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ABSTRACT - This paper illustrates the use of a
CAD methodology to design a high-resolution
2nd-order £A modulator with optimized power con-
sumption.The fabricated prototype in 0.7um CMOS
technology features 16.4-bit resolution at 9.6-kHz
DOR and consumes only 1.71mW operating at 5-V
power supply.I

1. Introduction

>A modulators (£AM) have been demonstrated
as basic building blocks for robust design of high-res-
olution interfaces in mixed-signal ASICs, taking
advantage of their reduced analog content and large
tolerance to the circuitry non-idealities [1].
>AM-based A/D converters have widened their
application range from instrumentation up to video
frequencies [2]-[10], and today, they dominate the
non-multiplexed ADC application for signal-band-
width below 1MHz [11].

Table 1 summarizes the current state-of-the-art
on ZAMs. The quality of each modulator is evaluated
using a Figure-Of-Merit (FOM) proposed recently
for A-to-D conversion ICs [12]. This FOM combines
the resolution in bit, the digital output rate (DOR =
sampling rate divided by M) and the power consump-
tion of a XAM as follows:

Power (W) % 1012
oresolution (bit) x DOR(Hz)

FOM = 1)
Because the size of modulator is usually much
smaller than the size of the digital filter, the occupa-
tion area of the former is not considered in this
expression. The FOM (in picojoules) is the energy
needed per conversion. Table 1 includes the ZAMs
with FOM smaller than 5 in the last six years. The
smallest FOM corresponds to a 4th-order ZAM in a
BiCMOS technology [2]. For 2nd-order single-bit
modulators, the smallest FOM ‘s are about 4pJ [7][8].

The first operates with only 1.5V supply to provide
12bit@6kHz using a 0.7um CMOS technology. The
second operates at 5V and obtains 16bit@50kHz.

Since at these performance edges the operation
of ZAM is limited by non-idealities other than quanti-
zation (thermal noise, incomplete settling, finite
opamp-gain, opamp non-linearity, mismatches, jitter,
etc. [1]) a large wealth of knowledge and intensive
optimization are required to map the high-level spec-
ifications of ZAMs into low FOM ICs. Both tasks
result in large design cycles which often reduce the
economic success of industrial mixed-signal ASICs.

To alleviate this problem a number of CAD tools
and methodologies have been proposed during the
last few years [3][13][14]. Unfortunately, only a few
of these methodologies have been demonstrated
through real working state-of-the-art prototypes. This
paper uses the methodology proposed by the authors
in [3] to design a 2nd-order ZAM whose measure-
ments featured 16.4bit@9.6-kHz DOR with a FOM
of only 2pJ. This modulator has been fabricated in a
0.7um CMOS technology to be used as the front-end
of an energy metering mixed-signal ASIC requiring
to accomplish these specifications with minimum
possible power consumption.

2. CAD Tools for the design of “AMs

Fig.1 shows the operation flowgraph in the
design of ZAM ICs. It comprises three different syn-
thesis levels: (a) Modulator level: architecture selec-
tion and modulator sizing; (b) Cell level: topology
selection and cell sizing; and (c) Layout level:
full-custom layout of the modulator. In addition,
supervisory simulations should be performed
between each couple of levels — usually behavioral
simulation between the modulator and cell levels;
electrical simulations between the cell and layout lev-

