a large differential output signal
swing capability, the common-mode output voltage was chosen to be at the middle of the acceptable

range.
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s
- yOCM {min) + }OCM {max}

VO‘CM - 2

(147)

Maximum Differential Output Swing

When excited differentially, the large-signal voltages »,, and n,; deviate differentially from the
common-mode value. The maximum differential signal swing is defined as the largest signal that can
be produced at the output for which all devices remain in saturation. The relationships are illustraied
in Fig. 55. For a differential input of zero volts, the tail current splits evenly between the two
branches and the both outputs rest at the common-mode output voltage. As the magnitude of the
differential input voltage increases, more current is steered cither to the left or to the right. As a
result, v{n,,) or v{n,p) increases while the other decreases. At some point, the magnitudes of the

deviations become so large that one or more of the transistors leaves saturation.

Vin) Vi)

M2A Ohmic M2B Chmic

mmenin

v

\\DCM
b anad] o
M1B Ohmlc} ‘M?A Ohmic

Vig
Fig. 55 Large-signal output node voltages as a function of the differential input voltage

Requiring that M2A and M2B operate in saturation limits the maximum voltages at the output nodes.

Therefore, the outputs must satisfy:

Vi, )V i{ng) SV, —=Vig, (148)



Fig. 56 Approximating the point where M 1A leaves saturation

The points where M1A and M1B leave saturation correspond to the minimum nodal output voltage.
Using the large-signal expressions and solving for the exact points where MIA and MIB leave
saturation yields analytical expressions that are very complicated. Although coding complex
analytical expressions is possible in Design Space Explorer, in this case it is not necessary. Knowing
the exact value of the minimum nodal output voltage is not required. Errors as large as a few percent
of the total output voltage swing are acceptable. For this a reason, a first-order approximation of the
output voltage is employed. Fig. 56 illustrates the technique used to estimate the point where MIA

leaves saturation.

MI1A operates in saturation when:
V(n(‘)/l ) '>_ I/ia - EV/TI (149)
For differential excitation, V,, is given by Vicw + vi/2. Therefore, (149) can be written:

[}

Vi

V{nm ) 2V + ‘g“ Vi (150)
The right-hand side of {150) is the equation of the positive-sioped line drawn in Fig. 56. The point
where the line intersects the Vin,4) curve corresponds fo the minimum output voltage for differential
excitation. This is the quantity that we would like to determine. However, since it is not necessary to
know the exact value of the minimum output voltage and solving for the exact point requires a lot of

: z s . .
work, the nearby point (v, , v, , ) is used instead.
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The approximation involves finding the point where the right-hand side of (150) intersects with a

linear approximation of V(n,, denoted as V{HM) . Mathematically, the approximation is given by:

where 4, is a negative guantity known as the open-loop DC gain. Solving for the output voltage at
the point of intersection.
r VOCM + ,Aoil ’ (VICM - VTI)

v, = 152
04 1“%“on/ ( )

From (148), the maximum positive deviation from the quiescent point 1s:

AV, =V =Vigs —Voeu (153)

o

Similarly from (152), the maximum negative deviation is:

4./

4 VOCM - V!CM + VTI) (154)
ol

o-

1+

Since differential swings at the output should be symmetric about the common-mode output voltage,
the peak-peak magnitude of the largest symmetric signal that can be accommodated on either #,4 Or

n,p without clipping is given by:
AV, =2-min(AV, AV, ) (155)

Equation (155) corresponds to the maximum single-ended swing at n,4 or 7,3 The maximum

peak-peak differential swing is twice as large.

! Aol I

Ao/ }

1+ Voorse = Views — Vm) {156}

V iy = 4-min) Vi, = Vg, = Vocus

Notice that the common-mode output voltage affects the magnitude of the maximum undistorted
differential output signal that the amplifier can produce. To maximize the signal swing, the common
mode output voltage should be chosen to ensure that the maximum positive and negative deviations

are equal in magnitude. Thus, the optimal common-mode output voltage is given by:

VDD - VEEZ +

Ao/g(Vm) - VEBZ + Vf(iM - VT!)
1+2-|4

V(')(,‘M {opty

ol



Substituting from (144} and (145),

: i\V()C' M{max) V()CM ¢ mm))

1+2-]4,

V _ VOCM {max} + EA{)
OCM (opt) ™

(158)

Observe that, as the amplifier gain approaches infinity, the optimal value of the common-mode
voliage approaches the middle of the common-mode range given in (146). For low-gain amplifiers,

however, the common-mode output needs to be set a little higher.

Operating Point

The operating point is the sct of node voltages and branch currents that occur in the amplifier under
quiescent input conditions. For fully differential amplifiers, such as the one under consideration, a
quiescent input refers to the fact the differential input voltage 1s zero (Via=V=Viem). Since the
circuit is symmetric, if both halves of the circuit match exactly, then the differential output voltage

will be zero as well (Voa=Vop=Voou).
The tail current is computed by:

P
Iy =———— (159
4 bp T VSS
Assuming the differential input voltage is zero and the circuit is perfectly symmetric, the tail current

splits evenly between the two branches.

I,
{psi =1spy = [53 (166)
From (56):
Vg =Vesi =Vni (i6l)

Since the gate voltage is equal to the common-mode input voltage and the source is connected to the

tail node, (161) can be rewriiicn as:

v,

tail

=Viens = Vg =V (162)

Tables 57 and 42 summarize the DC operating point currents and voltages respectively.
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Table 41 Operating point currents

Current Value Description
T s P M3 drain 1o source current
Vip = Vs (Tail Current)
Lo s s M1 drain to source and M2
2 source to drain currents

Table 42 Operating point voltages

Quantity Node(s) Value Description
v, Poyus Ap Voeu Output
v, 7, Mg View Input
Viai Prai View =Vem = Ve Tail
Voes ey Ve Bias
Voca e e Bias

Other quantities related to the operating point are sometimes of interest to the user. Therefore, the
variables shown in Table 43 have been defined in the design specification file. Using these guantities

to calculate other parameters and in constraints can reduce the computational complexity of the model
{see 0).



Table 43 Other operating point parameters that are defined

Quantity Value Description
Vst Vi + Vo M1 gate-source voltage
Veer Vigo + V7 s M?2 source-gate voltage
Viss Viegs + Vs M3 gate-source voltage
Vst V. =V, M1 drain-source voltage
Vspa Vop =V, M2 source-drain voltage
Vs Vi =V M3 drain-source voltage

Device Widths

In order to physically design or even simulate the fully differential amplifier, the geometrical
parameters of the devices need to be determined. However, the device widths are not present in the
list of DOFs. Expressions that relate the DOFs to the device widths can be found by solving
equations {54) and (55) for W.

The resultant expressions for device widths are given in (163) through (165).

W, = L psi Ly \ (163)
,B;z VﬁgBl (E + ln VDSi )
W, = nj ?DQLZ (164)
ﬁpVEBZ \‘E + }LpVSDZ)
Il
CoCint (165)

=
ﬁnVEBs (} + A,V bs3 )

Small-Signal Model

Fig. 57 shows the complete small-signal model of the fully-differential amplifier shown in Fig. 54.
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Fig. 57 Smali signal model of the fully-differential amplifier

Since the amplifier is symmetric, its response will also be symmetric. Therefore, using the procedure
described in 0, the total small-signal response can be determined if you know the differential and
common-mode responses. For differential excitation, the tail node acts as a virtual ground and the
small-signal model of Fig. 57 simplifies to the model shown in Fig. 58. The output conductance, g4,

and total output node capacitance, ¢,, are given by (166) and (167) respectively.

7 | icgdl
Vid © 1
|

0 Vou

= QT
v

Fig. 58 Simplified small signal model for differential excitation

i =8n T8 (166)
Cp = Coup TCgy T Cp0 T (167)
Analyzing the circuit in Fig. 58 reveals that the differential transfer function is:

{ 3
- {\gml -8 ngl)

g 75 {ngl + Cz)

H,(s)= (168)
When using a fully differential amplifier, differential signaling 1s normally employed. The signal to
be amplified is encoded as the difference between two signals whose common-mode value is held
constant. For this reason, a designer is primarily interested in the differential-mode transfer function
and the common-mode transfor function is not of interest. In fact, a special circuit called a
common-mode feedback circuit is usually included to stabilize the common-mode value of the output

signals.
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The small-signal output conductances are determined using (63) and {64).

}‘" ]D‘»‘l
= 169
gdl 1 + ’?L’n I/I)Sl ( )
AT,
2,= _pspr (170)
1AV,
M1’s small-signal transconductance is computed using (61).
21
Em T (7
VEBI

In order to accurately estimate the drain-well and drain-source capacitances, knowledge of the layout

style is required. Since the transistor layouts are not available, some were assumed. An effort was

made to choose appropriate layout styles. However, if they are not suitable for a specific application

the diffusion area and perimeter calculations will need to be modified. M1A and M1B are assumed to

be laid-out using an interdigitized common-centroid layout like the one described in §. Similarly,

M2A and M2B are assumed to be laid-out using an interdigitized common-centroid layout like the

one described in 0. Finally, M3 is laid-out using the fingered layout described in 0. Tables 44 and 45

show the calculations used to compute the diffusion perimeters and arcas. Table 46 shows the

calculations used to determine the number of fingers in the transistor layouts that most closely

achieve the desired aspect ratios.

Table 44 Diffusion perimeter calculations

Name Diffusion Perimeter
Ppi DIA, DIB W, +NF,-B
- o éNE +1 }Dm

NF, ’
Pp> D2A, D2B W,+ NF,-B
Pp; D3 W,+ NF,-B




Table 45 Diffusion area calculations

Name Diffusion Area
W, -

Api DiA DIB ‘2 P

NF, +17,
Ass DI

NF
W, -

Aps D2A, D28 . B
2
W, .

