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Abstract-A tool is presented which starting from high-
level specifications of SC A modulators (resolution, band-
width and oversampling ratio) calculates first optimum
specifications for the building blocks (opamps, comparator,
etc.), and, then, optimum sizes for their schematics. At both
design levels (high-level synthesis and cell dimensioning),
optimization is performed via using statistical techniques
and innovative heuristics, which allow global design (inde-
pendent on the initial conditions) and increased computer
efficiency as compared to conventional statistical optimiza-
tion techniques. The tool has been conceived to be flexible
at the high-level part (via the use of an architecture inde-
pendent, behavioral modeling approach) and completely
open at the cell-design part. Performance of the tool is dem-
onstrated via the automatic design of a 16bits-dynamic
range, 8Khz second-order SC XA modulator in 1.2pm
CMOS technology, for which measurements on a fabri-
cated prototype are reported.

INTRODUCTION

The continuous evolution of integrated circuit technology
during the last decade has paved the way for thc monolithic
implementation of complete systems. including massive signal
processing and control digital circuitry together with the ana-
log interface circuitry, on a common silicon substratc. In this
way, application specific integrated circuits (ASICs) with full
custom operability can be designed for areas of strong eco-
nomic interest like communications. data recovery. and the like
(1]. It has motivated a continuous increase of the percentage of
mixed ICs in the ASIC markctplace. a percentage which is
foreseen to double during this decade. to approximatcly 45%
for the latc 90's.

The trend towards mixed A/D microclectronic design has
been reinforced due to the availability of innovative circuit
design techniques providing high resolution in standard digital
technologies and with no trimming requirements. In particular,
oversampling converters. and more specifically ZA modulation
structures, provide a very convenient vehicle for the implemen-
tation of data converters with resolution Icvels up to 20bits for
instrumentation application [2]. and 16bits [3}. and more {4],
for audio applications. Also. a major trend can be identified
today towards the extended application of oversampling meth-
ods to higher signal frequencics by using proper sysicm level
architectures [5].

Manual £A modulator design. and in general manual analog
circuit design. can hardly meet the cost and time-to-market
constraints for successful A/D ASIC production. Hence. ana-
log design automation beccomes a must to make A/D ASIC
design economically feasible. Most of the previously reported
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analog design tools have focuscd on cell design (mainly oper-
ational amplifiers) {6] and are. typically. closed systems, wherc
automation is only available (o a reduced set of topologies. In
[7] the authors have proposed a new methodology to design
analog cells, which is intrinsically open and requires only min-
imal designer interaction. thus making the design of arbitrary
analog cell schematics available to nonexpert analog designers.
In this communication, this mcthodology is cxtended 1o
include the automated design of ZA modulators, from the high-
level converter specifications to the sizes of the analog cells.
Some major features of the proposced tool arc:

a) Flexible high-level svnthesis (calculation of the cell
specifications from the modulator systcm-level specifi-
cations). achicved through the usc of behavioral repre-
sentations for the diffcrent noisc and nonidealitics which
limit XA modulator resolution. Equations supporting
these behavioral representations has been obtained via
exhaustivc noisc analysis of general switched-capacitor
circuits. and. morc specifically. of SC ZA modulators.

b) Use of a sinudaiion based. intrinsically open approach
for the sizing of the analog cells. This allow nonexpert
designers to sizc complex cell architectures. as requesicd
for demanding XA modulator specifications.

¢) Optimum global design. achicved by the usc of sratisti-
cal optimization tcchniques and innovative heuristics
(variable scalc for random displacements in the parame-
ter spacc. nonmonotonic temperaturc. DC operating
point precalculation for ccll sizing. etc.) to reduce the
mnfluence of initial parameter cstimates and to improve
computational efficicncy. Thesc innovative heuristics
allow to reduce the total itcration count for optimization
by. at least, onc order magnitude as compared to conven-
tional simulated anncaling algorithms.

d) Possibility for fast exploration of the design paramcter
spacc for modulator architcclures, as & way to provide
insight on involved specification trade-offs and calcula-
tion of the architeciurc theoretical limits owing to the
requirements imposcd on the analog ccll specifications.