Table 1: Summary of reported A Modulators with FOM <5

# Bits [DOR (kHz)|Power (mW)| Process / Supply Architecture |[FOM (pJ)
Yin and Sansen 94 [2]| 15.8 1500 180 2um BiCMOS / 5V | Cascade 2-1-1 2.1
Medeiro et al. 95 [3] 14.8 160 10 1.2um CMOS / 5V Cascade 2-2 2.2
Nys, Henderson 96 [4] 19 0.8 1.35 2 um CMOS / 5V | 2nd-Order, 3bit 32
Rabii, Wooley 96 [5] 15 50 54 1.2 um CMOS / 1.8V | Cascade 2-1 3.3
Yin et al. 93 [6] 15.7 320 65 1.2um CMOS / 5V Cascade 2-1 39
Peluso et al. 96 [7] 12 6 0.1 0.7um CMOS / 1.5V 2nd-Order 4.1
Brandt et al. 91 [8] 16 50 13.8 lum CMOS /5V 2nd-Order 43
Baird and Fiez 96 [9] 13.7 1000 58 1.2um CMOS / 5V | 4th-Order, 4bit 4.5
Brandt, Wooley 91[10] 12 2100 41 Ium CMOS / 5V [Cascade 2-1, 3bity 4.8
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els and electrical simulation of the complete modula-
tor including the extracted layout parasitics in the end
of the design cycle.

The CAD methodology presented in [3] uses a
set of dedicated tools to support the most time con-
suming activities related to the design of
switched-capacitor XAM ICs, namely:

* Architecture Selection: Depending on the modula-
tor specifications, high-order and or multibit
ZAMs with low oversampling ratio, or simpler
architectures with larger M can be selected to min-
imize the power dissipation. This is realized with
the help of a tool called SDOPT. This tool contains
behavioral descriptions relating modulator perfor-
mance specifications and design parameters for a
large catalog of architectures, with single-bit and
multi-bit quantizers.

*  Modulator Sizing: The same tool is used to auto-
matically obtain optimum specifications for the
building blocks in accordance to the modulator
specifications. This is done by combining detailed
equations relating the circuit imperfections and
the noise they introduce at the modulator output,
and a statistical optimization algorithm based on
simulated annealing.

* Behavioral Simulation: An advanced sigma-delta
simulator (ASIDES) is used to validate the modu-
lator sizing. This program incorporates a large
number of building blocks (integrators, compara-
tors, multibit quantizers, D/A converters, etc.) that
can be combined in a netlist to define arbitrary
modulator topologies. Each block can be consid-
ered ideal or defined by a detailed behavioral
model that contemplates many of the non-ideali-
ties due to the circuit imperfections.

e Cell Sizing: A cell level optimizer (FRIDGE)
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Fig. 1: Operation flow in ZAM design.

enables the automatic sizing of the building blocks
to fulfill their terminal specifications with mini-
mum power dissipation and occupation area. This
tool is based on electrical simulation and optimi-
zation.

3. Architecture selection

At this level a set of simplified equations are used
to evaluate the power consumption of available sin-
gle-bit XAM architectures. The benefit of multi-bit
quantization regarding power consumption [4][9][10]
is difficult to generalize due to the diversity of the
techniques used to attenuate the influence of the DAC
non-linearity and will not be considered here.

Let us consider three sources error at the modu-
lator output: quantization, thermal noise and incom-
plete settling. Assume also that the incomplete
settling noise power, Pg,, is controlled to be well
below the other error sources. Thus, for given resolu-
tion, b bit, the dynamic range (DR) is evaluated as

V22
r

DR =3.22-1 o T
PQ+PTh

2
where V, represents the reference voltage (full-scale
input) of the modulator; and P, and Py, are the
in-band power of quantization and thermal noise,
respectively. The two noise powers in (2) can be
approximated as functions of only three design
parameters: modulator order, L, oversampling ratio
M, and integrator sampling capacitor C,,

(2Vr)2 n2L kT

Po=—3 (2L+ 1) M2L+] ™= MC,

3)

n

where k is the Boltzman constant and 7T is the abso-
lute temperature. Note that in (3) quantization noise
has been supposed to be an additive white noise and
that the thermal noise of the first integrator has been
considered dominant as compared to the other inte-
grators in the modulator loop [1]. Using (2) and (3) it
is possible to calculate a lower bound for the sam-
pling capacitor for given DR, M, and L. An absolute
lower bound must be imposed regarding layout
requirements. Once C; is known, the equivalent load
of the first integrator opamp is evaluated as

C.+C

CquC,.+Cp+C,[l+ Yo ”J 4)
where C,and C; are the parasitics at the opamp input
and output respectively, and C, is the feedback
capacitor of the SC integrator. All these capacitors
can be related to C;. To accomplish the previous
assumption Pg, « Py Py, the unity gain frequency of
the opamp, given approximately by g,/ (2nC, ),
must be large enough as to provide a good settling of
the integrator output voltage. For instance we can
choose g,/ (2rnC, ) = 10fs, where fg represents the
sampling frequency. This expression can be used to
estimate the transconductance needed in the opamps.