Aps 32 B

Table 46 Calculations to determine the number of fingers/transistor

Name Calculation
B szCont + 2 - spcContGate
B 1
a, — . ke{l2,34,5;
' AL, +B)
NF, max| 4 - rint ai-( /1+M—E /4 4
\1¥ o ,B 4
W
NF, max; 4-7int| ¢, - /’1+2 W, - DAR, ~11/4 14
. Y o,
7 '—-——-—————
NF, max| 2 -rint] 2- ¢, {\/E_%W;;D@R‘ -1 /2 2

144
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The procedure used to estimate the parasitic capacitances of a FET operating in saturation is
described in section 0. Table 47 details the equations used to compute the sizes of the relevant
parasitic elements. The parasitic elements that have fixed DC potentials across them have been

omitted. They are shorted in the small-signal model and therefore can be neglected.

Table 47 Parasitic capacitance calculations

Name Capacitance Caleulation
ng 1 C()xn F%/l LD
ngz Cuxp WZ L D
ng} Cox;z Wl’v LD
C C WL, 6 + 2 C WL
gst oxn’ 17D g oxn
CJP A D2 CJSWP I)D 2
MJP MISwP
de2 E"f‘ VDD - K)‘ §+ VVDD —{/i
¢BP ¢BP
CJ N A D} + C.IS WN R’)l
MIN MISWN
Can 1+ v, —-VSi 1+ Vo =Vss
BN ¢B/\"
CJ'N AD3 + CJSWN PD3
C . MIN ~MISHEN
db3 1+ Vm.—‘l - VSS E} + Y, wil g/ss
¢BN X ¢5N
CJN AS i “ CJSWN P, S
c / MIN v, \MISWN
"sb1 14+ y tail ~ VSS 1+ I/.’ai/ B VSS
¢BN @BN
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Open-Loop Response

The small-signal model of the differential amplifier shown in Fig. 58 has an open-loop transfer

function given by (168). Ii is rewritien here in a slightly different form.

( 5
1— 2
2]

The quantities 4., P, and Z represent the open-loop DC gain, open-loop pole location, and zero

location. The expressions used to compute these quantities are given in (173), (174), and (175).

o
A4, =-=2 (173)
Eaa
P, —_-m____g__d_éf_ (174)
C, +ng1
7 =En (175)
C

gdl

The values of the variables gy and ¢, that appear in {(173)-(175) are given in (166) and (167).

Typically, ¢, >>c,,, . Therefore, the zero normally lies at frequencies that are well beyond the

unity-gain frequency of the amplifier. As a result, the zero has a negligible effect over the frequency
band of interest and is normally neglected without a significant loss of accuracy. Another parameter
that is frequently of interest to designers is the unity-gain frequency. An expression for the unity gain

frequency is given in (176).

w" =J{(gml ”gdd )(gm! _'é_ga’cf) ~ gmi (176}

(9. )
Cr(cr v cgdi Cz

Since designers are accustomed to using Bode plots, plot clements were added to the design

specification file to produce them.
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Closed-Loop Response

The closed-loop response is computed from the open-loop response via (143).

(177

The quantities 4., P.; and Z represent the closed-loop DC gain, closed-loop pole location, and zero

location. The expressions used to compute these quantities are given in (178), (179), and (180).

A
e (178)
é-+-A()lﬁ
Z-P, {1+ 4,
-Pd = ol ( ol ﬁ) zR)[ ,(E_}_Ao] B) (}79)
(Z+4,-B-P,)
7 =Em (180)
ngl

Note that the closed-loop transfer function has the same functional form as the open-loop transfer
function. However, depending on the value of B, their pole locations and DC gains may differ. The
location of the zero is unaffected by feedback. As the case was for the open-loop response, if the zero
lies at frequencies well beyond the unity-gain frequency of the amplifier, the zero can be neglected

without incurring a significant loss of accuracy.

Slew Rate

The maximum rate at which the cutput voltage can change is determined by the amount of current
available to charge/discharge the capacitive loads. To illustrate, consider the quiescent amplifier
shown in Fig. 59(a). Assuming perfect matching, the tail current splits evenly between the left and
right circuit halves so that the quiescent current through M1A, M1B, M2A, and M2B are all equal 10
ETAIL/ 2.

Suppose that a large, instantaneous step-change is applied to the inputs of the amplifier. The values

of the currents at the instant immediately following the input change are labeled on the diagram
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shown in Fig. 59(b). It was assumed that the input step was of sufficient magnitude to steer virtually
all the tail current to the left. Therefore, at the nstant after the input step, C, is being discharged and
Cyp is being charged by currents equal to Ira/2. Since all of the current is being steered either to the
right or to the left, these charge/discharge rates represent the maximum rate of output change possible

for the architecture.

1 1

{
VM4 Fpes MJBE

['1141.’ /"I i ;

j— — —
0 /2 Lowf?
‘y c, Cbﬂy wan! rairf 'g o
MIB MIA MIB
¥ v
7 1/ /9 b e T | Sep - ;oo st
¥V, = ,(M———{ l,]m./—' T /2 l. }—" Vie =View Vi =Views T ——'{ L Tran ] =0 l }_— Vis = Vias -5
Hoaqt it “
i
M3 M3
i
pej H‘ﬁ Lo, Fpeg L Tr,
(a) (b)

Fig. 59 Branch currents (a) under quiescent conditions (b) immediately after a large input

step-change

The current-voltage relationship at the terminals of a capacitor is given by:

dv
J=p 181
” (181)

The total capacitance on each of the output nodes evaluated at the operating point is given by:
€, = Cpya + € T Cu T (182)

Therefore the maximum rates at which V4 and V,; change arc given by (183) and (184).

av,, _ - I ran (183)
dat 2-c,
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Since the differential output voltage, V4 is the difference in voltage between ¥,z and V,,, the
maximum rate of change in ¥, is given by:
dv,, _dv, dv,

od
: 1853
dr dr | di (185)

Substituting (183) and (184) into (185) results in the absolute maximum rate of change in the

differential output voltage. This quantity is referred to as the slew-rate (SR).

{0
SR =il (186)

¢,

Settling Time

The step-response settling time 1s a measure of how fast an amplifier responds to step changes at its
inputs. Specifically, the term refers to the minimum amount of time that must elapse after a step is
applied until it can be guaranteed that the present and all future values of the output will lie within a
certain tolerance of a specific target output value. The process is illustrated in Fig. 60. Settling-time
is an important parameter because it can be used to determine the maximum speed of operation of

many circuits

Vin(i) T hd(t) T Vour(t)

n A Vo

g
!
!

v

B

t> Ts t2
Fig. 60 Step response settling time block diagram

Depending upon the application, settling time is uvsually defined in one of two ways. Fig. 61
illustrates the two methods. All points in the shaded regions correspond to signal values that are close
cnough to the specified value to be considered setifed. These regions are referred to as seftling
windows. In this case, the width of the settling window (the settling accuracy) 1s parameterized by the
variable 4. Smaller values of h correspond to greater settling accuracies. For example, for 1%

settling accuracy, £ would be 0.01.
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Agga+h) T (E/B)1+h)
A‘cl - ‘é/;} —
—7 = d
AE(1-h) / GBI
A
2 5 H — H
[} i 2
> ;‘i >
/
T t Ty t
(a) (b)

Fig. 61 Two commonly used definitions of settling time (a) relative to the asymptotic steady-state

value, (b) relative to the desired value of 1/

In Fig. 61(a), the center of settling region is defined relative to the asymptotic steady-state value of
the waveform. This definition of settling time is often preferred in mechanics and other control
systems. It might, for example, refer to the amount of time it takes for an object’s physical vibrations
to diminish to a certain level after it has been jarred. Alternatively, as shown in Fig. 61(b), the
settling window can be defined relative to a specific value (in this case, 1/B). Data converter
designers sometimes prefer this definition because their application may require a gain of exactly 2,

for example.

Assuming the closed-loop system of (177) is initially at rest, the transient response to an ideal step

applied at /=0 can be written as shown in (187).

v ()=v 07 )+4,-& [l - (1 - E’L}Pf/” :!u(t) (187)

zZ

The variable £ represents the signed magnitude of the input step and v,«0) is the value of the
differential output voltage at time zero approached from the left. The response of (187) is sketched in
Fig. 62. Due to the instantaneous step-change in the input at /=0 and the frequency-independent
response of the capacitive divider formed by ¢y and ¢, in the small-signal model, except in trivial
cases, v,4(7) is discontinuous at /=0. In most instances, though, the magnitude of the discontinuity is

modest and is safely neglected.
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Fig. 62 Linear step-response of a differential amplifier

The required rate of output change that the circuit must be able to provide can be determined by

differentiating (187).
dv,, P
—d =g, &P, V= Leht g 188
dl ol 5 ol { Z } ( ) ( )
For stable systems, P is in the left half-plane. As a result, d;‘;" decays with time. Therefore, the

absolute maximum rate of change occurs at =0 . Define ¢ as the magnitude of (188) evaluated at

=0.

=0l At z

AN

Em(d"%’ E:i/{, E.P, {1- Pﬁ”’j (189)

If © exceeds the slew-rate capability of the amplifier (SR}, the amp will mitially slew toward its final
value. Thus, the magnitude of the largest input step that can be processed without slewing is given

by:

SR

2,
V4

For step-changes larger in magnitude than &,.., the amplifier will initially siew toward its final output

élmx -

(190)

at a constant rate. As the output approaches the final value, the rate of output change required by the
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linear mode! diminishes. Slewing continues until the rate of output change required by the linear
model and the slew-rate capability of the amplifier are equal. Denote this point in time as T, From
time Ty on, the amplifier setties linearly. As illustrated in Fig. 63, neglecting slew-rate effects might

result in significant under-estimation of the actual settling time (Evror =T, T)).

