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Oversampled Pipeline A/D Converters
With Mismatch Shaping

Ayman Shabra and Hae-Seung |&ellow, IEEE

Abstract—This paper presents a pipeline analog-to-digital con- out of the signal band, thereby improving the linearity. Unlike
verter (ADC) with improved linearity. The linearity improvement  dynamic element matching [4] which spreads the distortion

is achieved through a combination of oversampling and mismatch evenly over the entire Nyquist band, MS attempts to minimizes
shaping, which modulates the distortion energy out of band. Mis- h . . . ’
the distortion energy in the signal band.

match shaping can be realized in a traditional 1-bit/stage pipeline - . . .
ADC, but the ADC's transfer characteristic properties limit its ef- The first part of this paper introduces MS algorithms for
fectiveness at pushing the distortion out of band. These limitations pipeline ADCs, along with the circuit implementation and
can be alleviated by using a 1-bit/stage commutative feedback ca- simulation results. It also presents theoretical analysis which
pacitor switching pipeline design. A test chip was fabricated in 8 e gict the behavior and provides insights into techniques to
0.354m CMOS process to demonstrate mismatch shaping. Exper- : . .
imental results obtained indicate that the spurious-free dynamic Improve the_ perfqrmance. T_he second part describes th_e design
range improves by 8.5dB to 76 dB when mismatch Shaping is used Of a test Ch|p Wh|Ch was bUIlt as a Veh|CIe to test the d|ﬂ:erent

at an oversampling ratio of 4 and a sampling rate of 61 MHz. The MS algorithms. The experimental results are presented in the
signal-to-noise and distortion ratio improves by 3 dB and the max- final section.
imum integral nonlinearity decreases from 1.8 to 0.6 LSB at the
12-bit level.
Il. HIGH-PERFORMANCE ADCs AT Low

Index Terms—Analog-to-digital converter, dynamic element OVERSAMPLING RATIOS

matching, mismatch shaping, pipeline.

Inrecentyears, a number of architectures have been proposed
for applications where both high speed and high resolution are
needed. These architectures include delta—sigma modulators,

ANY applications, such as broadband communicationgipeline converters, and folding and interpolating converters.
require high-speed and high-resolution ADCs. Thall of these architectures can be implemented in CMOS,
signal bandwidths in these applications are increasing with néswever, folding and interpolating ADCs are better suited for
product generations, placing tough demands on the analog frbigiolar or BICMOS processes where transistors with good
ends. For example, the need to filter these wide-band signalatching properties are available [5], [6].
prior to digitization to avoid aliasing of out-of-band signals Delta—sigma modulators are very popular ADCs in applica-
requires the use of wide-band filters with narrow transitiotions where high oversampling ratios are possible [7]. At high
bands. These filters invariably have high orders and are difficaiversampling ratios, delta—sigma ADCs have many advantages
to design in practice. Although it is possible to oversamplompared with conventional ADCs. These advantages include:
the input signal to relax the filtering requirements, this does . shaping of quantization noise, thereby reducing in-band
demand higher sampling frequencies in the ADC. The wide  qguantization noise;
bandwidth of the input signals limits the practically achievable « ease of antialiasing due to oversampling;
oversampling ratios in current technology to between 4 and 8. « tglerance to component mismatches.

This work investigfites the. use of pipe[ine ADCS undgp, delta—sigma converters employing a single loop and 1-bit
these low oversampling conditions. In particular, it develogge ypacy 7], the converter is inherently linear and hence does
mismatch shaping (MS) algorithms for pipeline converters [1|]1’0t require good component matching.

[2]. MS, a technique developed for delta-sigma converterSpaya gigma converters with 1-bit feedback generally require
[3], pushes the distortion introduced by component mismatgh, e gversampling ratio in order to achieve a high signal-to-

noise ratio (SNR). This is because the order of the loop has a di-
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Another method to increase the SNR of delta—sigma con- , ICI1
verters is to increase the number of bits in the feedback dig- Viilnlo 1T
ital-to-analog (D/A) converter. An unfortunate consequence of | |
multibit feedback is that the D/A converter must now be accurate L

to the final resolution of the delta—sigma converter. A number COMP I
)

of techniques have been developed to overcome the accuracy

problems in the multibit feedback ADCs. They include self-cal- din]

ibration [11], dynamic component matching [4], [12], and MS (a o1
[3].

