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An Audio ADC Delta—Sigma Modulator with 100-dB
Peak SINAD and 102-dB DR Using a Second-Order
Mismatch-Shaping DAC
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Abstract—A second-order audio analog-to-digital converter ~ Though second-order mismatch shaping algorithms theoreti-
(ADC) AX modulator using a second-order 33-level tree-struc- cally offerincreasedinband precision over first-order algorithms,
tured mismatch-shaping digital-to-analog converter (DAC) is they present several challenges. The performance improve-

presented. Key logic simplifications in the design of the mis- - - ) .
match-shaping DAC encoder are shown which yield the lowest ment gained by using second-order mismatch-shaping must be

complexity second-order mismatch-shaping DAC known to the Sufficienttojustifyitsincreased digital logic complexity. The en-
authors. The phenomenon of signal-dependent DAC noise mod- coder’s switching or selection logic must be stable for real-world

ulation in mismatch-shaping DACs is illustrated, and a modified jnputsignals. Finally,the encoder should minimize spurioustones
second-order input-layer switching block is presented which 4.4 gignal-dependentmodulation of the DAC mismatch noise be-

reduces inband DAC noise modulation by 6 dB. Implementation S . . -
details and measured performance of the 3.3-V 0.5sm single-poly C2US€ these effects can limitthe dynamic range of high-resolution

CMOS prototype are presented. All 12 prototype devices achieve AX ADCs. While several mismatch-shaping algorithms have
better than 100-dB signal-to-noise-and-distortion and 102-dB been reported that provide first-order spectral shaping of static

dynamic range over a 10-20 kHz measurement bandwidth. DAC mismatch errors [8]-[16], only a few provide second-order
Index Terms—analog—digital conversion, CMOS analog Mismatch shaping [12]-{16]. Though [12]-{15] show simulated
integrated circuits, delta—sigma modulation, digital-analog second-order mismatch shaping, detailed hardware-level imple-
conversion, dynamic element matching, mixed analog-digital mentationsare notpresented.
integrated circuits. This paper presents a second-order audio ANE modu-
lator using a second-order mismatch-shaping DAC based on the
|. INTRODUCTION tree-structure presented in [15] that addresses these challenges.
ULTIBIT AS dulation h v b i he prototypeAY: modulator uses the analog front end pre-
0 imol i ?Ohu a |f0n as ée;::en yl ete”d‘f"Pf Ile ented in [7] with a redesigned mismatch-shaping DAC encoder.
0 Impiement high-periormanc anajog-to-digrial. r,q design presented here is the lowest complexity second-
converters (ADCs) [1]-{7]. The use of multibit qugntgaﬂon "brder mismatch-shaping DAC encoder known to the authors.
a hAX;] modltjlstorhr eduges :hi SOWcTrTOr: the qua?&zﬂgmn dno'sﬁme architecture of the mismatch-shaping DAC encoder permits
Wl |tc mus (he.s aaﬁ out ofban .I i us, at’.“”t. mod- agate count reduction at the expense of a slight degradation
ulator can achieve the same signal-to-quantization-noise ra spectral shaping performance near dc. Thus in applications

as a 1-bitA. modulator with a lower modulator order and here analog circuit noise is dominant at low frequencies, sig-

reduced oversampling ratio. These benefits can be usedtor ftant hardware savings are possible. The tree-structured en-

the p_erformance requirements on the {:malog ;witched-capacg8aer employs a modified input-layer switching block which re-
circuitry and enable the implementation of high-performan

. Do - Suces signal-dependent DAC noise modulation by 6 dB, thereby
Ax ADCs in CMOS fabrication processes optimized fofmproving the signal-to-noise-ratio (SNR) for low-level input

digital circuits [7]. However, realizing these benefits require gnals. The prototypaY. modulator is implemented in a stan-

an internal digital-to-analog converter (DAC) with linearity an ard 0.5xm 3.3-V single-poly CMOS fabrication process. All

inband noise specifications equal to or better than those of : ; :