Slaw ’“ Linear Seitling —»

{ —

Fig. 63 Diagram illusirating how slew-rate limiting can grossly affect the settling time

Assume we have a stable system excited by a step-input that is larger in magnitude than &,,.. During
the interval 0 <¢< 7T, the output slews toward its final value af a constant rate according to the

relationship given in (191).

)= v, (0°) == SR¢ 0<i<T, (191)
€]

In (191), v,(0") refers to the output voltage immediately after the input transition. This formalism is

necessary to account for the discontinuity that can appear in the output voltage due to an

instantaneous change in the input voltage. The value of v,y(0") is determined by evaluating (187) at

=0 and is given in (192).

] cl é (292)
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As the output approaches the final value, the rate of output change required to support linear settling
diminishes. At time T, the system resumes lincar operation. The subsequent linear response can be

expressed as:

Yod (f } = Vod {m} - [Vad (‘m) Y (Ts/ )E el 127, (193)

84

The coefficient of the exponential term is the magnitude of the transient component at time =7y

Vo {oo) represents the asymptotic steady-state value of the output while v, (T ‘,1) is the value of the
output when the circuit stops slewing. An expression for v, (00> is obtained by evaluating the limit

of (187) as ¢t approaches mfinity.
Vog(o0) = v, (0-)+ 4, & (194)

v (TS, ) is determined by substituting (192) into (191) and evaluating at time =7,

A{:I'Pci ‘:
Td g2 SR-T, (195)
z T

Substituting (194) and (195) into (193) and simplifying yields (196) which is only valid for 7 2 7, .

Vod (Tsl ) = Vg (0— )+

£ ,
vod(g)z Vod (0~}+Ac‘] & ’{Ad £ 'El‘”%}‘?'SR'Td ?epd'(rnr‘/) (196)

Slewing ceases and linear settling resumes as soon as the amplifier is able to support the slew
requirements of the linear model. Differentiating (196) with respect to ¢ yields the rate of output

change that the amplifier must be able to support.

av
Vod =-P;,/ '{Ad 5 (i _ R-[ E_{_é.SR.TS! }el’d-{nn,) P> Td <E97}

dt z ]

For stable systems, P, is in the left half-plane. Therefore, (197) decays with time and the absolute

maximum siew-rate occurs at =7,

P SR
. of 5 g of E Z }+ lgl sl } (3‘98>

To determine 7y, equate (198) to the slew-rate capability of the amplifier.

dV od
di
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PSR . |_¢
..p)g Ad.{}___ﬂ_ +— T, +=2-8R {199}
ZJ SIS -

Solving (199) for 7, and designating the result as 7' yields (200).

AN

bl {E:

: -1 isi

T,={— | —-1 (200
R P ENS } )

= NAx

E s, given in (190), is the magnitude of the largest input step that can be applied to the system that
does not result in slewing. Thus, the rightmost parenthetical term is always greater than zero for
systems that slew and always less than zero for those that do not slew. For stable closed-loop systems,
the lefimost parenthetical term is always greater than zero. Therefore, if Ty is positive, the system

slews for 7 seconds. If 7 is negative, no slewing occurs.

Since no slewing occurs in cases where 7'y is negative and negative slew-time is not sensible, a
unit-step function is used to eliminate the negative values. The final expression for the worst-case

slew time is given in (204).
T, =T, ;) (201)

In terms of settling, full-scale output transitions are the most challenging. The maximum peak-peak
output swing is given by Voyma defined in (156). Since the closed-loop gain is 4., the magnitude of

the input step corresponding to a full-scale output swing is given by:

v

[ od(max}

Sue = 4 (202)
ol

Therefore, the worsi-case slew time is computed by substituting (202) into {200).

' - 1 Vo max P
T;’] we = T ' ( id( u. ) - ﬁ } {203)
B ‘pd‘ \iAci I ’ gmax ¥

Substituting {203) into (201) yields the final expression for the worst-case slew time.

T, =T,

‘
st_we T sl _we

(7 ) (204)

Equation (204) is an expression for the total amount of time spent slewing after a step-change in the
input. To determine the total time required for settling, the time required 1o settle from the post-siew

value to within a certain tolerance of the desired value must be computed.



The settling time differs based upon which definition of settling time is employed. The first method
which is depicted in Fig. 61(a) will be referred to as method 4. It defines the settling band relative to
the asymptotic steady-state value of the output waveform. Since the response does not ring or
overshoot, the settling time, Ty, is the point in time where the output voltage given by (196},

intersects the inner edge of the settling band. Mathematically this is written as:

v {0-}+4,-E {4 £ (

P\é é SR- :q,}elf—f =v  (0-)+ 4, E-(-h) (205

Solving (205) for Ty

+T, (206)

Vun‘(max) + 71,,— B
h £l

IDCI} SR Tsl we
+

(207)

T’ﬁ'a W = i :
T F,

The second definition of settling time defines settling relative to the desired gain of 1/B. This method
is graphically depicted in Fig. 61(b) and will be referred to as method 5. The settling time, Ty, 1s the
point in time where the output voltage intersects the inner edge of the settling band. For settling to
take place, the DC gain of the amplifier must be large enough to ensure that the output waveform
seitles to 2 value that lies inside of the settling window. Therefore, for finite scttling times, the

following inequality must be satisfied:
(I-h)< A, -B<(+h) (208)

Settling occurs when the output given by (196) crosses the inner edge of the settling window.

P
!;(Jd(()‘)-FA(,, 2; —-é/jd é .(1 <l } éi SR-T, }2})/“ )=, (0 \§+% (E —i7) (209)
L o]

Solving (209} for T, and designating the result as 77



+T, (210)

Substituting from (206) yields:

. -1 A,-B-h
T, =T, +| — | —2 E 7
sb A\41+€R’]} E{Adﬁ—(]—h}} (212)

According to (208), for systems with enough DC gain to ensure seitling within the desired settling

window, the denominator of (212) is always positive. One could add a constraint to the design

specification file to ensure that designs that don’t satisfy 4, - f > (1—h) get tagged as unviable.

However, not all applications define settling relative to 1/B. In some cases, designs that define
settling relative to the asymptotic steady state value would be tagged as unviable even though they are
viable. Therefore, rather than using a constraint, a filtering system based on the unit-step function has

been employed.

T, =(=1)ul~4,-B+{-n)+(T,) uld, B-1-h) (213)

Equation (213) filters (212). For cases where the DC gain is inadequate to settle to a value that lies
within the desired settling window, the output is assigned the value of -1. For cases with adequate

gain, the value of the function is identical that of (212).

Transient response

A full-scale output transition is worst-case in terms of slewing and settling. The mathematical
expressions for the worst-case transient behavior were derived in section 0. The relevant equations

are repeated in (214).
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v,y ()= 1v,, (07 )= 2 SRt 0<1<T, (214)

Spice Netlist
A parameterized netlist has been prepared to make it easy to verify a design using WinSpice. A DSE
filter clement in the design specification file add a “Misc.” menu that allows the user to irigger the

creation of a customized nethist. After the netlist is created, the user should save the custom file and

source it in WinSpice to simulate the performance of the amplifier.

A nested sweep automatically adjusts ¥ to the value required to make the quiescent common-mode
output voltage equal to the desired value. A small signal AC analysis is performed at the Q-point.
The large signal quasi-static transfer characteristic is computed. Plots of the small-signal gain as a
function of signal swing are produced and the full-scale transient step-response is simulated and
plotted. The netlists are provided as a starting point for simulation. Feel free to modify the netlists

according to your individual needs.

The Telescopic Cascode Amplifier

In this scction, the development of a design specification file for the fully-differential telescopic
cascode amplifier shown in Fig. 64 is described. This architecture has been very popular and widely
used over the vears. Its primary drawback limiting its use today is its limited output swing capability.
The large number of devices stacked between the supply rails limits the available room for signal

swing.
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Fig. 64 Schematic diagram of the telescopic cascode amplifier

Degrees of Freedom

The degrees of freedom used for the telescopic cascode amplifier are listed in Table 48. For the same
reasons described in 0, transistor excess biases are used as the degrees of freedom instead of the

device widths.



Table 48 Degrees of freedom used to characterize the telescopic cascode amplifier

Vg1, Vina Ve, Vess Excess biases of devices M1-MS5 (V)
VEBS
Ly, Lo B, Ly, Ls Lengths of devices MI-MS3 (m)
P Total power consumption (W)
Vo, Vss Supply voltages (V)
Viem Common-mode input voltage (V)
Cp Capacitive load (F)
DARIL, DARZ, DARS, Desired aspect ratios of devices M1-MS5
DAR4, DARS
BETA Feedback factor, for closed-loop configuration
h Settling accuracy parameter

Common-Mede Output Voltage

The common-mode range is the range of possible quiescent common-mode output voltages for which
all devices operate in saturation. The upper limit on the common-mode output voltage is imposed by
M4A and M4B. The maximum common-mode output voltage for which they operate in saturation is

given by:
Vocrga = Vpea !Vmi (215}

Likewise, the lower limit is imposed by M5A and M5B. To operate in saturation, the common-mode

output voltage must not drop below a certain level.
Voesmin = Voes = Vrs (216)

To ensure only viable designs are considered, the following constraint was added to the design

specification file.