There have also been attempts at reducing the quantization 1
noise over the entire Nyquist band, resulting in delta—sigma VRer C2
converters which do not require oversampling. This is accom- or o } I -
plished either through parallel architectures [13] or pipeline -Vrer +
architectures [14]. Both approaches rely on significantly in- L
creasing the analog hardware. Parallel architectures also suffer (b)
from path mismatches which need to be calibrated [15].

Pipeline converters have been traditionally applied t8g. 1. Theith stage of a 1-bit/stage pipeline ADC.
Nyquist-rate sampling. Although pipeline ADCs are relatively

simple and power efficient, component mismatch limit the ) ) .
accuracy to about 10 bits. Numerous techniques which inclu§¥0 delta—sigma designs have been reported at oversampling

self-calibration [16]—[19], error-averaging [20], ratio-indepenf@tios of 4 to 8 [25], [26]. The design of these converters

dent [21] and reference refreshing [22] methods have pelgyolves the linearization of multibit DACs and is complex.

devised to remove errors due to component mismatch. Excéif'ough the complexity can perhaps be reduced if lower SNR
res are desired by reducing the number of bits in the DAC,

for self-calibration techniques, all these techniques take up exigy! _ g
cycles of the valuable conversion time, reducing the throughgl}f number of bits cannot be reduced to 1 where no dynamic
of the converter significantly and the added complexity ofteH€ment matching would be needed, mainly to avoid integral
increases the power consumption considerably. Self-calibratilinearity [4] and instability. _ o
techniques, on the other hand, remove component mismatci{Ve Propose the simple approach of oversampling a pipeline
without increasing the conversion time. The drawback &Pnverter and shaping the mismatch distortion out of band,
self-calibration is the additional complexity and the necessifyere it will be removed by a subsequent digital filter. Since
of the calibration period during which the converter is inopefl® atempt is made to shape the quantization noise, there are
able. The missing samples during this period can be generat®§'€ of the concerns asso_Clated with delta—sigma converters
using nonlinear interpolation [19], but this results in loweWith @ low oversampling ratio. _

accuracy. Alternatively, redundant hardware can be used tdn addition to simplicity, a pipeline design offers some
avoid missing samples [23], but this inevitably increases pow/Bteresting advantages from a system design perspective.
consumption and complexity. In practice, factory calibratiofil™St @ Pipeline design can be easily reconfigured to perform
has been preferred. However, to maintain calibration stabili&)}’qu'st conversion using the same hardware. Second, p|pe!|ne
the ADC errors must be completely dominated by capacit6PVerters offer a simple way to save power under operating
errors over the entire life of the device [24]. conditions where the full resolution is not needed, through

In comparing delta—sigma converters and pipeline convert@@vering down and bypassing unneeded front-end stages

for wide-band signals, we recognize a few important attributd€./1- In @ 1-bit/stage implementation, the granularity of this

Due to the wide bandwidth of the input signal and limited ci?OWer-resolution control is very fine, allowing for flexibility
cuit speed, delta—sigma converters can afford only low oversajf-SyStém optimization. Finally, since the pipeline converter is
pling ratios, which makes high-resolution conversion difficulfindamentally a memoryless system, it can be easily multi-
The required low oversampling ratio generally nullifies the pri/€x€d. This allows for the same ADC to digitize multiple input
mary advantage of delta—sigma converters: the tolerance to c&fidnnels, while oversampling and mismatch shaping each one

ponent mismatches. As for quantization noise in pipeline coft them.
verters, the quantization noise can be made smaller by adding
more stages at the end of the pipeline. Since the last stages 05”_
the pipeline do not contribute much thermal noise, they can be
made extremely small and low power. Therefore, the quantiza-
tion noise itself can be made arbitrarily small with negligible An N-bit 1-bit/stage pipeline converter is composed of a cas-
increase of area and power. cade ofN stages. Each stage contributes a single bit to the dig-
Based on the above observations, we can conclude titat output. The implementation of th&h stage is shown in
delta—sigma converters are not fundamentally advantage®is. 1. The capacitor€; andC, are nominally identical. Each
over pipeline converters for wide-band applications that netage operates intwo phases, a sampling phase and a multiplying
cessitate low oversampling ratios. At these low oversamplipipase. During the sampling phase shown in Fig. 1(a), bath
ratios, the benefits of delta—sigma modulation tend to disappemnd C> sample the input voltage to the stabje ;[n]. At the

Lo Viln]

M ISMATCH SHAPING IN TRADITIONAL 1-BIT/STAGE
PIPELINE CONVERTERS
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Fig. 2. Effects of the first stage capacitor mismatthfr = 1). a) A < 0. b) A < 0 and no digital error correction results in a wide codeAc)> 0.