. ) of the fabricated prototypes achieve a 100-dB peak signal-to-
AX ADC. The develgpment of mlsmatch—shgpmg DACS_har'?o'se and distortion ratio (SINAD) and 102-dB dynamic range
helped to address this issue and make the |mplementat|ono

9&r a 10-20 kHz measurement bandwidth.
multibit A> ADCs practical.
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Fig. 1. Switched-capacitor implementation of thé> modulator.
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Fig. 2. The 33-level tree-structured mismatch-shaping DAC encoder.

noise at the upper end of the passband, the goal of this pradtructureinFig. 2is calledayer. The layersarelabeled 5through
type was to use second-order mismatch-shaping to extend thevherdayerSistheinputlayeranidyer listhe outputlayer.
AY. modulator’s dynamic range without modifying the analog The elements within the tree structure are cabedtching
circuitry or significantly increasing the die area. blocksand are labeled; .., wherek refers to the encoder layer
The high-level architecture of the prototype’s 33-level misandr refers to the position within the layer. The switching block
match-shaping DAC encoder is shown in Fig. 2. The tree-stru§y ,. has a(k + 1)-bit input, y, .[], and twok-bit output se-
tured encoder, based on the architecture presented in [IilenceSyi_1 2-—1[n] andyp_1 2.[n]. For example, thes, »
generates 32 element selection lines that controlflemod-  switching block in Fig. 2 has a 5-bit input, »[n], and two 4-bit
ulator’s two unit-element DAC arrays. Each column of the tresutputs,y; s[n] andys 4[n]. To simplify the notation in Fig. 2,
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Fig. 3. Data flow along a single branch of the mismatch-shaping DAC encoder illustrating how the switching seguepepsontrol the propagation of data
to the output layer.

X S5,1-<—-—y[n]=17

the encoder’s inpuj; 1 [] is denoted by[n] and the encoder’s y[n] multiplied by a constant gain factor plus a dc offset and
outputsyp [n] are denoted by,.[n]. DAC noise where the DAC noise is given by
The mismatch-shaping DAC encoder converts its bi-

nary-coded 33-level input value into an output value encoded 5 271
on the 32 DAC element selection lines. The encoder provides eln] = Z Z Aprsp,rn]-
spectral shaping of DAC mismatch errors while operating k=1 r=l1

under the constraint that the number of DAC element selectigfe A, | coefficients are constants which depend only on the
lines asserted at its output equals the binary value at its inpyhic pAC mismatches. Therefore, if the switching sequences
To satisfy this constraint, each switching block is required e 4 uncorrelated and have the same spectral characteristics
operate such tl_qat the sum of its two putputs equals its input, a(ﬁ;b second-order highpass spectral shaping), then the DAC
that the magnitude of each output is less than or equal to f\§qe will also possess this spectral shaping. Therefore, the task
number of DAC elements that it controls. That s, for €8gh ot designing a tree-structured mismatch-shaping DAC encoder
amounts to designing a switching sequence generator which

Ye—1,20—1 ("] + Yr—1,2-[n] = Y »[1] (1) obeys (1) and (2) and provides the desired spectral shaping.
and It can be verified that the following restriction o ,.[n] is
0 < yerln] < ok @) sufficient to satisfy (1) and (2):

. . ) 0, if yx[n] even

Equations (1) and (2) constitute thember conservation rule Sk,rln] = {il if 1 (6)
. . bl yk,T [71] Odd'

described in [15].