At this point, one more assumption is needed to
estimate the power consumption: Let be the opamp a
folded-cascode OTA with the same current, I, flow-
ing through the differential pair, through the output
branches and through the biasing stage. Thus, the
total current spent by one opamp is 4/, . The current
I, depends on the required g, as I, = g2/ (2B) ,
where B is the transconductance parameter of the
input transistors. Once the tail current per opamp has
been estimated, the static power can be calculated as

W - 4lesuppl\L ®)

On the other hand the dynamic power dissipated
to commute a capacitor C; between the reference
voltages can be approximated by P = (2V,)2Cf;.
Using fully-differential circuitry there are 6 commut-
ing C; per integrator (assuming C, = 2C,). Thus, the
dynamic power of the analog part of a Lth-order mod-
ulator can be approximated by,

PWD, analog = 61‘(2‘/r) ZC:‘fS (6)

In addition the dynamic power of the modulator
digital part (quantizer, flip-flop and gates) has to be
taken into account. However, that power strongly
depends on the number of quantizers in the modulator
as well as on the specific circuitry used to implement
them. As a gross approximation we shall use the fol-
lowing expression:

p = 10N - 5mW (1ns) f @)

WD, digital

where N denotes the number of quantizers (latch +
flip-flop + small logic), each of them with 10 equiva-
lent inverters commuting with a power peak of SmW
within 1ns. The value of N depends on the modulator
architecture: It is one for single loop modulators and
larger for cascade modulators. We will suppose a
value N = L/2.

These equations have been included into the
ZAM sizing tool, SDOPT, and used to estimated the
FOM of several single-bit XAMs architectures, from
L =21toL =06 to achieve 17bit@10-kHz DOR. The
results are given in Fig.2. Note that the lowest FOM
is featured by the 2nd-order loop with oversampling
ratio close to 300. According to these results, the
2nd-order single-loop XAM of Fig.3 with oversam-
pling ratio equal to 256 was selected.

4. Switched-capacitor implementation

The modulator has been implemented using
fully-differential SC circuits. Asides its robustness,
this technique provides good suppression of the com-
mon-mode interferences. The integrator weights have
been selected to minimize the required output-swing
(OS) and speed of the two integrators. By using
g1=81 = &y =0.25 and g, = 0.5, the voltage swing
at the integrator output is reduced so that the OS can
be clipped at only the reference voltage, instead at
twice the reference voltage as required using the clas-
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Fig. 2: Estimated FOM to obtain 17bit @ 10-kHz DOR

Fig. 3: Block diagram of the 2nd-order ZAM

sical choice g = g’ = 8, = 82’ = 0.5. Fig.4 shows the
SC fully-differential second-order ZAM. Note that
the opamp of the first integrator includes a chopper
compensation technique to cancel its offset and
low-frequency noise. The second integrator has two
branches to implement two different weights g, and
g>. This is not necessary in the first integrator where
the weights of the input and feed-back paths are the
same. Modulator timing consists of two non-over-
lapped phases, two delayed versions of them used to
avoid signal-dependent feed-through errors, and
chopper phases.