Dfn]

same time, the comparator determines whether the input voltage
Vi_1[n] is greater than or less than 0 V.

If V;_1[n] > 0, then the stage decision hkifn] = 1, other-
wised[n] = 0. During the second phase, which is the amplifying
phase (] is connected to the output of the operational ampli-
fier and C; is connected to either the reference voltage:r
or —Vrgr, depending on the bit valugr]. If d[n] = 1, Cs is
connected td’ggr, resulting in an output voltage

Vi[n] = 2Vin[n] — VrEr. 1) Fig. 3. Mismatch shaping applied to a 1-bit/stage pipeline ADC results in

alternating between the two transfer characterisfitg:¢ = 1).
Otherwise, C2 is connected teVgrgr, giving an output

voltage stages have perfect matching. From (6), we can write the input-
Viln] = 2Via[n] + Vi @) referred converter characteristic as
A A
In other words Aln] <1 - 5) + VREF? if A[n] >0
Din] = A A
Viln] = 2Via[n] + (=) VRge. (3) Aln] <1 - 5) +Vrpp  Otherwise

In practice, a number of sources introduce errors in the COlfere A
version [18], [28]. They include the charge injection from t
sampling switch, the comparator offset, and the mismatch
tweenC; andC5. We assume here that the open-loop gain Q

the operational amplifier is sufficiently large. By employin mployed in the subsequent stages. Otherwise, a “wide code”
the standard digital error correction, the comparator offset CaRI result as shown in Fig. 2(b). Whea > 0 thén missing
be easily compensated [29]. The effect of charge injection cg i ) '

be substantially reduced by a fully differential configurationBdes result as shown in Fig. 2(c).
and bottom-plate sampling. The residual charge injection causges
only a benign input-referred offset of the converter with digital”

error correction. The effect of capacitor mismatch, however, isAS rudimentary MS, one can exchange the role¢’ofand

[»] and D[n] are the converter input and output, re-

hg ectively. The resulting converter characteristic is indicated in

qu 2. The nonmonotonicity near the center of the character-
tic in Fig. 2(a) forA < 0 arises if digital error correction is

Rudimentary Mismatch Shaping

much more difficult to remove. If we define C- at the sampling rate. In other words, for one sample of the
input, C; andC, are operated as shown in Fig. 1. For the next
C :CI +C ) sample,C; is employed as the feedback capacitor widileis
2 connected td’rgr Or —Vrgr. The converter characteristic will
:M (5) alternate at the sampling frequency between that in Fig. 2(a) and
¢ 2(c), as shown in Fig. 3, if digital error correction is employed.

We see that although the amplitude of the error introduced into
each sample is the same as before, the polarity of the error now
A dn] alternates. MS has simply multiplied the distortion-by* and

Viln] ~ 2 <1 - 5) Viea[n] + (=) (1 = A)Vrer- (6)  hence modulated it to half the sampling frequency. If the analog

input is dc, the error is modulated to half the sampling rate and

In order to consider the effect of the capacitor mismatch aan be removed completely by a digital low-pass filter. Since the
the converter characteristic, assume that only the first stageMi$ is to be applied to oversampled converters, the input does
the pipeline has the capacitor mismathand all subsequent not change very rapidly from one sample to another, and we

then the resulting output voltagé[n] can be shown to be
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B. Performance Analysis L A OO NORSPPR B U

To get a quantitative estimate of the performance of this MS AR (T i ]
technique, let us assume that the input to the ADC is a single ' ' : :
tone A(t) = Acos(wt). Furthermore, let us assume that the ca-
pacitors mismatch only in the first pipeline stage resulting the
transfer characteristics of Fig. 3. To calculate the distortion spec- : | |
trum that will result when no MS is applied, we can assume that IR ERU RN RN R RN AN | "
the input first goes through a continuous-time nonlinear stage -1z2o ‘ L
which models the ADC nonlinearity, followed by an ideal ADC
as shown in Fig. 4. The output of the nonlinearif}{t) can _ , !
be decomposed into the sum of a sinusoid and a square wave [} Lo PSP RN
with a peak to peak amplitude df, as illustrated in Fig. 5. A o ; . ; ; ; ; ‘ .
Fourier series expansion of the square wave reveals that it has o 0.1 0.2 0.3 0.4 05
frequency components at odd multiples of the input frequency, Normalized Frequency
each with an amplitude equal t&; = 2A /i, wherei is an (b)
odd integer representing the harmonic number. Whgt) is _ ' N
digitized by the deal ADC, the distortion components), - £, %, STUses, bover Specta <oy o e puret o« veons
which are at frequencies above half the sampling frequency, fejaahout mismatch shaping. b) With mismatch shaping.
back into the frequency band from 0 to half the sampling fre-
quency. This is illustrated in Fig. 6(a), which shows the simu- o ) . )
lated output spectrum for a 15-bit converter with 0.1% mismat&}§!P toward that goal, one can try to eliminate jump disconti-