Each switching blockSy . has an associatesivitching se- Thus, it follows from (4) and (5) that even switching block in-
quence sy .[n], which is defined as the difference between itputs are divided equally and distributed to the switching block’s
outputs outputs and that odd switching block inputs are divided into

values which differ by one. For odd inputs, the polarity of the
Skr[] = Yr—1 20—1[n] — Yr—1,2:[n] (3) switching sequence determines how the unequal values are dis-
tributed to the switching block’s outputs.
From (1) and (3), it follows that thé; ,. switching block imple-  Fig. 3 illustrates the operation of the switching blocks along
ments a single branch of the encoder. The switching blocks with odd
. inputs—S; 1, S4.1, and Sy 1—have|s .[n]| = 1, while those
_ 4 with even inputs—53 ; and.S,; ;—haves; .[n] = 0. As noted
U121 0] = 2(yk”’[n] + skr[n]) “) above, the sign of,, .[n] determines how[o]dd inputs are dis-
and tributed to the outputs of the switching block. For example,
Yk—1.20[n] = l(yk,r [n] — sk.r[n])- (5) ss,1[n] = 1sends 9tothe upper output and 8 to the lower output
2 of S5 1, while s41[n] = —1 sends 4 to the upper output and 5

Thus, the switching sequence,,[n] determines how a © the lower output of ;.

switching block divides its input between its two outputs. o

It is shown in [15] that the switching sequences determirfe Second-Order Switching Sequence Generator
the spectral shaping of the DAC noise; the tree-structured mis-To achieve second-order spectral shaping given (6), each
match-shaping DAC’s output voltagén] is the input sequence switching sequence generator must produce a sequgnRée],
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Fig. 4. Second-order switching block signal processing.

taking on values-1, 0, and+1 which has a power spectralto represenf; [r] andI;[n] depends on the choice afand the

density (PSD) with a 12-dB/octave slope near dc. If it wergtatistics ofy;, .[n].

not for the number conservation rule, a standard second-ordefhe switching sequence generator in Fig. 4 can be modified

digital AX modulator with a zero input could be used, but (6jo address this issue and reduce its hardware complexity by uti-

requires that, ,.[n] = 0 whenever the input t6 . is even. lizing the fact thats,, ,.[n] retains second-order spectral shaping
Instead, the modified second-order digitab> modulator for large values of.. Thus, if/; andl, are designed to saturate

shown in Fig. 4 could be used as the switching sequenaesome magnitudéy (i.e.,|{i[n]| < M and|lz[n]| < M), a

generatot. The AY. modulator’s first and second integratorgain of« = M + 1 can be implemented by allowing [»] to

are denoted by; and I, respectively. The sequeneg .[n] “override” I;[n] whenevet[n]is nonzero rather than explicitly

represents the parity of switching block’s input. Thus, (6) casomputingo/; [n] + I2[n]+ di[n]. Choosing integer-valued ini-

be rewritten as tial conditions forl; andl, guarantees thdi [n] and;[n] will
) take on integer values for all Thus, a sequence of i.i.d. random
sknln] = {07 if or[n] =0 (7) variables withP(dy[n] = ~1/2) = P(d[n] = +1/2) = 1/2
’ +1, ifopp[n] =1, is sufficient to dither the sequence generator.

To implement Fig. 4 in digital hardware, the three-valued

switching sequencs;, ,.[n] must be represented as a two-bit
uantity. From (7), it follows thaisy.[n]|] = ox.[n]. By
3fining

If yx..[n] IS represented as a binary number,.[n] is the least
significant bit (LSB) ofyy. ,.[2]. The multiplier, shown after the
comparator in Fig. 4, ensures that (7) is satisfied, and the co
parator limits|s, ,.[n]| < 1. The dither sequencé,[n] is a se-
guence of i.i.d. uniform random variables on](, 1) that is used

to reduce spurious tones & .[n]. The feedforward gain ele- Qer[] = {
ment,«, in Fig. 4 improves the stability of the sequence gener-

ator by providing a means fdf to influences;, ,.[n] whenl, g .[n] and o .[n] form a sign/magnitude representation of
takes on large positive or negative values. sk, [n]-

