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Abstract design cycle. As an answer to this necessity, a CAD meth-
odology has been proposed for assisting the desighbfs

[2]. This paper uses that methodology for designing a
4th-order 2-1-1 cascade multi-bitXAM featuring
1l4bit@4MSample/s aimed for xDSL applications. This
modulator has been implemented in a u@bmainstream
digital CMOS technology with the objective of minimum
power consumption. Architecture selection, modulator siz-
ing and cell sizing were supported and optimized by CAD
1. Introduction tools, while the full-custom layout was done manually.

This paper describes the design of a Sigma-Delta modu-
lator aimed for A/D conversion in XDSL applications, fea-
turing 14-bit@4Msample/s in @.351m mainstream digital
CMOS technology. Architecture selection, modulator sizing
and cell sizing tasks where supported by a CAD methodol-
ogy, thus allowing us to obtain a power efficient implemen-
tation in a short design cycle.

In many high-frequency applications (xDSL, video) the 2. CAD methodology
Nyquist A/D converters are being replaced by oversampled Fig.1 shows a block diagram of the methodology used
>A converters, whose reduced analog content makes them . . .

. ) L . . and already described in [2]. It is supported by three CAD
attractive for mainstream digital CMOS implementation. In . .

o : - . . . _tools whose major features are summarized here for com-

these applications, increasing the signal bandwidth while pleteness:
maintaining an achievable sampling frequency implies the . . .
use of a moderate amount of oversampling, which requires' tSDtOPT IS all sy?_thesséool ICMMZ tthat allqwsf archfl-th
either high-order filtering or multibit quantization at the ecture exploration and optimized transmission ot ne
modulator EAM) in order to keep resolution at an accept- converter specifications down to those of the building
able level. Unfortunately, both measures degrade the
claimed robustness of ti¥\ conversion: (alJnlike 1st- and
2nd-order loops, high-ordexAMs are not unconditionally

Converter Specs

stable; and (b) for multi-bit quantization, the overall linearity SDOPT Architecture
is ultimately limited by that of the multibit DAC in the feed- — exploration
back path. _

Equations

These insufficiencies have required the participation of
correction/calibration mechanisms that significantly
involve the derived architectures [1]. Within this category
we find, for instance, multi-bit modulators using dynamic
element matching (DEM) techniques or digital correction,
or high-order loops stabilized by local resetting circuitry. In
other approaches, the extra correction/calibration circuits
can be eluded by the combined exploitation of some archi-

Time-domain
simulation

Behavioral
models

tectural features and a more careful analog design. This is, A:t‘;";‘izggd
forinstance, the case of the cascade dual-quantization archi- e

tectures [1]. Note that, in any case, the desiga&fls has

become much more complex and some trite topics as ‘= -—__ —
“insensitivity to circuit imperfections”, “robustness” and \  FElectrical Cell sizing <|—Z|
“simple design” should be definitively forgotten. « Simulator

FRIDGE

In this arena, the methodological issues are of prime
importance for reaching an efficient implementation at the LAYOUT

state-of-the-art performance edges in an acceptably short Fig. 1: Block diagram of the design methodology
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blocks. This process is accomplished by combining an
equation data base and a statistic optimizer.

* ASIDES is a time-domain simulator based on detailed
behavioral models of the building blocks.

* FRIDGE is a tool for optimum sizing of IC basic cells,
based on electrical simulation and on the same optimizer
used in SDOPT.

The way these tools are combined for assisting the design
of the modulator presented here is described next.

3. Architectural features

As stated before, a crucial aspect toward an efficient X
high-frequencyzAM is the reduction of the oversampling * Cancellation Logic
ratio required to attain certain resolution. Among the archi-  Fig. 2: 4th-order 2-1-1 cascade multiEiAM(2-12mb)
tectural alternatives, the so-called cascade (MASH)
multi-bit *AMs are particularly interesting because they  TABLE 1: Digital transfer functions and relationships
produce stable high-order noise shapigy cascading for the 2- SAM.
unconditionally stable 2nd- and 1st-order loops, and robust

L . . . . . Digital Digital/Analo Analo
multi-bit operation- by including a multi-bit quantizer only 2 2 N d d
in the last stage, where the errors associated to the corre- Hi2) =271 |dp= 1-—2 9 =9
sponding multi-bit DAC can be largely attenuated at the 991%293
quulator output. Be_caus_e of these a_r_ch|t(_actural fe:_atures, Hy(2) =(1-z1)2| d, = 3 9, =29,'0,
neither correction/calibration nor stabilization techniques 919293
are required, thus simplifying as much as possible the Hy(2) =71 d, =0 94 = 93'04
design. The price to pay for these simplifications is the _ 13 _ 9