in the first stage and a full scale input. The dominant harmoniegities in the transfer characteristic of the converter to make it
in this spectrum fall ag /. smooth. The converter characteristic in Fig. 8 can be obtained by

When MS is applied, the distortion is modulated to half thif!® commutative feedback capacitor switching (CFCS) in [30].
sampling frequency as shown in Fig. 6(b). Since the oversafnECS is implemented by shghtly glterlng the basic operation of
pling ratio is low and the dominant distortion components onfj€ Standard converter shownin Fig. 1. Instead of designating

fall off as 1/4, strong distortion components alias back into th@S the feedback capacitor, eititéror C; is selected as the feed-

signal band. For example, at an oversampling ratio of 4, th@ck capacitor while the other capacitor is connectetiior

worst-case scenario is when the input is a single input tone at ffe~ Vrer depending on the bit valugin]. The sampling phase
n;Jﬂown in Fig. 7(a) is unchanged. Fdz] = 1, the operation

edge of the signal band. This results in the fifth harmonic fallin; A\ : g
in the signal band, and the improvement in the spurious-freiN€ Same as in Fig. 1, withh; being selected as the feedback

dynamic range (SFDR) due to MS is only 4.4 dB. At an ovef@Pacitor. Fou[n] = 0, however,C; is selected as the feed-
sampling ratio of 8, the worst case results in the ninth harmorfi@ck capacitor as shown in Fig. 7(c). Itis shown in [30] that this

falling in-band which leads to a 9.5-dB improvement in SFDFPPeration gives the characteristic in Fig. 8 despite capacitor mis-
matches. The dotted characteristic in Fig. 8 with the errors in the

opposite direction can be obtained by reversing the rol&s; of
IV. MISMATCH SHAPING USING THE CFCS RPELINE ADC andCs; Ford[n] = 1, Cs is selected as the feedback capacitor
To improve the performance of the MS technique describeaid ford[n] = 0, C} is selected as the feedback capacitor. Al-
in the last section it is desirable to use an ADC which willernating between these two characteristics at the sampling rate
introduce distortion components that fall faster thighi. To pushes the mismatch error to high frequencies.

PSD (dB)
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Fig. 9. Effect of capacitor mismatch in the first two stages of a pipeline on the
input—output characteristic of a CFCS converlég{r = 1).
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Fig. 10. Simple implementation of mismatch shaping using a 1-bit-per stage
CFCS ADC.

When the first two stages of the pipeline suffer from capacitor
mismatch, each linear segment of Fig. 8 will be replaced by a
segment with the overall shape of Fig. 8, resulting in the transfer
characteristic shown in Fig. 9. The effect of mismatch in the
remaining stages of the pipeline can be found by repeating this
process for each linear segment. Due to the even symmetry of
this replacement process, the nonlinear portion of the converter
transfer characteristic maintains an even symmetry, even with
capacitor mismatch in all the ADC stages. The dashed line in
Fig. 9 can be achieved by reversing the rol&@gfandC; in the
second pipeline stage.

A. A Simple Implementation of Mismatch Shaping Using a
CFCS ADC

In addition to the reduced differential nonlinearity (DNL) A simple implementation of MS using a CFCS ADC is shown
[30], the 1-bit-per stage CFCS ADC has a transfer charact@i-Fig. 10. If the input to the CFCS is multiplied byl at alter-
istic with a nonlinear portion which is even. That is, the integralating sampling phases and its digital output is also multiplied

nonlinearity (INL) is even.

by —1 during those phases, as shown in Fig. 10, then the con-

If we assume capacitor mismatch only in the first stage of therter characteristics simply alternates between the characteris-
pipeline, as defined in (4) and (5), then the transfer characterigiiss in Fig. 8 at a rate equal to the sampling frequency, and MS is
of the converter can be found using an approach similar to ttealized. To understand this, let us analyze the implementation
one used in the last section and will equal

Din] =

Aln] <1 + %)

A[TL] <1 — %) + VREF%, if A[TL] >0

A .
+ VeRrer—, Otherwise

2

in Fig. 10. The CFCS converter characteristic can be expressed
as

D[n] = Aln] + Ny[n] + Ni/s[n] + g(Aln]) (8)

whereA[n] andD[r] are the input and output of the CFCS ADC,

as shown in Fig. 8. Separating the linear and nonlinear paféspectively.N,,[n] is the ADC white noise, which includes

gives

D[n] = A[n]+ Vr

A A
sr's — AR S

quantization and thermal nois¥, , ; is the convertet / f noise.