Unlike the first-order switching blocks in [7] and [15], the With the sign/magnitude representation ef .[n], the
second-order switching sequence generator in Fig. 4 can switching sequence generator in Fig. 4 can be implemented
hibit instability. For example, if the firstintegrator's outpiaf] in hardware as shown in Fig. 5. The integratofs, and
is nonzero and a sequence of even switching block inputs dg; are implemented as up/down counters with sign/magni-
curs, the second integrator’s outdyfn] will continue to grow tude outputs. The gain element, adders, and comparator in
in magnitude until an odd input occurs. Unless restrictions alég. 4 have been replaced by the decision logic in Table I,
placed on the occurrences of even valueg;of[n], no bound Wwhere 7[n] is a sequence of i.i.d. random variables with
can be placed off»[n]|. Therefore, the number of bits required?(rx[n] = 1) = P(rr[n] = 0) = (1/2). The sequencey [n] is

the hardware realization @},[»] in Fig. 4. Provided; [0] = 0,

. , _ _the feedback ensures thif{n] is limited to values in the set

This switching sequence generator with a feedforward gain of 8 and nold_lth‘:r 1,0,1} for n > 0. Thus, a two-bit counter is sufficient to
was used to generate the simulation results shown in [14] though the circuit itself - ~» )

was not published. implement/;. The b-bit 7> counter is designed such that it

1, if Sk,r > 0
0, if Spr < 0
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Fig. 5. Logic implementation of the second-order switching sequence generator.
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The decision logic in Table | ensures that controls | “|--- 6-bitint2 |-

sk.»[n] whenlI, saturates. Thus, in this overload condition, the - — T

switching sequence generator degrades to first-order specti  '° 10 1o 10

. . ] : Normalized Frequency
shaping untill; recovers from saturation. Because of this

benign overload behavior, the bit width £f can be reduced at Fig. 6. Simulated DAC noise PSDs for a 33-level mismatch-shaping DAC;
the expense of minor degradation of the spectral shaping ni#gforder and second-order shaping.

dc. Fig. 6 shows the DAC noise PSD for varialssbit widths.

With 6-bit I counters under the conditions simulated, the
DAC encoder’s switching sequence generators do not satura 0
and the DAC noise shows ideal second-order shaping. Whe

the I counters are reduced to 4 bits, the switching sequenc -20
generators saturate and the PSD changes from a 12-dB/octz
slope to a 6-dB/octave slope near dc. For an encoder wity _yq
2-bit I, counters, saturation occurs frequently. The PSD has ,
6-dB/octave slope for most frequencies, but the inband DACE
noise power is approximately 10 dB lower than that of the® ~
first-order encoder. Even though the encoder with 24bit
counters does not provide true second-order shaping, it offe 80
a substantial performance improvement over the first-orde
encoder with little additional hardware. -100f

t

ve

t

B. Signal-Dependent DAC Noise Modulation 10° 107 107 10°
. . . . Normalized Frequency
As implemented in Figs. 4 and 5, ,.[n] is forced to zero

when yk,r[n] is even. As a result, long sequences of even ifig. 7. Simulated PSDs of individual. .[] sequences for several values of
puts to a switching block will affect the spectral shaping of(oxr =1).

sk.r[n]. Fig. 7 shows the PSDs of individuai ..[n] sequences

where the parity of the switching block’s inpuy ..[n] is a se- of even inputs increases, the inband noise power rises dramat-
quence of i.i.d. random variables witf(o;, .[n] = 1) = pand ically. It can be seen in Fig. 7 that while all of the PSDs retain
P(ox[n] = 0) = 1 — p, and where the sizes of thfe coun- a 12-dB/octave slope near dc, the inband noise power increases
ters are sufficiently large to avoid overload. As the probabilityy 20 dB asP(oy .[n] = 1) goes from 0.75 to 0.25. Because
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Fig. 8. Data flow along a single branch of the mismatch-shaping DAC encoder illustrating how an input of 16 results.fefe¢s= 0 for all but the output
layer.

-9 ; ; ; ; ' ' ' analog front end, this level of DAC noise modulation would have
o ;ﬁtd‘_c’c';?;ér limited the A modulator’s dynamic range to 100 dB. Thus, for
s — low-level A% modulator input signals, second-order mismatch

shaping would have provided little or no improvement in SNR
over first-order mismatch shaping.