SIGMA-DELTA MODULATORS DESIGN FLOW

A ZA modulation-bascd analog-to-digital converter com-
prises two major blocks: the analog modutaror and the digital
decimation filter. This communication focuscs on the analog
modulator. Fig.1 presents a concepiual diagram of the opera-
tion flow for the design of A modulators. First, a convenicnt
architecture must be sclected according to the requested high-
level converter specifications (signal bascband. resolution and
oversampling ratio). By the way of cxample. Fig.2 shows a sec-
ond-order SC ZA modulator [8]. Then, these high-level speci-
fications must bc mapped into corresponding  terminal
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specifications for the analog cells used in the modulator circuit
architecture: opamps, comparators, switches. etc. (see Fig.2 for
illustration). Next, convenient cell topologies must be selccted
and sized to meet the required terminal specifications. Finally.
a layout of the modulator must be generated according to the
calculated sizes. With the exception of the layout phase (whose
importance to achieve proper converter operation cannot be
underestimated) the remaining steps in Fig.1 involve advanced
electrical modeling and nonlinear circuit analysis techniques.
as well as solving highly nonlinear problems found in large
dimension design parameter spaces. Consequently, manual ZA
modulator design is available only to expert analog designers
and requires long design cycles, even for these experts. These
observations are especially pertinent if large. and typicaily
overdetermined parameter spaces must be cxplored for opti-
mum achievement of the design objectives associated with
demanding designs.

Fig. 2:Second-order SC ZA Modulator

TOOL ARCHITECTURE OUTLINE

Fig.3 is a block diagram for the part of the tool dedicated 10
high-level synthesis, where an inner equation based optimiza-
tion loop supervised by a outer simulation based monitoring
loop are implemented. Behavioral models for the simulation
loop are automatically generated by the tool. Simulators con-
sidered are TOSCA [9]. a special purpose SC ZA simulator
developed at Pavia University, and HSPICE [10]. Table I gives
an overview of the different noise contribution considcred [11].
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Fig. 3: Proposed Tool Block Diagram

Fig.4 is a block diagram for the part of the tool dedicated to cell
design, which is simulation based.

The formulation of the cost function for the optimization pro-
cess is similar for the high-level synthesis part and the cell
design part. Assume. for illustration purposes. a general case
where the circuit is targeted to achieve a number of perfor-
mance specifications (for instance, A,280dB. SR>10V /s, etc.)
together with some design objectives (minimum area or power,
maximum bandwidth, ctc.). Mathematically this can be formu-
lated as a multi-objective constraincd optimization problem.

minimize W) .lgigP
Yy 2V, <i< 1
sthjected to ! JE 15j20) ( )
Z,0 <7, ISK<R

where ¥, denotes the value of the i-th design objective; Y; and
Z; denote values of the circuit specifications; and Y and Zii
are their targets (for instance, A,280dB, settling time<0.1us).

Two different types of specifications arc considered: strong
and weak. Strong specifications correspond to critical perfor-
mance characteristics. without relaxation allowed. For weak
specifications. the targets can be rclaxed to the cxtent con-
trolled by the valuc of associated weight parameters.

No cost function is formulated for those regions where strong
specifications arc violated. Outside these regions. the cost
function is defined in the minimax sense. as follows

minimize (P (x) = max F\l,,,(‘*’l.). Fyl_(Y’.) . Flk VARS (2)
where the partial cost functions Fys(e) and Fyjfe) are:

Fo (F) ==Y wlog(¥)
i
(3

Y.

A J
Py V) = KA Y, ) log(yvr)
Je
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TABLE I:
NOISE CONTRIBUTIONS AND NONIDEALITIES INCLUDED
OR=ov pling ratio; Gy=integrator gain: Cgapgp=sampling cap.: PSDy=whitc
noise spectral density at the opamp input: Tg=comparator resolution time: L=
paci lincarity: Ag=opamp DC gain: GBW=opamp gain-bandwidth product:
SR=opamp slew-rate: OS=opamp output swing: Rgy=analog switch on resistance
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Fig. 4: Simulation based ccll design concept

Updated

Parameters

where w; is a positive real number and for K fe) we have,

ki k¥ i<kYip

4

Kf (Y/' YJE) B {—msgn (A'l) Lotherwise
with &; positive real. Functions Fz(e)’s are defined as Fy(e)’s
but with negative weight values. Weight parameters are uscd 10
give priority to the associated design objectives and weak spec-
ifications.

Updating of the design paramcters among interations is donc
heuristically, following sratistical optimization principles. An
updating vector. Ax, is randomliy gcnerated at each iteration.
The value of the cost function is calculated at the new parame-
ter space point and compared to the previous onc. The new
point is accepted in case the cost function has a lower value. It
may also be accepted in casc the cost function increascs.
according to a probabilist function depending on a temperature
parameter, T. This probability of acceptance changes during
the process. being high at the beginning (for large T) and
decreasing as the system cools (decreasing T). As mentioned
previously, several innovative heuristics have been developed
to increasc cfficiency of this process as well as to make it inde-
pendent of the initial estimatc of the parameter valucs.