The functiong(.) models the nonlinearity of the ADC, which is

a result of the capacitor mismatch in the stages of the pipeline.
The CFCS ensures thaf.) does not contain any large discon-

The nonlinear part is the absolute value function and is an evmuities which would result in differential nonlinearity. In addi-

function.

tion, it ensures thag(.) is an even function. The input of the
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ADC A;,[n] is multiplied by a sequenceln] = (—1)", re- i
sulting in A[n] = Ain[n]s[n]. Then A[n] is digitized by the ) _
CFCS core resulting in \/\/ = /JI/Am = Iﬁ(\ig?:l 2>
DI[n] = s[n]Ain[n] + Nu[n] + Ny/f[n] + g (Aia[n]) . (9) N%nﬁnear
tage

This result C_an be obtained by noFmg t@&ins[n]) = g(xi“)’ Fig. 11. Converter model used for distortion analysis.
becauseg(.) is an even-order function. Finally, the output of the

CFCS core is multiplied by the same sequesied giving

Donlr) = A+ 015+l ) \/\ VYAV, T *
10

The first term inD,;[7] is the desired signall;,[r]. The
second terms[n|N,,[n], is the quantization and thermal noiséig. 12. Converter nonlinearity output decompositieh= 1).
modulated to half the sampling frequeneyan operation that
does not change its white nature. The third tesf] .V, ¢[n], 0 ; ' T T
is thel/f noise modulated to half the sampling frequency, and '
hence MS removes thg' f noise from the band of interest. The
final term is the distortion components modulated to half the -
sampling frequency:.

From the above analysis, itis evident that a CFCS core with its
even INL is essential for this scheme to work. If a converter with
odd INL is used, thep(zi,s[n]) = s[n]g(xi,) and the input will
pass through the same characteristic during all sampling phase:
and the distortion will not be modulated to half the sampling : ‘ 3
frequency. -120 A R KA WAL

In a fully differential implementation multiplying the input il il l “
with £1 can be realized by swapping the polarity of the input :
applied to the CFCS stage, an operation which has a very simple B E R —
circuit realization. The multiplication by-1 in the digital do-
main can also be realized very simply. Moreover, the imple-
mentation of the 1-bit/stage CFCS pipeline converter only re- ¢
quires a very slight modification of the standard pipeline stage .
comparator’s logic, to give the even nonlinearity. It can be con- ‘ SRR
cluded, therefore, that the circuit implementation of this tech-
nigue entails only little added complexity. Although a digital
low-pass filter is needed to remove the out-of-band distortion, _g|
this filter would serve the dual purpose of augmenting the func-
tion of the weak analog antialiasing filter.

—60\--~ . .‘ _

PSD (dB)

1

;
03 0.4 05
Normalized Frequency

(a)

T T T

T

T

PSD (dB)

B. Performance Analysis N N

We can analyze the distortion in the output of the CFCS con- -120 il VLI chulR) A i 1 7
verter using the model of Fig. 11, in an approach similar to the bbb bl YRR VIR ewtd
one used in the last section. With a sinusoidal indgt) = !
A cos(wt) and no MS, the output of the nonlinearify(¢), can 160 ; R S S . ; ;
be decomposed into a sinusoidal signal plus a full wave recti-  ° o1 02 08 04 05
fied sinusoidal with a peak value df A4, as shown in Fig. 12. Normalized Frequency
A Fourier series expansion of the full wave rectified sinusoid (b)
reveals that it contains even-order distortion components WEB 13. Power spectral density (PSD) of the output of a 15-bit CFCS ADC

an amplituded; = (2AA)/#(i* — 1), wherei is an even in-  with 0.1% mismatch in the first stage and a 1-bit/stage architecture. a) Without

teger representing the harmonic number ahds the ampli- mismatch shaping. b) With mismatch shaping.
tude of the input. The ideal ADC causes frequency folding, as