7 i
VOC,‘M {mixn) < I/()CM < E()CM {imax} (2 17)

The choice of common-mode output voltage affects the magnitude of the maximum undistorted

differential output signal that the amplifier can produce. Since signal swing is often the factor
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limiting the viability of these architectures, the common-mode voltage will be chosen to maximize the

differential output signal swing.

Maximum Differential Output Swing

The meximum positive voliage excursion on either of the output nodes from the common-mode

voltage is given by:
AV, =Vies + %VM —Vocu (218)

Likewise the magnitude of the largest negative voltage excursion on either of the output nodes from

the common-mode value is;

AV, =Voeu —Vpes TVrs (219)

o

Therefore, the peak-peak magnitude of the largest symmetric signal that can be accommodated on

either of the output nodes without any devices leaving saturation is:

AV, =2-min(AV

o+

AV, ) (220)

This corresponds to the maximum single-ended swing at n,, or n,. The maximum peak-peak

differential swing is twice as large.

P

od {max)

=4-min(AV

o+

AV, ) (221)

To maximize the output swing, the magnitudes of the peak positive and negative excursions should be
balanced. Equating (218) to (219) and solving for the common-mode output voltage that will

maximize the output swing results i

v _ (‘VDCS - VTS ) + (Vnm - V.m)

ocM T 5 {222}
Substituting from (215) and (216)
Voo 4V
7 OCM (min) OCM (max) -
Voeu = 5 = (223

Thus, neglecting transistor body-effect, setting the common-mode voltage exactly in the middle of its

acceptable range maximizes the differential signal swing.
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Operating Point
The tail current is determined by the total power.

P

7 U
VD —"VSS

ps3 = (224)

Assuming the differential input voltage is zero and the circuit is perfectly symmetric, the tail current

splits evenly between the two branches.

I
Ipg =1y =gy =1pgs = 223 (225)

2

Equations (56) and (57) relate the transistor excess biases to their gate-source voltages.

Ve =V + V¥ (226)
Vigr = Ve =V (227)
Vies =Vigs + Vs (228)
Vega =Vipa = Vs (229)
Viss = Vs + Vs (230)

The DC bias voltages applied 1o nodes npc and npc; are:
Voers =Vop = Vsan (234
Voes =Vss ¥V (232)

The cascode transistors M4A and M4B buffer nodes #,, and ny, from the output nodes. As a result,
the signal variations at n,, and #12, are about guy/gns times the size of the output variations. The DC
voltage at ns, and 72, should be set low enough to ensure M2A and M2B remain in saturation for
full-scale output variations. Additional margin should also be added to account for the variations in
Vpes due to the common-mode feedback circuit compensating for process and environmental
variations. Based on these factors, one might be tempted set the quiescent voltage low and not worry
about it. This, however, is not a good idea because the size of the maximum signal swing is reduced

in direct proportion to the amount that 7, is lowered.

Since M2 and M4 must remain in saturation, the maximum voltage that either output, ¥, or ¥, could

possibly achieve (roughly) is Vpp - Vgps - Veps Likewise, the minimum output voltage either output
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could achicve and still ensure M1, M3, and M5 remain in saturation 18 Vgs + Vigy + Vers + Vess.

Therefore, a crude upper bound on the maximum output node swing is:
A}/o = {VDD - VSS ) - (E/EB"! + VEBQ + yEBS + VEB4 + VEBS) <233}

Since the ratio of gua/ga 15 typically 10 or more, the peak-peak swing at 115, o7 #125 is expected to be no

larger than:

Vv~V -V, +V  +V. . +V. +V,
AV, = ( DD SA) ( a1l T ;vgb 83 TV pps T I;BS) (234)
V5 is chosen to be:
p AV
Vo=Wpp — V7B?_)_ 2 Vs (235)

The parenthesized term corresponds to the maximum voltage at #,, and n, that still allows M2ZA and
M2B to operate in saturation. The next term adds enough margin to ensure that the devices remain
saturated in the presence of signal swings. The final term compensates for the expected process and
environment variability all lumped together in one constant. The value of ¥y is not usually available
but it could be estimated if good statistical process models were available. For this work, since the

process data is not available, a constant value of 100mV is used instead.

Now that ¥ is known, Vpey can be determined.
Vies =Vo =V (236)
Given the common-mode input voltage, Ve, the tail voliage can be expressed as:
Ve =View = Vs {237)
A similar procedure to the one used to determine the value of V> is employed to determine the
quiescent voltage at nodes n,, and ;.

AV
V= (VTA[L Vi )+ ‘E‘l‘ Vs (238)

Once V; is known, Vs can be determined.
Vioes =V +Vss (239)

To ensure all devices are biased in saturation, the following operating point constraints were added o

the design specification file.
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Vst 2V g 240)
Vipr 2 Vg (241)
Visa 2V (242)
Vepa 2 Vg, (243)
Voss 2 Vgs (244)

Device Widths

The device widths are determined by solving the large signal equations of (54) and (55) for W.

i
A ES N
=T
N S W

Small-Signal Model

Fig. 65 shows the small-signal model of the fully-differential telescopic cascode amplifier shown in
Fig. 64. To simplify the model, the parallel capacitances are lumped together as described in

equations (250) through (253).

—_— v 5 19 X4
Co=Cp F Craq T Caps T Cpys (250)

€ = Cypy FCgs TCys (251)
CZZ = Cciu'?_ + ngl + Cw[)4 + Cgsd (252}
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Fig. 65 Small-signal model of the fully-differential telescopic cascode amplifier
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For differential excitation, the tail node acts as a virtual ground and the small-signal model of Fig. 65

reduces to the one shown in Fig. 66,
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Fig. 66 Simplification of small-signal model assuming differential excitation

The circuit of Fig. 66 is small enocugh that its analytical response can be determined without the
assistance of a computer. However, the task is arduous and susceptible to errors. Upon completion,
the resultant expressions are too complicated to be tractable. Because the expressions are so
complicated, factorizations are unlikely to be obtained by hand without making simplifying

assumptions (which sacrifice accuracy). For these reasons, hand calculations were avoided, and the
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exact analytical response was computed using the computer arithmetic software package Maple’.
Table 49 contains the Maple script used to determine the differential transfer function. When the
script is executed, Maple computes the transfer function and gencrates the optimized Fortran code
required to implement it. Table 50 contains a listing of the resultant Fortran code generated by

Maple. These expressions are easily adapted for use with Design Space Explorer using a text editor.

Table 49 Maple script used to generate the code to compute the differential response

B

# Maple script to determine the differential response of a telescopic

¥ cascode amplifier.
#

egl := gml*vid + vi*(s*cl+gdl} + (vl-vid)*s*cgdl + gm5*vli + (vl-vod)*gd5;
eg?2 := gmd*v2 + (vZ2-vod)* (gdé+s*cdwd) + v2*¥ (s*c2+gdl);

eql3 = (vod-v2)*(s*cdwd+gdd) - gmd*vZ - gmd*vl + (vod-vl}*gd5 + vod*s*c0;
vl := solve(egl,vl);

v2 1= solve(eg2,v2):

hd:=solve (eq3,vod) /vid;
d:=collect (denom(hd), s, factor);

n:=collect (numer (hd), s, factor);

a0t := subs(s=0,n);

alt := coeff(n,s"1});
azt := coeff(n,s"2);
b0t := subs(s=0,4d);

bit := coeff{d,s"1);
b2t := coeff(d,s"Z);
b3t := coeff(d,s"3);

# coefficients of the open-loop transfer function

fortran([a0=a0t,al=alt,aZ=a2t,b0=p0t, bl=blt,b2=b2t,b3=b3t], optimized);

* Maple is a trademark of Waterloo Maple Inc.




Table 56 Fortran code that computes the cocfficients of the differential transfer function
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W
Ll N

o
ot
(o)) o

ot

t21
Jol¥)

tz23
t25
t27
t29
£31
t4l
t43

i

i

i

i

i

gdS+gmb

-gmi*tl* (gmd+gdd+gd2)

- {gml*cdwd+gml*c2-cgdli*gmé-gdd*cgdl-cgdl*gd2) *t1
cgdl*tl* {(cdwd+c2)

gdd*gdl

gd2*gd4

gd4*gdb
t14*gd2+ti6*gdl+tlo*gdS+tl4*gmd+tl6*gmb+t21l*gdl
c2*gd4d

cO*gmb

gd5*cl

gd2*cdwé

gd5*cgdl

cO*gd4

£23%gdb+t25*gmé+t27 *gmd+t29*gdl+t31* gmd+t29*gdS5+t31*gd2+t16*

$cgdl+cO*gmd *gdb+c0*gd2*gdS5+t25*gd2+t41*gdl

tdb
t49
t59

Il

gd5*cdwé
c0*gdl
£23*gdl+td5*gdl+t27*gd2+tl6*cl+t49*gd2+tld*c2+t41*gd5+t29*gm

#5+t41*gmb+t49*gmd+t21*cgdl+t21*cl+t23*gm5

bi

t60
T65
th7
t72
t75

t434+t59
cO*cl
cO*cdwi
c2*cdwd
¢cO*cgdl
t60*gd2+t45*cgdl+t29*%cgdli+t23*cl+t65*gdl+t67*gdo+t49%c2+129*

#el+tdl*cgdl+t72*%gd2+167*gmb

85
t89

c0*c2

£65*gdo+t72*gmé+t23*cgdl+t31 2+t 60 gmd+t25%c2+27 c2+t45% ¢l

#+167*rgdl+t85*gdb+td4l*cl+t65*gmb

b2
b3

it

t75+t89

(£65+£85+167) * (cgdl+cl)

The resultant open-loop differential transfer function is of the form:
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2
a5~ +a;s+a,
3 2 .
bys” +b,s” + b5+ b,

H, (s} = 2543
where the numerator and denominator coefficients are computed using the code in Table 50. As
discussed in 0, the common-mode transfer function is usually not of interest when fully-differential
signaling is employed. The small-signal transconductances were computed using (61) and (62) while

the output conductances were determined using {63) and (64).