. . - Hy(2)=(1-z1)3|dy = —2—
necessity of a more careful design of the building blocks. 0195939,

However, as we shown here, these difficulties can be afforded
by a proper design methodology, where the effect of the requirement is reduced to only the reference voltages. In

non-idealities is accounted for and controlled. " 2 . I
S | d ibEAMS h b ted: addition, the last-stage quantization error is amplified by
everal cascade mutti S have been reported: a —y _ 5 Tpig means a systematic loss of resolution of only

32rd2-r<:]rge22-1 Zasz?:e (?@2[?1],161 4th-o(;der%§£)2 %asgade 6dB (1bit) respect to the ideal case. As an extension of the
(2-2mb) [4], and a 4th-order 2-1-1 cascade (2 [5]. As former to one more order, a 5Sth-order 2-1-1-1 cascade

shown in [5], while in the 2-band 2-mbarchitectures ) i i M (2-13mb) has been presented in [6] that aug-
the |n5-ban_d power of the DAC-mduc_ed erroris attenuated ments the attenuation of the last-stage DAC errors up to
by M (W'7th .M beln%r;he ov_ersampll_ng ratio), it is attenu- M9, while preserving its small systematic loss. Another
ated byM in the 2-4mh, which considerably reduces the 5th-order multibit cascade that can be considered, a

sensitivity of the latter to the DAC non-linearity and simpli- 2-2-Imb 3AM, is discarded at this point because the set of
erS'ItS design. 2 coefficients required to avoid overloading lead to an ampli-
Fig.2 shows the 2“Inbcascad&AM. The values of the  fication of the last-stage quantization error by a factor 8
H,(2) filters and'coefhment in the dlgltal' partare shown in (3bit systematic loss). The same applies to the 2-2-2 cas-
Table 1. In practice, the following considerations must be - 4o “For these modulator the systematic loss can be
taken into account regarding the selection of the integrator oy, ceq by including multi-bit quantization in all stages [7],
weights in Fig.2: (a) The level of the signal transferred from |, s further complicates the design due to the need of
one stage to the next in the cascade must be low enough t¢,g\ techniques to attenuate the effect of the multi-bit DAC
avoid overloading the latter; (b) The output swing required 1 jinearity. According to the previous discussion, we will
for the integrators, must be physically achievable given the ;.. the architecture choices to the 2rib and to the
limitation of the supply voltages; (c) Digital coefficiedy , 5_13,psAMs.
which amplify the last-stage quantization error power,

d, = 0, dy = 2. With these values the output swing

should be as small as possible. After extensive simulation 4. Influence of circuit imperfections

with ASIDES, the set of coefficients fulfilling the previous Table 2 summarizes the non-idealities analyzed and
conflderatl‘orls has tieen qe_”VEC‘?l_: 9, = 0_'25 ' implemented in SDOPT and ASIDES, together with their
9,=1,0=05,03=1,93 =03 =05,9, = 2, impact on the modulator performance. Out of these, integra-

g, =9, =1 and consequentlyd, = -1 d; =2 ,



tor leakage (due to the finite opamp open-loop DC gain) and

weight mismatching are the most degrading non-idealites = ‘E
for the cascad2AMs. Both result in an incomplete cancel- = [
lation of the quantization error of the former stages that cor- IS L
rupts the modulatddR . 3 p
%] 4
TABLE 2: Non-idealities covered in SDOPT and ASIDES g »
Building blocks | Non-idealities Consequences %
Finite, Shaping degradation, Elé'j
non-linear gain |harmonic distortion
Opamps  |Dynamic Settling error, s
% limitations distortion. (@) B (bit)
o - -
= Output swing | Overloading, 16 == E— : 2m=g====
= harmonics distortion P P ZZ--3--Z-Z-32
o} - - - 5 15<;——18’._16- b Qupupup Supupuiu {
= Thermal noise | White noise. T b P N e
—_ F - _ — -—— -9
Switches ON-resistance|Settling error, white g -7 e ° 12_ D Y §
thermal noise |noise, distortion. 2 B - ~+-10 l
= = . . = @ - - . -=
Capacitors | Non-linearity, |Shapingdegradation, o 12t _-* m=8"*
mismatching |harmonic distortion| $ ul.-" .7
Clock Jitter Jitter noise. é wof 7 *
Comparators Hysteresis, [Increased wogl-7
offset guantization noise. g . . .
Quantizers/[Non-linearity, |Distortion, extra ® 2 B % 4 5
DACs gain error, offsgtquantization error (bt
Fig. 3: Modulator resolution vs._last-quantizer resolution

for: (a) 2- mb $AM and (b) 2-Pmb TAM. (A, = 2500,

Analysis shows that the extra in-band error power due to weight mismatctw = 0.1%, and DAGNL = 0.4% FS)

these non-idealities is:

(9. +9,+0,)2 2 - terion for automatic architecture selection. Our results show

_ 2| 81T Y2 TP )" o > . S ; )

AP=o0g > YYE + 815M5 (1) that the minimum power dissipation can be achieved with
A M = 16, B = 4 forthe 2-PmbandM = 14 ,B = 3 for

where A, stands for the opamp DC-gain,  refers to the 2-Pmbmodulator. Fig.4 shows the effective resolution
mismatching in weights g,,g,, gzandgs" and estimated using ASIDES as a function of the mismatching

0(2: = A2/12 is the quantization error power of a sin- in integrator weights, with typical values of the amplifier

gle-bit quantizer. These extra error power may eVemu_gain and last-stage DAC non-linearity. Note that the sensi-

. . L . tivity to mismatch is significantly larger in the Fhbmod-
ally mask the benefit of using multi-bit quantization, ulator than in the 2-4mb; while the latter can afford up to

thus imposing a limit to the maximum useful resolu- 0.3%, the performance of the former drops below 14bit for
tion in the last-stage quantizer. SDOPT and ASIDES

have been used to evaluate this limit. Fig.3 shows the
effective resolution of the 22inband 2-Embmodula-
tors when varying the last-stage quantizer resolution
B, with M acting as a parameter (depicted over each
curve). The thick solid line is intended to grossly esti-
mate the limit, over which, increasiiwould not fur-
ther improve the modulatorDR. Nevertheless,
resolutions below this limit are enough to significantly
relax the circuit requirements with respect to single-bit
approaches.
. . . . . . 0.1
By including the dynamic requirement in the integrators, Weight mismatchg (%)

itis possible to make an estimation of the power consump- Fig. 4: Simulated resolution as a function of the integrator
tion associated to théV], B] pairs in Fig.3 and use this cri-  weight mismatching4, = 2500, DACINL = 0.4% FS)

+ 2-°’mbwith M
= 2-1mbwith M

0.01

Worst-case resolution (bit)

11.5




o larger than 0.1%. This is a crucial aspect due to the end of the first stage, together with two AND gates, pro-
absence of double poly capacitors in the intended technol-vides the feedback signak;,B, to switch the integrator
ogy. According to the measurements performed on sampling capacitors to eith¥f+ =+1V orV,- =-1V. Since
multi-metal capacitors, their matching is not better than the circuit is fully differential, the resulting reference volt-
0.2%, which obligates to discard the Snibarchitecture for ages aret2V . The second stage and third stages have
this application. two-branch integrators. The last integrator drives a pro-
. — . grammable ADC whose resolution can be switched among
5. Switched-capacitor implementation 2, 3, and 4bit, for model fine-tuning purposes.

The transmission of the specifications of the 22ab The requirements in Table 3 for the integrator and the
modulator down to those of its building blocks has been per- amplifier apply only to the first integrator in the cascade.
formed using SDOPT. Table 3 summarizes the circuit Some specifications, as amplifier DC-gain and dynamics,
requirements providing 14bit@4MS/s. The contributions to can be relaxed for the second, third, and fourth integrator,
the in-band error power are also shown. Note that it is dom- because their in-band error power contributions are attenu-
inated by quantization (-85dB). This includes the effect of ated by increasing powers bf. The same applies for ther-
integrator leakage and weights mismatch. The unitary mal noise, which allows reduction of the unitary capacitor
capacitor value (0.5pF) is set according to thermal noise andto 0.25pF for these integrators, which further relaxes their
dynamic considerations. Both error powers are well below dynamic requirements. ASIDES has been used for fine-tun-
the limit imposed by the modulator resolution. ing the specifications of these blocks. For instance, DC gain

Fig.5 shows the fully-differential SC implementation of requirement was reduced to 62dB, 54dB and 54dB for OA2,
the 2-Pmb=AM. A single-bit quantizer (comparator) atthe 3 and 4, respectively.