plotted in Fig. 13(a) for a 15-bit CFCS ADC with 0.1% mis-at an oversampling ratio of 4, under the worst-case scenario,
match in the first stage and a full-scale input. The dominant dithe fourth harmonic will alias in-band when MS is used, yet

tortion components fall ag/i?. When MS is applied, the dis- this represents a 14-dB improvement in SFDR over a nonmis-
tortion is modulated to half the sampling frequency, and sinoeatch-shaped CFCS ADC. Moreover, this represents a 9.5-dB
the harmonics fall ag /42, significant improvement in SFDR improvement over a non-CFCS mismatch-shaped pipeline con-

can be expected, as can be seen in Fig. 13(b). For examphkter operating at the same oversampling ratio.
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Fig. 14. The PSD of the swapping sequence needs to have most of its energy concentrated at half the sampling frequency to effectively whitetchesn-band
and realize mismatch shaping.
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Fig. 15. The swapping sequence has phase jumps at every Bernoulli counting n )
process increment.

Fig. 16. PSD of swapping sequence.

C. Choice of Sequences fgn]

: . . frequencies. The value ef needs to be optimized to simultane-
To gain a further insight on how to improve the performanc

§usly satisfy these conflicting requirements.
of the ADC, let us revisit (10). Modulating the distortion y v gareq

P half th ing f ) The main shortcoming of using a noise-shaped sequence is
componentsy(Aia[n]) to half the sampling frequency USINGihat it can degrade the ADC’s SNR. This degradation in perfor-

3.[”] = (1" doe; not eliminate d|sqrete hgrmomc tones in tr]’ﬁance can be understood by noting that one component of the
5|gn_al band, but it dpes reduce their ampl_ltude_ To randomi DC noise floor results from convolving the spectrum of the
the m:band harmonics, a ra[jdom Swapping Sequence canyp&q tion with the spectrum of the swapping sequence. If the
used msteaq Ob[n] = (—1)". Th(_e power spectrql OlenSItyc;ore ADC in Fig. 10 produces strong distortion components,
(PSD) of this sequence .must safisfy a few re_quwements, dlen if they are primarily low-order distortion components, the
order to effectively eliminate tones and to SImUIt"’meous%nvolution will inevitably result in a rise in the total in-band

achieve MS. In the frequency domain, the spectrum of theuso fo0r. Simulation results will demonstrate this in the next
swapping sequenct;;(e’“) is convolved with the spectrum section

of the distortionS,,(e’*). For the result of the convolution
(Sss5(e7)*Sy4(e?*)) to be spectrally shaped with most of itsD. Simulation Results
energy concentrated at half the sampling frequency and wit

;rﬁgsgma'zsfr? :2 Il::))asn[()j lgz‘seangﬁ ![thles gaerilril;)]le f?beg (Sen)c gram was written to model the behavior of a 1-bit/stage CFCS
addition. the IgSD lobe o, (c7) should beF\)Nid% en?)u h t{;pipeline converter. The model contains 15 pipeline stages. The

P . 2° L 9 first stage produces 1-bit, while the remaining stages produce
spread the in-band distortion tones as shown in Fig. 14, but '%Q?Jits/stage to allow for digital error correction

too broad, to prevent a rise in the in-band noise floor. . .
) . . Fig. 17 shows the converter output spectrum when no MS is
A candidate sequence with many of the desired PSD proper- . ; . ;
ties is applied for an 0\/.ersampI||_'1g.r.at|o (OS_R) of 4. Str_ong dlstqrtlon
components fall in-band, limiting the signal-to-noise and distor-
s[n] = (—1)" PR (11) tion ratio (SNDR) to 72.8 dB and the SFDR to 70 dB for an OSR
of 4. When MS is applied using a sequen¢e] = (—1)", the
where B[n] is a discrete-time Bernoulli counting process, apectrums shown in Fig. 18 results and the distortion is mod-
process that increments with every Bernoulli success evemated to half the sampling frequency, improving the SNDR to
[31]. We can writeB[n] = >_"_, b;, whereb, is an independent 80.8 dB and the SFDR to 84 dB for an OSR of 4. Whén|
Bernoulli trial which equals 1 with probability and zero with is a noise-shaped sequence with a PSD shown in Fig. 20, then
probabilityl — «. In the time domains[n], shown in Fig. 15, the output spectrum of Fig. 19 results. The in-band distortion
looks like a phase modulated alternating sequence, withi 18®mponents are whitened and SFDR improves to 97 dB for an
phase jumps occurring at every Bernoulli success. oversampling ratio of 4. The overall noise floor does rise in this
The PSD ofs[r] decays away from half the sampling frecase as anticipated, resulting in a SNDR of 79.6 dB. All these
quency as illustrated in Fig. 16 fer € (0,0.5). The rate of results were obtained with 0.1% capacitor mismatch in all the
decay can be increased by reducingvhich helps in reducing pipeline stages. Moreover, the polarity of the mismatch error in
the energy ofs[n] at low frequencies, but results in a narroweeach stage was selected to give the worst-case performance. The
PSD bandwidth. Conversely, attempting to increase the bamdsults are summarized in Table I, which also shows the result
width of the PSD lobe results in an increase of the energy at lmbktained at an OSR of 8.