To compute the frequency response, the capacitive parasitics must be deterrnined. In order to
accurately estimate the parasitics, knowledge of the specific layout is required. Since the transistor
layouts are typically not available at the design space exploration phase, specific layout styles were
assumed for the transistors. An effort was made to choose appropriate layout styles. However, if
they are not suitable for a specific application the diffusion area and perimeter calculations will need

to be modified.

MI1A and M1B arc assumed to be laid-out using the scheme of 0. M2A and M2B using the technique
of 0. M3 is laid-out using the technigue described in ¢ and M4A, M4B, M5A, and M5B are laid out
using the technique of 0. Tables 51 and 52 show the calculations used to compute the diffusion
perimeters and areas. Table 53 shows the calculations used to determine the number of fingers in the

transistor layouts that most closely achieve the desired aspect ratios.



Table 51 Diffusion perimeter calculations for the telescopic cascode amplifier

Name Diffusion Pernimeter
Pr; DIA, DIB W, + NE, -
Ps; s1 2-€NE“}%

NF,

Pp: | D2A,D2B W, + NF, - B
P D3 W, + NF,- B
Pps | D4A,D4B W, + NF, -
P S4A, S4B 2-(W, +NF,-B)
Pps | DS3A,D3B W, + NF,- B
Pss S5A, S5B 2-(W,+ NF,-B')
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Table 52 Diffusion area calculations for the telescopic cascode amplifier

Mame Diffusion Aroa
Ap; | DIA,DIB M
2
Asi S1 5. ( Ni’;;’* }Am
Ap: | D2A,D2B W «2f B
Aps D3 W32' B
Ap; | D4A, D4B W42- B
Ass | S4A, S4B B
Aps | D3A,DSB W52: B
Ass S5A, 85B W, B’
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Table 53 Calculations to determine the number of fingers/transistor

Name Calculation
B szCont + 2 - speContGate
B
a, —,  keil23
* ipy e
. K
, e {45
: , 1€ 4,
¢ T 45}
K, 2-(ovActCont + B+ L)+ szCont, i€ {45}
K, 2-spcSDActWell + speWellDiffPot
Ks spcAct
NF, max| 4 -rint| ¢, - J1+M~1/4 4
&, .B
I
o, ﬁ
NF, max| 2-mint] 2-a, - l+w—i 212
Qs B
NF, max| 4 - rint ;@{1 + /1+?'—Wf€i}34§f} 4 14
V Kyt Gy )
NF, max(4-rint 55{%—\/1-%—2—'5?5—;5;/;&- }/4 4
K5 ¢s ‘
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The procedure used to estimate the parasitic capacitances of a FET operating in saturation is
described in section 0. Table 54 details the equations used to compute the sizes of the relevant
parasitic elements. The parasitic elements that have fixed DC potentials across them have been

omitied. They are shorted in the small-signal model and therefore can be neglected.



Table 54 Parasitic capacitance calculations for telescopic cascode amplifier

Name Capacitance Calculation
ng:’( Coxn %/I\L Do ;{ € {E 93 95 }
ngk C(J.‘-;p Wk[‘ D ke {274}
2
Cé’ﬂ‘ Coxn W'\'LD - —5 C()xny/yii’ ék 2 ;{ € {1’5}
C 2
“gsd C{));pm‘[’[) + E CoxleLll
s CJPADQ + CJSWP‘P D2
" dw2 MIP MISWP
1 (1 + Vsm /‘,DBP) (} + VSDZ /¢Bp)
C CJP AD4 + CJSWPP D4
o MIP MISHP
- U+ Vipa /026 )"" (14 Vi 50)
C CJPAwelM + CJS‘IVPRva>!14
wh ; : AP AISHP
" U + (Vz - VSS )/ %P) (1 + (Vz - VSS >/ ¢BP>
C CJN ADI + CJSWN P, Dl
3 , MIN 7 ; MISWN
o (1 + (Vl - Vss )/{pgv) (E - {}/1 - VSS )/¢BN) ’
IS CJNADB + CJSWN B D3
b3 / MIN AISWN
" {1 + sz / ¢BN) (1 + Vpss / (rbBN)
- CJNADS + C]SWNP D5
~ db5s / MIN i MISIHN
“ (3 + (Vo —Vs )/ ¢BN) (E + (Vo ~Vs )/ By )
C CJ;V Asz + CJSWN Pi‘l
sh 7 MIN MISHN
1 {\1 + VDSS / ¢BN) (1 + VDSS / ¢b\>
C CJN As.s + C./SWN PSS
b ) MIN NAISIN
’ AR U 0T L (RS U 0 1
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Open-Loop Response

The open-loop differential transfer function of (254) can be factorized into the form of (255) using the

rooipoly() function.

Ar)i {E—S/‘Zé}ﬁws/zfl}

TSI =B (= 5/ =
The locations of the poles and zeros are determined via (256) and (257) respectively.
{Pgn aP:;/sz;)/s}z V()Ol‘p()ly{bo,bi b, vbz) (256)
{2,.2,}=rootpoiv(a,,a,.a,) (257)
The DC gain is computed by substituting s=0 in (254).
A, = o (258)
b()

Closed-Loop Response

If the telescopic cascode amplifier of Fig. 64 is used as the amplifier in a feedback configuration, then
the closed-loop transfer function can be found by substituting the numerator and denominator from

(254) into (143).

2
a,s" +a,s+a,

Hals)= bys® +b,s” +bs+b, + ﬁ(azsz +a,s+ czo) 9

Which can also be expressed as:
H,(s)=—t 57+ 43 ¥ Gy (260)

d,s”+d,s" +ds+d,
where

d,=0b, (261)
d,=b+f a, (262)
d=b+p q (263)

do =b, + !8 Ty (264)
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The poles migrate as the feedback factor varies. For a given feedback factor, the closed-loop pole
locations are given by:

AY

PP PE:B}Z rootpolyld,.d,, d,, d;) (265)
The closed-loop DC gain is computed by substituting s=0 in (259).

4, =20 (266)

d()
To ensure that only stable closed-loop systems are considered, constraints were added to the design
specification file to ensure that all the closed-loop poles lie in the left half-plane. Using the variables

defined in (265) and (266), the transfer function of (259) can be expressed as:

H ()= e 1-5/2))- U ~5/Z))

- N 267
(1 "S/P;n)‘ (E"S/sz )(E “S/Paa} @z

Slew-Rate

Due to their architectural similarity, the slew-rate analysis of the standard fully differential amplifier
given in section 0 applies to the telescopic cascode amplifier as well. The slew-rate for the telescopic

cascode can be written as:
[ DS3
SR = == (268)

where Ipg; is the tail current and ¢, is the oufput node capacitance given in (224} and (250)

respectively.

Linear Step Response
The closed-loop system’s transient step response computed using the inverse Lapiace Transform is
given in (269).

v (t)=4, & -{ii ke ke gy -ee"""} (269)
The variable § represents the magnitude of the input step and the coefficients of the exponentials are
given by (270)-(272).

1 .
(E - B‘[l/})clz )(i - R’/l /P;-/z)




- !{\1 - P}iz/zz )(1 "Pciz./zz)
- (E - Pcfz ,/P;ﬂ )(1 - Pczz /Pcfs}

ko=— {E_R%/zi)(z‘—}zﬂ/zz) {273}
’ {"{ "Pém /P:n){i"P&l’s /R/z) B

Due to nonlinearity, the real transient response and (269) will not exactly agree. For example, for
large input steps, the amplifier may initially slew toward the final value. Furthermore, as the node
voltages and branch currents deviate from their guiescent values with signal swing, the small-signal
parameters of the devices vary. Despite the fact that the response of (269) is inexact, designers still

find it useful to look at these expressions nonetheless.

The Two-Stage Amplifier

This section describes the design specification file for the fully-differential two-stage amplifier shown
in Fig. 67. The first stage consists of transistors M1 A, MIB, MZA, M2B, and M3 while the second
stage is made up by M4A, M4B, M5A and M5B. The compensation network is comprised of

capacitors Cca and Cep and the resistors Rea and Res.

e

s )
MAA E M2A i} 2 i M2B

}?f“‘ I ih
r—J MI4 MIB
| _—

M4B

’?:'(l'
A3 MiB T
B ——‘{q .tzm.’,——!l;i

Fig. 67 Schematic diagram of a two-stage amplifier

Degrees of Freedom

The degrees of freedom used for the two-stage amplifier are listed in Table 55.
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Table 55 Degrees of freedom used to characterize the two-stage amplifier

Vigr, Vesz Visn Viss Vers Excess biases of devices M1-M3 (V)
Ly Lo Ls Ly Ls Lengths of devices M1-M5 {(m}
P Total power consumption (W)
o0, Vss Supply voltages (V)
View Common-mode input voltage {V)
93 Capacitive load (F)
DARI, DAR2, DAR3, Desired aspect ratios of devices M1-M5
DAR4, DARS
BETA Feedback factor, for closed-loop configuration
h Settling accuracy parameter

Common-Mode Output Voltage

The upper limit on the common-mode output voltage is imposed by M4A and M4B. The maximum

common-mode output voltage for which they operate in saturation is given by:
7 _— -
E()CM(max) - Vw -V EB4 (273)

where ViQ is the guiescent voltage on nodes a,, and ny,. Likewise, the lower Himit is imposed by

MS5A and M5B. Teo operate in saturation, the common-mode output voltage must not drop below a

certain level.
V()(‘Mgmm =V eps (274)

To ensure only viable designs are considered, the following constraint was added to the design

specification file.