The specifications for the building blocks and
other design parameters at the modulator level have
been calculated using SDOPT obtaining the values
shown in Table 2. The reference voltages has been set
to 1.5V (differential value) to have a margin respect
to the maximum modulator input signal which equals
1V. The power of noise and distortion contributions in
the baseband are given in the end of the Table 2. Note
that the incomplete settling noise is the dominant
error source — the transconductance and output cur-
rent of the opamp have been chosen as low as possible
to minimize the power consumption. Other noise

o o @ 'l

o -

oyt o 1F

%0\ C o, (——— ! b I

—Ly [ 924\ G5\ o)

+ 019 I—Q{, _$_H}_L$_ )

{(q)]d —L 2 :X d 7+ Y

— c, _‘T”;@I{x y

P ) (—% 2
¢"d<|(_)'_(/ld E:fE

E

Fig. 4: SC fully-differential 2nd-order XZAM



sources, including quantization, have approximately
the same influence. The total inband noise power
referred to the full-scale input leads to a DR of 98.3dB
which is large enough to ensure more than 16-bit
effective resolution.

Table 2: Modulator sizing results

Specs value
Topology 2nd-order
Sampling frequency (MHz) 2.46
Oversampling ratio 256
Reference voltages (V) *1.5
Cy, C3 (pF) 1
G, (oF) 4
C4 (pF) 0.5
Cs (pF) 2
Capacitor non-linearity (p.p.m.) <50
MOS switch-ON resistance (k€2) 2.0
Maximum clock jitter (ns) <20
DC-gain (dB) > 66
DC-gain non-linearity (V’z,%) <20
Transconductance (LA/V) 196
Maximum output current (LA) 230
Total output swing (V) =40
Input noise density (nV/sqrt(Hz)) <20
Parasitic input capacitor (pF) <02
Hysteresis (mV) <70
Resolution time (ns) <50

Resolution & Noise power contributions

Dynamic range: 98.3dB (Equivalent to 16.04bit)

Quantization noise: -108.7dB

Thermal noise: -107.1dB

Incomplete settling noise: -99.3dB

Jitter noise: -118.1dB

Harmonic distortion: -107.0dB

Behavioral simulations have been performed
using ASIDES to validate the modulator sizing. In
these each basic block is described through a model
containing the non-idealities obtained from SDOPT.
Fig.5 shows the output spectrum of the modulator and
its signal-to-(noise+distortion) ratio (SNDR) as a
function of the input amplitude. These results confirm
the correctness of the specifications for the building
blocks.

Since the maximum output current and the
DC-gain requirement are not very demanding, a sin-
gle-stage class-A amplifier is preferred. In particular,
the fully-differential folded-cascode architecture of
Fig.6 has been selected for the opamps that form the
integrator core. A nmos-input topology is preferred to
a pmos-input as long as flicker noise is not relevant
(provided that chopper is activated) and white noise
is. The opamp core is formed by transistors M to M,
while the biasing stage comprises transistor My, to
M)s. A low-distortion current steering com-
mon-mode feedback net (CMFB) has been used (tran-
sistors M5 to My,) [15]. This architecture has been
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Fig. 5: Behavioral simulations: (a) Output spectrum for a
0.5-V@1.2-kHz input. (b) SNDR vs. input level

automatically sized using FRIDGE to fulfill the spec-
ifications of Table 2 within a temperature range of
[-25°, 85°] and for power supply range of [4.75V,
5.25V], which after 25min. CPU-time provided the
sizes displayed in Table 3. Ibias was set to 30pA.

Table 4 summarizes the simulated and measured
performance. Measurements correspond to the aver-
age value in eight samples of the opamp prototype.

Table 3: Sizes for the opamp (in microns)

Trans. W/L Trans. W/L
M, 70.5/2 M, 2/4
M; 4 15.8/2 M5 1572
M; 37/2 Mg 37.2/2
Mg 7 20.5/2 M7 2/4.5

Mgy | 78812 | Mgy | 2/45
Moy | 78812 | My, | 37272
M, 575 Mo .24 152
M, 575 Mys 37212

Table 4: Summarized performance of the opamp

Specs. Sim. Meas. Unit.
DC-gain 85.1 80 dB
gm 196 210 LAV
GB (1.2pF) 20.7 - MHz
PM (1.2pF) 70 - Degree
Input noise 17 - nV/\Hz
OS 5 5 \Y
Output Current 30 -31,29.2 HA
Supply current 127 129 HA