A
Vit V- Vito b

. Vi g 0.2 T‘h
TABLE 3: Modulator sizing results A1) }Bl p % |5ﬂ|_/2 0.5
- oa (050 @ ¢ T T I€ %
SPECS: 14bit@4MS/s@1.3V 2-12mb — _jz_d@mo % *
@ LA #F_W
Oversampling ratio 16 X og g, @ 9 % |oAz> 53 %,
Sampling frequenc 64MHz = }—( (0:@2 (
Modulator pling Treq Yy 50 \o, o\ 53_% I
Reference voltages 2V v Vg €1 2€p L o 0%
Sampling capacitor 0.5pF 11 1 ' D 029 \g, mC
. . V- V+ ’
Unitary capacitor 0.5pF o Vit B.o < [:
Integrators Sigma 0.12% l o
9 Capacitor non-linearitg [ 25ppm/V Q_ovﬁ
Bottom parasitic capacitgqr ~ 20% SRV BV
Switch ON-resistance 2500 B\_o\,:. T 0
DC-gain 68dB IT 025 \* i
DC-gain non-linearit | 209%V?2 _%253 " P * | ’_\L %
Opamps | Transconductance 25mANV| | e § % [JPS 11> _0;2
. I ! 2
Maximum output currerg|{+0.95mA 0.2% g 029 o
| o Lo ed
Output swing= 2V & _@ 0.5
Comparators Hysteresis 30mv —[\_oxﬁr L ne(_C
A/DIA | Resolution 4bit B —|:B\2_<.\,:+ e T
Converter | Non-linearity (NL) < 0.4%FS o
Dynamic range 87-2d!3 0 o Y3,03
14.2bit L ~—oVp/at — ROM [© Y302
- o 0 Vit ' FoY:
Quantization noise -85.0dB ‘EB\_ovr_ 0.2 301
Thermal noise -94.8dB : ST A Vit
N o & v 1
Incomplete settling noise -96.9dB 0.2% %1 ‘f’l—| do-15 —
Harmonic distortion -99.4dH I omS| aoc [ Ll pac 704
— T T do-3 o Vo/a-
0.2@_@1 | P |_|_%J L{F I

Fig. 5: SC implementation of the Zhb>AM SRV 0% (0 o



The diversity of specifications recommends a dedicated
design for each amplifier to avoid over-sizing and optimize the

power consumption. This task does not imply a significant time - = :
penalty due to the use of the basic cell optimizer FRIDGE. A mE —m
two-stage architecture, was selected for OA1 in order to fulfil m= o
its DC-gain requirement. It uses a telescopic first stage and :
Miller compensation. A single-stage folded-cascode OTds =
been used in OA2, OA3, and OAZenough to accomplish their :_
medium-, low-DC-gain requirements. The common-mode BI11T08 10T
; . i i 8 {18 0 e R

feedback nets are of dynamic type for all amplifiers, because it i EEEREERERN
yields smaller power consumption than static ones. Fig. 7: Layout of the 2-3mb>AM

Comparators at the end of the first and second stages of the 0 ;
>AM demand a low resolution time, while hysteresis as large
as 30mV can be tolerated. This recommends the use a dynamic 207
comparator based on a regenerative latch, with no need of a < -40f
pre-amplifying stage. Given the low sensitivity of the 2vb @
architecture to the imperfections of the las-stage A/D and DIA 5 89
conversion, a simple design consisting of a 4bit fully-differen- g 8ot “ A 'N\‘."ﬁ" [  |
tial flash ADC (with an programmable output code) drivinga & (’l"wl]lﬂﬂl i -ﬁl‘\ “ Hhi
poly-resistor ladder DAC was adopted. < -100 MWNH Gl i “'H\

The modulator has been extensively evaluated in ASIDES, a20F e
including the non-idealities derived from the final implementa- Frequency (MHz)
tion of the building blocks. Fig.6 shows the sig- 40T 025 050 075 100 125
nal-to-(noise+distortion)-rati&NDR of the modulator as a Fig. 8: Measured spectra

function of the input level, when operatingwit = 16 and ) ] .
B = 4. For these parametersDR of 85.5dB is achieved. ~ (mainly that generated in the output buffers) is coupled to the

Additional programable operation modes and achieved resolu-Whole chip due to the conductive nature of the deep substrate
tions are also depicted. in the epi technology used. As stated in [8], no protection is

actually effective at the layout level. Because of that, we are

0.35um CMOS digital technology with epi conductive sub- now revising our test set-up to reduce this nqise at thg board
strate. Its occupies 1.32nfmwithout pads and consumes IeveI.'For the moment, the mea;qred dynamic range is 81dB
78.3mW: 60.2mW for the analog blocks, 4.5mW for the digital Cl0CKing at35.2MHz (2.2-MS/s digital outputrate) and 74.5d8
part, and 13.6mW for the output drivers. Fig.8 shows the mea- &t 84-MHz clock frequency (4-MS/s digital output rate). A
sured output spectrum of the complete modulator and those™°'® detailed description of the measurements will be pre-
corresponding to the first stage (2nd-order) and to the combi-Sented at the conference.
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