4 2 )
y OCM {min) s VY()CM < J OCM (max) (“75)

The choice of common-mode output voltage affects the magnitude of the maximum undistorted

differential output signal that the amplifier can produce. To ensure a large differential output signal
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swing capability, the common-mode output voltage is normally chosen to be near the middle of the
acceptable range. However, since the required common-mode output voltage is commonly specified

by the application, it was included as a degree of freedom in the design specification file.

Maximum Differential OCutput Swing

Normally, the transistors associated with the second stage are the ones that limit the maximum
differential output signal swing. For a perfectly matched circuit with a differential input of zero volis,
the voltages at n,, and #,, are equal. As the magnitude of the differential input voltage increases,
v(n,,) or v{n,p) increases while the other decreases. At some point, the magnitudes of the deviations
become so large that one or more of the transistors leaves saturation. The relationships are illustrated

in Fig. 68.

Ying) Vi)

M4B Ohmic
R

M4A Ohmic
—

< —
MSA Ohmic

M5B Chmic

vld
Fig. 68 Large-signal output node voltages as a function of the differential input voltage

Requiring that M5A and M5B operate in saturation determines the minimum veoltages at the output

nodes.

V

pa{min} = VEES

(276

The points where M4A and M4B leave saturation correspond to the maximum nodal output voltage.
Using the large-signal expressions and solving for the exact points where M4A and M4B leave
saturation vields complicated analytical expressions. Although coding the required expressions is
possible in Design Space Explorer, knowing the exact value of the maximum output voltage is not
necessary. Errors as large as a few percent of the total output voltage swing are acceptable. For this a
reason, a simple approximation of the maximum output voltage is employed. Fig. 69 illustrates the

technique used to estimate the point where M4A leaves saturation.
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AY
5,
X
VGCM / T N—«\?\\

Fig. 69 Approximating the point where M4A lecaves saturation

Fig. 69 shows the transfer characteristic of the second-stage (M4A and M4B). The maximum output
voltage, labeled P, is the point where M4A leaves saturation. Mathematically, P is the point where

(277) is satisfied.
Voa = I/la + IVT4I (277)
Thus P lies at the intersection of the line V|, +}le and the transfer characteristic. Since the

expression for ¥, is cumbersome, finding P can be troublesome. Since the nearby point, P, is a

good approximation of P and it is found with much less difficulty, P is used instead. P is found
by approximating ¥, in (277) with the linear approximation of (278).

o~

Vo = V()CM +4,- (V

o la

Vo ) (278)

The variables Vocw and V) represent the quicscent voltages at nodes n,, and n;, respectively and 4, is

the small-signal gain evaluated at the quiescent point.

Ay =—Bms 279)

8aa T 8us

Solving for P results yields an approximate cxpression for the maximum output voltage.

14 ~ VUCM -4, (VDD - VEB4)

e 280
oa{max ) - A { }

2

The maximum positive voltage excursion on cither of the output nodes from the common-mode

voltage is given by:
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AK)—F— - V a(mux) - 3V()CM {28 i)

O

Likewise the magnitude of the largest negative voltage excursion on either of the output nodes from

the common-mode value 1s:

AVO~ = ’VOCM -V

oulmin)

(282)

This corresponds to the maximum single-ended swing at n,, or s, The maximum peak-peak

differential swing is twice as large.

Vgimay = 4 -min(AV, LAV, ) (283)
Operating Point
The total DC current consumed by the amplifier is given by:
P
L = A pgz + 2 gpy = ———— (284
oo = Vss

The ratio of current consumed by the output stage to that of the input stage is given by 6.

g = Tspag *Lspap - 2l 5py (285

]DS3 ‘[DS3

The remaining device currents can be expressed in terms of /., and 6 as summarized in Table 56.

Table 56 Operating point currents

Curpent Value Description
Ioers Lopa 7 e M1 drain to source and M2
2 source to drain currents
16 1 M3 drawmn to source current
(1+8) {Tail Current)
T e-1,., M4 source to drain current
2(i+6)
s Tipa M5 drain to source current
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Assuming the common-mode input and output voliages are known, all the node voltages can be

determined. The tail voltage can be expressed as:
VTAIL = g/ICJ‘»{ - VGS‘l = gi](‘M - (VEBI + VTI} (286)

where Vieyr is the common-mode mput voltage, Vzp, 18 Mi1's excess bias voltage, and ¥ is M1's
threshold. Duc to the body-effect, the threshold voliage has a slight dependence on Vi, Since the
threshoid voltage is not constant, (286) is not an explicit expression for Vi, Finding the exact value
of the threshold requires the solution of a nonlinear equation. The amount of variation in the tail
voltage, however, induced due 1o the body-effect is very small. Neglecting the dependency does not

significantly impact the accuracy of the model. Therefore, the M1’s body-effect has been ignored.

The voltages on nodes n;, and #, can be expressed as:
Vi=Voo Vo =Vpp = WVipa + IVMD (287)

The voltage on the output node is assumed to be equal to the common-mode output voltage Vocur

The circuit’s nodal voltages are summarized in Table 58.

Table 58 Nodal voltages at the operating point

Quantity Node(s) Value Description
z/u Hoas VO(,‘M Output
v, P (P View Input
Vit M, Views —Voss Tail
4 n,,, 1y, Voo = Veca intermediate
Voea Anen Voo = Ve Bias
Voes Apes Vee + Vs, Bias
Voes N pes Vs + Vs Bias
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Table 59 lists the device specific operating point voltages. Using these guantities in hierarchical
calculations can reduce the computational complexity of the model (see0) and improve the

readability of the design specification file.

Table 59 Device specific operating point voltages

Quantity Value Description
Vg Ve ¥V Gate-source voltage, k € {1,3,5}
Veor Viege = Vr Source-gate voliage, k € {2,4}
Vo Vi=V. M1 drain-source voltage
Ve Vip =V, M2 source-drain voltage
Voss Viir = Vs M3 drain-source voltage
Vipa Vep =V M4 source-drain volage
Voss Vo =~ Vs MS drain-source voltage

Constraints were added to the design specification file to eliminate solutions for which one or more

device is not operating in saturation.

Device Widths

The device widths are determined by solving the large signal equations of (54) and (55) for W. The

expressions used to compute the device widths are listed in Table 60.



Table 60 Device width calculations

Quaniity Value Description

W, sl Width of device k, k € {1,3,5}
ﬁl?V;Bk (i + }Liy VDSk )

W, Lopi Lo Width of device k, k€ {2,4}
ﬁp VEEB/'\' (E + "lp VSDK’ }

Small-Signal Model

For differential excitation, the tail node acts as a virtual ground. Under these conditions, the
small-signal model of the overall circuit is equivalent to the smali-signal model of the half-circuit.
Fig. 70 contains a schematic diagram of the smali-signal model. To simplify the model, parallel

capacitances and conductances are lumped together as described in equations (288) through (292).

€ = Capy T Cpn T Cgyn T Cyy (288)
Co =€ T Chpuq T Cps T Cys (289)
g = 8an T 8m (250}

8uo = 8as * 8us (291)

2. =Y/, (292)

Fig. 70 Small signal model of a two-stage amplifier

As in the case of the telescopic cascode amplifier, the small-signal model of Fig. 70 is small enough
that its analytical response can be determined without the assistance of a2 computer. However, the
task is arduous and susceptible to errors. Upon completion, the resultant expressions are too
complicated to be tractable. Because the expressions are so complicated, factorizations arc unlikely

tc be obtained by hand without making simplifying assumptions (which sacrifice accuracy). For
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these reasons, hand calculations were avoided, and the exact analytical response was computed using
the computer arithmetic software package Maple’. Table 61 contains the Maple script used to
determine the differential transfer function. When the script is executed, Maple computes the transfer
function and generates the optimized Fortran code required to implement it. Table 62 contains a
listing of the resultant Fortran code generated by Maple. These expressions are easily adapted for use

with Design Space Explorer using 2 text editor.

Table 61 Maple script used to generate the code to compute the differential response

* Maple is a trademark of Waterloo Maple Inc.
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# Maple script to analyze the small-signal response of a two-stage

amplifier

# Includes a resistor in series with the miller compensation capacitor

# to flip the rhp zero inte the lhp
¥ adnmittance of compensation network
yci=s*cgdd+l/ (1/gc+l/s/cc) @ ;

# sum currents at node nl

s*cgdl* (vli-vid)+gml*vid+ (gdd+s*cl) *vi+ (vli-vod) *yo:;

vl:=solve (%,v1):;

# sum currents at output
{(vod~v1) *yc+gmd*vl+ (gdo+s*c0) *vod:;
solve (%,vod) :;
vod:=collect (%,s):;
Hd:=vod/vid:;
n:=collect (numer (Hd), s) ;
d:=collect (denom(Hd), s, factor) ;
¥ denominator coefficients
b0t := subs(s=0,d);

blt := coeff(d,s"1);

b2t = coeff(d,s"2);

b3t 1= coeff(d,s"3);

# numerator coefficients
factor (n):;
nterml:=op(l, %)
nterm2:=op (2, $%);
nil:=coeff (nterml, s);
nl0:=subs (5=0,nterml};
n22:=coeff (nterm2, s"2);
nZl:=coeff (nterm2, s);
n20:=subs (s=0,ntexrm2) ;

# coefficients of the open-lcop transfer function

fortran([az20=nl0,a21=nl11,all0=n20,all=n21,al2=n22,b0=b0%,bl=blt,b2=b2t,b3=b

3t],optimized);