This effect can be mitigated by noting that (7) is sufficient
but not necessary to satisfy the number conservation rule. For
example, the5; 1 block is free to se; 1 [n] = £2 for all inputs
divisible by four except 0 and 32 (i.es; 1[n] € {4,8, ... 28}).
Thus, whensS; ; receives a high density of inputs with value
16, it can still produce a second-order shapgdn] taking on
values£2. With this modification, the5; ; block can break the
midscale input into output values of 7 and 9, as illustrated in
. Fig. 10, and prevent the propagation of even values to the re-
-20 -10 0 maining layers of the encoder.

Fig. 11 shows the modifications required for thg ;
switching sequence generator. As in Fig. 4, it produces
s31[n] = %1 for o5 1[n] = 1. The gain element ang; 1[n]
multiplier following the comparator are used to produce
ss1[n] = =2 for inputs divisible by four other than the
the DAC noise is the weighted sum of the,. [n] sequences, this fy|l-scale values. The sequengg [n] is defined as
directly translates to increased inband DAC noise.

For the tree structure of Fig. 2, input values that are powers
of two pose a particular problem because they propagate evefﬁ:l[”] - {
inputs to successive layers of the tree structure. A commonly
encountered input for the 33-level DAC encoder is an input §fhenys; 1 [n] is represented as a binary number, divisibility by
16, theAY: modulator’s midscale value. Fig. 8 illustrates how afour can be determined by testing if the two least significant bits
input of 16 is factored into successive even values until the lasfty; ;[»] are zero. Full-scale inputs can be detected by testing
layer of the encoder. As a result, 15 of the}1.[n] sequences if all bits of y; 1 [n] are low or high.
have elevated inband noise power as illustrated in Fig. 7. Fig. 12 shows a comparison between the simulated inband

The dashed-line plot in Fig. 9 shows simulated inband noiseise and distortion of thé&X. modulator using the modified
power versus input level for thA3> modulator of Fig. 1 using second-order mismatch shaping DAC encoder and those illus-
the second-order mismatch-shaping encoder shown in Figdréed previously in Fig. 9. The solid-line plot shows that the
and 5 with 4-bitl; counters andc = 1% Gaussian DAC el- modified second-order encoder reduces the DAC noise mod-
ement mismatches. For this implementation, the inband noigation by 6 dB and provides significantly better performance
power increases by 10 dB as the input drops frofito—35dB. than the first-order encoder over the entire range of input ampli-
This is a direct result of the DAC encoder receiving a higtudes. Though this modification roughly doubles the gate count
density of midscale inputs for low-leved> modulator inputs. of the S; ; block, the encoder’s overall gate count does not in-
Combined with the inband thermal noise ahtf noise of the crease significantly because the other 30 switching blocks use

[}
Y
(=
o

Inband N+D (dB rel. FS)
|
=
(4]

-110

% 70 60 50 40  -30
input Level (dB rel. FS)

Fig. 9. Simulated inband noise versus input level forAe modulator using
first-order and second-order mismatch-shaping DAC encoders.

1, if 4dividesy;[n] and ys1[n]# 0,32
0, otherwise
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Fig. 10. Data flow along a single branch of the mismatch-shaping DAC encoder illustrating how the mgglifietbck prevents the propagation of even values
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Fig.12. Simulated inband noise versus input level foril¥e modulator using

the second-order switching sequence generator shown in Fig. 5.

Ill. PROTOTYPERESULTS

The prototypeA modulator IC shown in Fig. 13 was fabri-
catedina0.5:m 3.3-V triple-metal single-poly CMOS process.
The analog front end of the prototype—the switched-capac-
itor circuitry and flash ADCs with comparator offset DEM and
digital common mode rejection (DCMR)—are identical to the
audio ADCA3Y: modulator using a first-order mismatch shaping
DAC presented in [7]. Logic reduction and layout optimiza-
tion were performed on the DCMR logic to reduce its area.
Though the second-order mismatch-shaping DAC encoder with
the modifiedS; 1 block is approximately twice the die area of
the first-order encoder of [7], the area reduction of the DCMR

first-order, second-order, and modified second-order mismatch-shaping D}Q,gic permitted the second-order design to fit in same pad ring

encoders.

as the first-order design.
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Fig. 13. PrototypeAX modulator die photograph and layout floorplan.