hTo demonstrate the previous MS algorithms, a MATLAB pro-
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Fig.18. The PSD of the output of a 15-bit CFCS ADC with 0.1% mismatch in

all pipeline stages with mismatch shaping usifig] = (—1)™ atan OSR= 4.

TABLE |
SUMMARY OF SIMULATED PERFORMANCE

OSR=4 OSR=4 OSR=8 OSR=8
E. Impact of Nonidealities Algorithm SNDR(dB) | SFDR(dB) | SNDR(dB) | SFDR(dB)
CFCS 72.8 70 728 70
The techniques presented in this section hinge on the even 517 = (F__l)’; 30'8 8‘; 911 94
ture of the INL characteristic of the 1-bit/stage CFCS convert¢ 52 11 Fig- 20 9.6 9 86 103

which is the result of capacitor mismatch. Practically, the INL
will also contain a small amount of odd terms due to effectsaving a gain of7, can be found using the same analysis method
such as finite opamp gain, input dependent charge injection, irsed earlier to be

complete settling and comparator offsets. The distortion intro-
1 VREF

duced due to these mechanisms will not be pushed out-of-band Aln] 5> + if A[n] >0
. o ; . 1+5 24G

using MS and will impact the linearity of the converter. For- Din] = 1 G v

tunately, the impact of these nonidealities can be minimized A[n]l—2 — % otherwise.

through careful circuit design to the extent that is required by Ta +

the application at hand. It is worth noting that opamp offsets As the gain of the opamp is increased, the nonlinearity in-
can be referred to the ADC input as an overall offset and will hgoduced into the transfer characteristic will be reduced and its
removed by MS. impact on the SNDR of a mismatch shaped converter will be
The transfer characteristic of a CFCS ADC in the absenoeduced as plotted in Fig. 21. The improvement does saturate at
of capacitor mismatch, but with the first pipeline stage opampgh gain values because the SNDR becomes dominated by the
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Fig. 22. ADC block diagram. Fig. 24. Simplified circuit diagram of the opamp.

tones due to capacitor mismatch which alias back into the sigiadrease the thermal noise budget by reducing the values of the
band. capacitors used and hence save power.

The effect of comparator offset on the transfer characteristicThe first stage produces a single bit, whereas stages 2 through
is different than opamp gain. With capacitor mismatch in thil produce 2 bits each, to allow for digital error correction [29].
first pipeline stage, the transfer characteristic can be rewrittEig. 23 plots the residue diagram for stage 2, which is identical
with threshold between the two line segments of the transterthe residue diagram for the remaining pipeline stages. The
characteristic set t&,,;. Simulations indicate that an offset aslesign of the CFCS pipeline stages is fully differential and is
large as 5% of the reference voltayfgrr can be tolerated based on the principle explained in the previous section. The
without degrading the effectiveness of mismatch shaping. THisal stage in the pipeline is a 4-bit flash ADC, which also out-
does assume that the pipeline stage opamp does not satysate two additional bits to be used for digital error correction.
when its output exceed& gr because of the comparator offset. For 12-bit performance with a 1.4-V signal swing and an OSR
Digital error correction will not function properly if the opampof 4, 250-fF capacitors are used in the first stage of the pipeline.
saturates, and this will result in missing and wide codes.  This value gives 4K7")/C thermal noise floor low enough to
achieve a 67-dB SNR at an OSR of 4. The sampling capacitors
and the opamps are scaled down by a factor of two in stages 2, 3,
and 4 to save power. Continuing to scale beyond the fourth stage