Table 62 Fortran code that computes the coefficients of the differential transfer function
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a20 = -gml
a2l = cgdl
al0 = —gmd*gc

t4d = gmd*cc

all = cgdd*gc+gc*rce-t4

al2 = cgdéd*cc

b0 = gdo*gdd*gc

té = cc*gdo

t9 = gdd*cc

bl = té*gdd+td*gec+tO9*ge+te*rget+gdo*cgdd*get+gdo*cgdlrge+gdo*cl*ge+gd
#d*cgdd*ge+cl*rgdd*ge+gmd *cgdé*ge
£31 = cc*cO

£36 = cO*cgd4

t38 = cl*cgd4

£40 = cO*cgdl

t42 = c0*cl

i

t44 cgdl*cgd4
b2 = td4*cgd4+to*cgdd+cl*eccr*getegdlreccrget+t6¥*cgdl+t3l*ge+t 9% cgdd+t3
#1*gdd+te*cl+t36%go+t38*rge+tdl*get+td2*ge+tdd*ge

D3 = (t44+£40+L42+£36+138) *cc

The resultant open-loop differential transfer function is of the form:

( 2
(“2;5 +ay }kaIZS +a,s+ am)
(Bs® + b,5° +bys+b,)

H,ls)=

(293)

where the numerator and denominator coefficients are computed using the code in Table 62. As

discussed in 0, the common-mode transfer function is usually not of interest when fully-differential

signaling is employed. The small-signal transconductances were computed using (61) and (62) while

the output conductances were determined using (63) and (64). Fully expanding the product in the

numerator, the transfer function can be written as:

3 Z
(H3S + 1,5 s+ n(,)

H,{(s) ==
als) (bys® +b,5” + bs + bu)

(294)
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where the numerator coefficients are given by:

iy = dydy (295}
i, = ‘;azian + Qzaau) (256)
= (azlam + azoan) (297)
iy = Ay (2%98)

To compute the frequency response, the capacitive parasitics must be determined. In order to
accurately estimate the parasitics, knowledge of the specific layout is required. Since the transistor
layouts are typically not available at the design space exploration phase, specific layout styles were
assumed for the transistors. An effort was made to choose appropriate layout styles. However, if
they are not suitable for a specific application the diffusion area and perimeter calculations will need

to be modified.

MIA and MI1B are assumed to be laid-out using the scheme of 0. M2A, M2B, M5A, and M5B using
the technique of 0. M3, M4A, and M4B are laid-out using the technique described in 0. Tables 63
and 64 show the calculations used to compute the diffusion perimeters and areas. Table 65 shows the
calculations used to determine the number of fingers in the transistor layouts that most closely

achieve the desired aspect ratios.

Table 63 Diffusion perimeter calculations for the two-stage amplifier

Name Diffusion Perimeter

Py DiA,DIB

NF, +1
PS] St /‘\’TE 01

W,+NF,-B

Pp; | D2A,D2B W, + NF, - B
Pps D3 W, +NF, B
Py, | DA4A,D4B W, + NF, - B
Pps | DSA,DSB W, + NF, - B




Table 64 Diffusion area calculations for the two-stage amplifier

Name Area
W, -
Api —k—qﬁ , ke {1,2,3,4,5}
4
(NF1 +1 }4
AS! NF D1
i

Table 65 Calculations to determine the number of fingers/transistor

Name Calculation
B szCont + 2 - spcContGate
a, ———L, keil2,34,5}
‘ 4L, +B)
NF, max| 4 - rint| @, - \/1+M—1 4 14
- ,B
NF, max| 4 - rint| ¢, - \/1+£W3954Rz ~1 /4 4
o,
; T . ° )
NF, | max|2-rnt| 2 a, - \/HM—E 2 2
oy - :B
wE, | max| 2evin 200, fra DR ) Sl
Oy IB
W, | max] 4-sind] o { 2Dtk fuls
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The procedure used to estimate the parasitic capacitances of a FET operating in saturation is
described in section 0. Table 66 details the equations used to compute the sizes of the relevant
parasitic elements. The parasitic elements that have fixed DC potentials across them have been

omitted. They are shorted in the small-signal model and therefore can be neglected.

Table 66 Parasitic capacitance calculations for the two-stage amplifier

Name Capacitance Calculation
Cgllf\' CakaLl) K ke {1“375}
ng!f Cuxp VVALD > k € {2’4}
2
Cé’s i C(),mWIlLD + :—%— Cr)xnI/Vl Ll
C C WL, + 2 C _W,L
gs4 oxp’’ 4D 5 oxp’ " 474
C CJPADZ + CJSWPPDZ
dnl MIP /g MISWP
(1 + I/SDE /¢BP> (l + VSDZ /@BP)
C CJPAD4 3 CJSWPP D4
dw Mp MISWP
' (Vo /)" (Vi /3
C CJN 4 D1 + C.»’SWN A D1
P! ; NMIN > A ALISWN
" (1 + (VI Vs )/ Dy ) (E + (Vg Vs )/%N} "
C CVJN AD3 + CJSWI\/ R’ 03
Iel MIN 'y MISHN
: (Vs /B30 ) 14V 55/ Ba)
C C.]N ADS + CJSWN ¥ D5
b5 MIN MISWN
s (1 + VDSS /(DEN) (E + VDSS /(pBN) ’
CS}} } CJN A& i C.IS WA [:)S 1

v I . \MJSHN
(1 + VDsg / %N )AI N (i + VDS3 / %N)ww N
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Open-Loop Response
The open-loop differential transfer function of (293) can be factorized into the form of (299) using the

reoipoly() function.

A, 1=5/2)-(1-5/2,)-(1=5/Z;)

ol T {299)
(1"5/})&1>'@“3/}i12>' (1 "5/19013)
The locations of the poles and zeros are determined via (300)-(302).
{P;)/I Fon apbla}: rooz‘paiy(bo,bl by >b3} (300)
{Zlﬂzz}':FOOIPO’I)’{awvamau) (301
Z, = T Em (302)
ay Coat
The DC gain is computed by substituting s=0 in (293).
4, = g "Gy _ Em Ems (303)

by Eas " Ba

The overall DC gain given in (303) is the product of the DC gains of the individual stages. The gains
of the first and second stages arc given in (304) and (305) respectively.

A,y =—Em (304)
& dd

A, =—En (303)
gdo

Clesed-Loop Response

If the two-stage amplifier of Fig. 67 is used as the amplifier in a feedback configuration, then the
closed-loop transfer function can be found by substituting the numerator and denominator from (294)

mto (143).

3 2
_ 1,8 + 1,8 s+ 0,
- 3 2 . 3 2
bys” +bys +b,s+b‘,+ﬁ<ngs + 1,8 +nls+n(3

H,(s) (306)
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Which can also be expressed as:

3 2
138" + 1,87 + s+ n,

H,(s)= ds +ds +dstd, o
where
b B (308)
i B (309)
b B (310)
J b (311

The poles migrate as the feedback factor varies. For a given feedback factor, the closed-loop pole

locations are given by:
{Pm Fprs ‘Dé/}}: VOOZPOZ,V(dm d,,d, ’ds) (312)

The closed-loop DC gain is computed by substituting s=0 in (307).
4,=—" (313)

To ensure that only stable closed-loop systems are considered, constraints were added to the design
specification file to ensure that all the closed-loop poles lie in the left half-plane. Using the poles
defined in (312), the zeros given in (301) and (302), and the DC gain given in (313), the transfer

function of (307) can be expressed as:

Hu’( )_ A, ’(3'S//Zl)‘ﬁ"s/zz)'(g—S/Z.%)

_ A : 314
’ (1 "S/Pcu)' {} ~s/P,, )(i _S/P;./s} G

Linear Step Response

The closed-loop system’s transient step response computed using the mverse Laplace Transform is

given in (315).
(1) = Tyt i JPant Bzt -~ 5\
v )= A, & {lwk €™ vk e kR (315)

The variable £ represents the magnitude of the input step and the coefficients of the exponentials are

given by (316)-(318).



i8]

. @ - ‘P%'Zl /Zl, )(E - P;zz/zz )(1 - R.'Ii/ZJ)
{1 - P;n //Paz )(1 - Rz /P::zzb

(316)

k :_(}“‘R-iz/zl)(]_gzz/zz)(l”R.-/z/zzjg (317)
: (E "P;zz /Pcu}{l - IDL*[Z/IDCIB)

(1 - P;-zs/Zl )(1 - szz‘S/ZZ )(l - R»z3/Z3>
(1 - R~13/val )(1 - Pcz3/P&12>

by =~ (318)
Due to nonlinearity, the real transient response and (315) will not exactly agree. For example, for
large input steps, the amplifier may initially slew toward the final value. Furthermore, as the node
voltages and branch currents deviate from their quiescent values with signal swing, the small-signal
parameters of the devices vary. Despite the fact that the response of (315) is inexact, designers still

find it useful to ook at these expressions nonetheless.
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Abstract

A simple highly linear {ransresistor is reported. Simulation and experimental results are presented.
Introduction:

Due to the nonlinear I-V characteristics of the MOS transistor, distortion is a serious problem in MOS
resistive circuits (MRC's). As a result, several lincarization technigues for MRC's have emerged.
Most reported techniques have been derived by inspection of simple analytical device models to
deduce the conditions under which full or partial suppression of nonlinear terms takes place {(e.g. [46,
471). In practice, these circuits do not perform as well as predicted because the simple analytical
models used in their development do not accurately model the distortion characteristics of a MOS
transistor [48-50]. With two notable exceptions [51, 52], neglecting mobility variation appears to be
the dominant source of modeling error coniributing to the residual nonlinearities [49, 50]. In this
letter we report a simple and compact transresistor with linearity characteristics that compare

favorably with the most linear, higher-complexity transresistors previously reported.