Since the hysteresis requirement is not very
demanding while the resolution time is (see Table 2)
aregenerative latch (Fig.7) is selected for comparator
core. This is activated in phase ¢; and a nor-gate SR
flip-flop (not shown) is provided to hold the output
data during the phase ¢,. The latch has been sized
using FRIDGE to fulfill the specifications in Table 2.
Sizes, obtained after 10min. CPU-time, are displayed
in Fig.7. The simulation results are shown in Table 5
Measurements (also shown in Table 5) present a
minor deviation in the hysteresis which does not
degrade the modulator performance.

Table 5: Summarized performance of the comparator

Specs. Sim. Meas. Unit.

Hysteresis 0 28 mV

Offset -10 -27 mV
Resolution time 9 9.4 ns

5. Experimental results

The 2nd-order XAM has been integrated in a
0.7um CMOS single-poly technology. The full-cus-
tom layout, which was done manually, incorporated
techniques to minimize the coupling of the switching
noise through the substrate [16].

Fig.8 shows a microphotograph of the modulator
prototype which presents an active area of 0.42mm?
and consumes 1.71mW from a 5-V power supply. A
two-layer board was fabricated to measure the perfor-
mance of the modulator [17] with separated analog
and digital ground planes, decoupling capacitors and
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Fig. 7: Regenerative latch used in the comparator

Fig. 8: Microphotograph of the second-order ZAM. The clock
phase generator is also shown

signal filtering, to attenuate the switching noise in the
analog signal and biasing traces. The modulator was
evaluated using a high-quality fully-differential pro-
gramable input signal source (THD <-100dB). A
digital data acquisition system was used to generate
the clock signal and to acquire the serial modulator
output at the clock rate. Data were acquired automat-
ically by controlling the test set-up with proprietary C
routines and transferred to a workstation to perform
the decimation filtering using MATLAB. Fig.9(a),
shows the modulator output spectrum for
0-dBV@1.25-kHz input tone. Note that the noise
floor is flat (-115dBV) and no large noise patterns are
observed. Fig.9(b) shows the output spectrum with no
input with chopper enabled and disabled.

Fig.10 shows the SNR and SNDR for an input
tone of 1.25kHz and M = 256 as a function of the
input level. DR is over 100dB with a SNR-peak of
94.2dB corresponding to 1.2-V input and a
SNDR-peak of 91.8dB for 0.8-V input. Measure-
ments of DR vs. M for given clock rate, see Fig.11,
show that for M = 256 the modulator is just on the
limit between the quantization noise limited region
(slope=15dB/octave) and the white noise limited
region (3dB/octave) — a consequence of the domi-
nance of the incomplete settling noise. The modulator
performance is summarized in Table 6 for three over-
sampling ratios M =128, 256 and 512. Note that, for
the nominal value of M =256, the FOM of the modu-
lator is only 2pJ/conversion which is lower than those
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in Table 1. However the FOM increases for the two
other values of M. This means that the modulator has
been optimized for the nominal oversampling ratio
and, although it is possible to obtain better resolution
with higher values of M, the FOM increases as well.
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6. Conclusions

A 2nd-order XAM featuring 16.4-bit at 9.6-kHz
DOR has been fabricated in 0.7um CMOS technol-
ogy. The use of CAD tools which include optimiza-
tion issues in the synthesis tasks has enabled the
reduction of the power comsumption of the modula-
dor to only 1.71mW. This perfomance places the fab-
ricated prototype between those with smallest FOM
reported to now.

Table 6: Summarized performance of the £AM

M=128 | M=256 | M=512 | Unit
Resolution 15 16.4 17.1 bit
DR 92 100.2 105 dB
SNR-peak 84.4 94.2 101 dB
SNDR-peak 84.3 92 99 dB
DOR 19.2 9.6 4.8 kHz
Power 1.71 mW
Active area 0.42 mm?
FOM 27 | 20 [ 25 pJ
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