PRACTICAL RESULTS

The XA modulator of Fig.2 was designed automatically to
meet the system level specifications of Table I1. in a 1.2um n-
well double poly doublc metal CMOS technology.

Table II shows the results of the high-level synthesis.
obtained after 10* iterations in Ss CPU time on a SUN Sparcs-
tation, starting from a randomly selected point in the design
parameter space. This table shows optimized specifications for
the analog cells. together with some technological requirc-
ments and a summary of the different noise figures. Fig.5
showS$ the analog cell schematics used for the physical design
of Fig.2. These schematics were automatically sized. using the
cell design part of the tool, for optimum achievement of the
specifications in Table I1. The sizing process starticd also from
a random point and took about 1 hour CPU time per cell.

Area of the core modulator in the fabricated prototype is
about 0.98 mm?. Tables IlI(a) and (b) show mcasurcment
results for the opamp and comparator. Slight deviations in GB
of the opamp and TP’s of the comparator are duc (o inexact cal-
culation of the load capacitor value, since a protoboard bread-
board was used for testing. and buffering to the output nodes
was not provided in the circuitThe modulator was tested by
performing the FFT of sequences of 65.536 consecutive output
samples (acquired via an HP82000 unit) for an input tonc of
8Khz (signal source second harmonic level was -90dB below
the first) and using diffcrent signal amplitudes. A summary of

TABLE II:
OUTPUT OF THE HIGH-LEVEL SYNTHESIS PROCESS

ess OPTIMIZED SPECS FOR: Signa) Bascband = 8.000000e+03 Hz
Resolution = 16.00 bits
Ref. Volage =300 v
Unit Capacitance = 1.00 pF
** MODULATOR **
Order =2
Sampling Frequency (Hz) = 4.096000e+06
Oversampling Factor = 256
** INTEGRATOR **
Sampling Capacitor (pF) = 1.00
Integrator] Gain = 0.50
Integrator] Gain = 0.50

MOS Switch- ON resistance (Koms) = 1.8
Maximum Clock Jitter (s.) <= 3.953¢-09

e OPAMP Ll
DC-Gain (dB) >= 72.7
GBW (Mhz) = 1.900e+01
Slew Rate (V/us) >= 20.00
Toul Output Swing (V) >= 7.00
input Referenced White Noise Density (nV/sqri(Hz)) <= 200.5

** COMPARATOR **
Hysteresis (V) <= 5.000e-02
Resolunon Time (s) <= 3.052¢-08

** TECHNOLOGY **
Cap Non-lincanty (p.p.m.) <= 5.000e+00

*+# RESOLUTION & NOISE CONTRIBUTIONS

** Total Noise Power (dBrms) = -91.59
Equivalent 10 16.00 bits or 98.12dB DR

** Quantization Noise (dBrms) = -102.68

** Therma! Noise (dBrms) = -92.13

** Seuling Noise (dBrms) = -129.98

** Harmonic Distornon Noise (dBrms) = -105.51

**% Number of iterations 10000.
=** CPU time 5.00 5.
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Fig. 5: Opamp and comparator schematics

the measurements performed on the modulator is shown in
Table 1V, where resolution is calculated according to the defi-
nition in [8]. the same used for the high-level synthesis tool.
The slight difference regarding the specified 16bits is due to
an excessive opamp noise. most probably originated in the
measurement setup. Owing to the use of the tool described
herein, the design of this modulator was completed in just the
time required for the layout. which was very carefully realized
by hand in about one week designer work. The high-level syn-
thesis tool is also very useful to explore design spaces of ZA
modulator architectures, as it is illustrated by Fig.6. which

TABLE 111

SIMULATIONS AND MEASUREMENTS FOR THE CELLS
Simulated | Measured Units
Ay 749 74.6 dB
GBW 19.7 19.4 Mhz "
PM 63.3 65 o
oS 8.0 8.2 \%
Input White 44.7 282 nVAHz
Noise
Power 43 43 mW
Simulated | Measured Units
Histheresys 40 36.4 mV o
TPy 8 12 ns
TPuL 9 13.9 ns
Offset - 225 mV

shows a surface in the design spacce of a second order ZA mod-
ulator.
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IN-BAND NOISE (dB)

Fig.6: In-band noise vs GB and R, for a second order modulator; OR=256

on

TABLE 1V
MEASUREMENTS FOR THE MODULATOR

Resolution 15.7 Bits
SNR f7dB
DR 963 dB
Supply 5v
Area 0.98 mm?
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