Proposed Circuit:

The proposed transresistor is shown in Fig. la. Ipg is large enough to ensure that M2 is strongly
inverted and saturated. M2 bootstraps the gate voltage of M1 fo its drain. The offset provided by the
bootstrap circuit is larger than the threshold voltage of M| ensuring that for non-negative input
currents M1 operates in the linear region. Iy develops a voltage V, at the drain of M1. The
relationship between Iy and V) is highly linear. Bootstrapping Vi to V), in turn, establishes a linear
relationship between I and V. The linearity is actually improved by the imperfect level-shift
circuit. The channel conductance of M2 causes a slight fluctuation in the gate-drain voltage of M1.

This variation partially offsets the nonlinearities.



Fig. 71 Single-ended transresistors (a} proposed, (b) Banu, and (c) Wyszynski

Assuming a high-impedance current source, the transresistance gain is approximately:

i _ L
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R, = {319
where gn; and g, are the small-signal model parameters of M1, V,q is the quiescent value of V,, and

V110 is threshold voltage of M1 at the quiescent point.

Simulation Results

Two of the most linear single-ended transresistors reported are included in Fig. 1. The structure of
Fig. 1b from Banu [46] achieves partial canceliation of even-ordered nonlinearities in the absence of
mobility degradation. The transconductor by Wyszinski [53] configured as a transresistor is shown in
Fig. Ic. The latter cirenit requires an amplifier but if the often used, symmetric models are used for

the MOSFETs, a linear fransresistance is obtained.

The transresistors of Fig. | were each designed to achieve a nominal transresistance of [0K€2in a
0.25u 2.5V CMOS process. Simulations were performed with HSPICE using a BSIM3 (Level 49)
model. A single p-channel transistor was used to provide Igias for the proposed circuit and a linear
single-pole macro-model was used for the amplifier of Fig. lc. A sinusoidal input current
superimposed on a quiescent current of 25uA was applied at the inputs. Fig. 2 shows a comparison of
the total harmonic distortion (THD) as a function of the output swing. From these results, it is
apparent that the proposed transresistor is substantially more linear than the existing structures for

signal swings up to 1 Vp.p.
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Fig. 72. Total harmonic distortion for single-ended structures

Balanced versions of the transresistors of Fig. 1 were simulated by exciting two single-ended
transresistors differentially. The quiescent operating points and the nominal transresistances were the
same as used for the single-ended simulations. The simulations show that the THD is reduced by
more than 40dB via the use of balanced structures for differential swings up to 2V. The linearity
characteristics of the proposed circuit and the Wyszynski circuit are nearly identical. Their THDs
differ by less than 0.7 dB over the specified signal range. These two circuits exhibit at least a 6 dB

reduction in THD over the output signal swing range when compared with the Banu structure.

Application in a Transresistance Gain Stage:

The transresistors of Fig. 1 are not suitable for driving resistive loads because they do not have low
output impedances. A low output impedance transresistor can be realized by putting a transconductor
in the feedback path of an op-amp as shown in differential form in Fig. 3a. This circuit was simulated
using the subcircuits of Figures 3b and 3¢ to realize the resistive feedback network. Fig. 3b shows a
balanced version of the proposed transresistor configured as a differential-in/differential-out
transconductor. Fig. 3¢ shows the popular Czarnul/Song [47] transconductor. Using simple analytical
models for the MOS transistors, both even- and odd-ordered nonlinearities are cancelled. Practically,

mobility degradation limits the performance of the circuit.
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Fig. 73. Application as a transresistance gain stage (a) Gain stage using a transconductance feedback

network, (b) balanced version of the proposed circuit, and {c) Czarnul/Song circuit

Fig. 4 shows the simulated THD as a function of the output swing for low-frequency sinusoidal
differential input currents ranging from 5uA to 80uA. These simulations suggest the new circuit

offers a significant improvement in linearity compared to the Czamul/Song circuit.
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Fig. 74. Total harmonic distortion of the transresistance gain stage for two different feedback

networks

E

The proposed circuit was constructed using a transistor array fabricated in a Sp CMOS process.
Since the devices were prefabricated, no attempt was made to optimize the individual or relative

device sizes. Device dimensions were W1/L1 = 42/5 and W2/L2 = 42/7 in pm. The circuit was
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tested at supply voltages of 5 and 10V. For the 5V case, the transresistance gain was 2.5 k2. The
max. deviation from linear relative to the full-scale deflection was £0.35% for an output swing of
1.5V. For the 10V case, the transresistance gain was 1.6 k2. The max. deviation from linear was
+0.4% for an output swing of 5V. Even better performance could be achieved by optimizing the

device sizes and/or by implementing balanced versions of the circuit.

Conclusions:

A simple, compact transresistor was infroduced. Simulations show its linearity properties are
attractive when compared to some of the best transresistors reported in the literature. Experimental
results from a single-ended structure indicate a linearity deviation bound by +0.35% over a voltage

swing of 1.5 Vp-p. Balanced versions of the circuit are even more linear.
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C

TER 8. CONCLUSI

This dissertation is a compilation of papers related to three different topics. The remainder of this
chapter briefly summarizes the work that has been done and lists the basic contribution(s) associated

with each topic.

Itistage Multipath Compensated Amplifier and I

Mismatch Tuning Technigque

In order to truly realize entire mixed-signal systems on a chip and leverage the benefits of advanced

process technologies, new low-voltage compatible amplifier topologies need to be developed.

In this context, a multipath-compensated multistage amplifier was introduced. These structures are
compatible with low-volitage supplies because they use horizontal techniques (cascading) rather than
vertical techniques (device stacking) to achieve large DC gains. When properly designed, these
amplifiers are inherently first-order and do not suffer a reduction in the achievable gain-bandwidth

product due to the process of compensation.

The technique relies upon pole-zero cancellation for proper operation. Absent techniques that ensure
accurate pole-zero cancellations, these architectures are not practical for high-speed applications.
This is due to the fact that imperfect cancellations result in the appearance of slow-settling
components in the transient response. To overcome this problem, structures that inherently ensure

accurate cancellation or those that tune themselves to compensate for variations need to be developed.

A tuning strategy for a two-stage multipath-compensated amplifier was developed. It is based upon
the observation that if the low-frequency pole leads the zero, the step-response is underdamped.
Conversely, if the zero leads the pole, it is overdamped. By sensing the slope of the transient step
response after a certain delay, the relationship between the location of the pole and the zero can be
determined. Utilizing this information, a bias current is adaptively adjusted to modify the location of
the pole relative to the zero. The process is repeated many times driving the pole-zero mismatch
down to an acceptable level. The concept was experimentally verified using a prototype fabricated in

a 0.25u CMOS process.

The difficulty of tuning an amplifier’s dipole mismatches compounds with the number of stages in the
amplifier. The insight gained in developing a tuning strategy for the two-stage amplifier has led to a

methodology for tuning an amplifier with three or more stages. Preliminary simulations predict the
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technique is viable. Hardware implementation will probably require a digital signal processor in the

tuning loop.

Contributions

The author’s contributions associated with this project are:

e Developed a compensation technique for a multistage amplifier that does not sacrifice the

GBW product as additional stages are cascaded.

e Technigque for sensing and tuning dipole mismatch in a {wo-stage multipath-compensated

amplifier was conceived, implemented, and experimentally proven.

e A method for solving the more difficult problem of tuning the dipoles’ mismatches in a
multipath-compensated amplifier composed of three or more stages was proposed and

simulated.

sign Space Explorer

Design optimization tools that eliminate human interaction altogether may impede the acquisition of

designer knowledge and thus delay or stall the progression to new or improved circuit topologies.

Using an equations-based approach to explore a design space is one way that designers can gain
valuable insight into the available design tradeoffs. The enhanced understanding gained by the
designer will result in better design realizations and might accelerate the progression to improved

topologies in the future

Except in the simplest of cases, exploring a design space by hand is impractical. To address this
issue, an inferactive, network-centric circuit design tool and design knowledge repository has been
developed. They allow a designer to interactively explore a circuit design space of pre-characterized
circuit topologies using a convenient graphical user interface. Users can extend the system to include

new or custom circuit topologies by writing their own design specification files.

Contributions

The author’s contributions associated with this project are:

s Design Space Explorer (DSE} — an interactive CAD tool used to explore a design space.

Published on the World-Wide-Web for others o use,
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e« DSE models for the fully-differential, the telescopic-cascode, and the two-stage amplifiers.

08 Transresistor

Due to their large arca requirements, polysilicon resistors are not an attractive option for some
integrated applications. A new transresistor was developed that offers a more area-efficient way to
convert signal currents into signal voltages. The new structure is very simple. [t consists of two
transistors and a current source. Simulations predict that the linearity of the new structure compares
favorably with other transresistors that have reported in the literature. Yet, the complexity of the new

structure is very low in comparison.

Contribution

The author’s contributions associated with this project are:

e A new transresistor that exhibits reasonable linearity yet offers a very compact realization.
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APPENDIX 1. ACCOMPANYING CD
ERATING INSTRUCTIONS

The accompanying CD-ROM contains a copy of the Design Space Explorer source code and
documentation. Although it should be possible to inspect the source code on any machine capable of
reading an ISO compatible CD-ROM, to compile and execute it will require Sun Microsystem’s Java'
Compiler and Java Runtime Environment. The code has been compiled and tested compatible with

version 1.4 of the Java Development Kit which is freely available on the web at bttp://java.sun.com.

' Java is a registered Trademark of Sun Microsystems Inc.
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