TABLE I T ; ; : ;
PERFORMANCE AND SPECIFICATION SUMMARY 100} : : :
Sample Rate 3.072 MHz
Oversampling Ratio 64 90
Full-scale input range +3.0 V peak differential
Peak SINAD 100.3 dB at 2.8 V, 10 Hz — 20 kHz .
SFDR 105.6 dB, 10 Hz — 20 kHz o 80
DR 102.5 dB, 10 Hz — 20 kHz o
Power dissipation 66 mW analog, 4.4 mW digital <
Technology 3.3-V, 0.5-um CMOS (1 poly, 3 metal) » 70
Chip size 5mm X 1.9 mm
Package 65 pin PGA
60
Each second-order switching sequence generator was im- s
plemented with a four-bit second integrator to save hardware

in the mismatch-shaping DAC encoder. As described in Sec- % -50 -10 °

tion 11, this leads to occasional saturation within the switching

sequence generators and causes the DAC noise to change ffgm4. Measured SINAD versus input level for the prototyy®8 modulator.

a second-order slope to a first-order slope near dc as shown

in Fig. 6. Nevertheless, this design still provides significantlgie area and only a 2.6% increase in power dissipation. Fig. 14

improved suppression of inband DAC noise relative to thghows the measured 1.5-kHz SINAD versus input level. Fig. 15

first-order mismatch-shaping DAC in [7]. The switching bloclshows the measured inband PSD fet- and —60-dB input

with the switching sequence generator shown in Fig. 5 requirsignals.

31 gates, while the modifiefl; ; block in Fig. 11 required 58  Fig. 16 shows the measured inband noise and distortion

gates. Thus the entire second-order mismatch-shaping D#€sus input level for the prototyp&% modulator using

encoder was implemented using 988 gates. This is 28%thé second-order mismatch-shaping DAC with the modified

the gate count reported in [17] for a nine-level second-ordeput-layer switching block. Performance for the>. modu-

mismatch-shaping DAC encoder. lator presented in [7] with a first-order mismatch-shaping DAC
Table Il summarizes the device specifications and worstincluded for comparison. The use of second-order mismatch

case measured performance for the 12 fabricated prototyps&saping eliminates DAC mismatch noise as a dominant noise

Comparing worst case performance for both prototypes ovesaurce for full-scale input signals. The modification to the

10-20 kHz bandwidth, th&3: modulator presented here hasnput-layer switching block ensures that the DAC noise power

a 1.5-dB greater peak SINAD and a 2.3-dB greater dynamiit the audio band remains well below the circuit noise for

range (DR) than the design presented in [7] with no increaselow-level input signals.

-40 -30 -20
Input Level (dB rel. Full Scale)
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prototypes, it can be seen that the DAC mismatch noise has been
reduced well below the other noise sources in the second-order
prototype.
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Fig. 16. Measured inband noise and distortion for the prototype
modulators using first-order and modified second-order mismatch-shapinfL5]
DAC encoders.

[16]

Because the performance of the second-order prototype is
limited by the thermal noise of the analog front end, the im-m]
provement in dynamic range is limited to approximately 2.3 dB.
By comparing the degree of noise modulation between the two

IV. CONCLUSION

These results demonstrate that a practical second-order
mismatch-shaping DAC can be implemented to yield improved
performance over a first-order design with only a modest
increase in hardware complexity. Using the second-order
switching block presented, pure second-order spectral shaping
of the DAC mismatches can be sacrificed to yield substan-
tial hardware savings with minimal impact on performance.
The prototype’s dynamic range performance shows that the
: input-layer switching block can be modified to significantly
reduce the amount of signal-dependent DAC noise modulation
with minimal additional hardware.
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