Fig. 22 shows the ADC block diagram. The ADC is comwould result in extremely small capacitors and was therefore
posed of eleven CFCS pipeline stages, a back-end flash AC®oided.
digital error correction logic, and a front-end multiplier for The two-stage design shown in Fig. 24 was chosen for the
mismatch shaping using the sequenae,;. The front-end opamp. A single-stage opamp design is not a possible candidate
multiplier is implemented using cross-coupled nMOS transistor a high-speed converter operating at a supply voltage of 3.3V,
switches, which are part of the first-stage sampling network. gimply because the opamp will have a very small output swing.
back-end multiplier is also needed, but is implemented off-chiptelescopic amplifier with regulated cascode gain enhancement
in software. is used for the first stage. The second stage has a tail transistor

Although the ADC has a resolution of 12 bits, it producem order to accommodate the large common-mode voltage at the
a 15-bit output. This reduces the quantization noise to a lewmltput of the first stage. Only nMOS devices are used in the
much below thé€ K'T")/C thermal noise floor. This allows us tosignal path to enhance the speed [32]. The common-mode levels

V. ADC ARCHITECTURE
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Fig. 28. Mismatch shaping of CFCS ADC usisg.;; shown in Fig. 20:
SNDR = 64.5 dB, f, = 25.7 MHz, f;, = 2.5 MHz, and OSR= 4.
in the opamp are regulated using two independent loops, one for
each stage. an SNDR improvement of 3.3 dB and an SFDR improvement
of 8.5 dB. As expected, the second and fourth harmonics have
been modulated to half the sampling frequency and the SNDR
becomes thermal-noise dominated. The dominant inband har-

Fig. 25 shows the microphotograph of the test chip describetbnic is now the third harmonic, which is caused mainly by
in the last section, which was fabricated in TSMC’s 0,35- signal-dependent charge injection in the sampling circuits and
CMOS process. In the following, the measured output spectrisunaffected by MS, as expected.
of the ADC will be presented under various MS conditions. All Fig. 28 shows the output spectrum at = 25.7 MHz for
these measurements were performed at a samplingfraté the ADC with MS using a noise-shaped sequeswsgy; with a
61.6 MHz, using a single-tone input frequengy of 2.5 MHz.  spectrum shown in Fig. 20. This measurement was performed
The estimates of the ADC output PSD were computed usiagia lower sampling rate due to digital noise feedthrough in the
the Welch procedure with the data windowed using a Kaistst setup. The measured SNDR and SFDR are 64.5 and 78 dB,
window with 5 = 21 [33]. respectively.

A CFCS ADC with no MS has the measured output spectrumFigs. 29 and 30 show the INL of the converter without and
shown in Fig. 26. The measured SNDR is 64.1 dB and SFDRvisth MS, respectively. Figs. 31 and 32 show the DNL without
67.5 dB at an OSR- 4. On the other hand, a mismatch-shapednd with MS. The INL and DNL plots are obtained using the
CFCS ADC using the swapping sequenee,;; = (—1)" has procedure in [34] from the measured data after it has been fil-
the output spectrum shown in Fig. 27. The measured SNDRtésed digitally to remove the out-of-band signals. MS is applied
67.4 dB and SFDR is 76 dB at an OSR4. This demonstrates using the sequencev,; = (—1)".

VI. EXPERIMENTAL RESULTS
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TABLE I 3]
SUMMARY OF THE MEASURED PERFORMANCE
Process 0.35um CMOS [4]
Supply Voltage 3.4V
Differential Input Range 1.4Vpp [5]
Resolution (OSR=4) 12bits
Sampling Rate 61Msample/s
SNDR (w/o and with M3) 64.1dB 67.5dB (6]
SFDR (w/o and with MS) 67.4dB 76dB
INL (w/o and with MS) +0.3/-1.8 LSB +0.6/-0.4 LSB 7]
DNL (w/o and with MS) | 4+0.12/-0.25 LSB | +0.12/-0.12 LSB
Analog Power Dissipation 435 mW [8]
Digital Power Dissipation 165 mW
(9]

Fig. 33 plots the SNDR and SFDR as a function of the sam-
pling rate for a mismatch-shaped converter. The converter has a
SNDR of atleast 67 dB up to a sampling rate of 61 MHz. Beyond?]
this frequency, the performance becomes affected by distortion
due to incomplete opamp settling, and the SNDR degrades. [11]

Fig. 34 plots the SNDR as a function of the oversampling
ratio. The SNDR improves by 3 dB for every doubling of .,
the OSR, as would be expected from a thermal noise limited
converter. The SNDR does not exceed 80 dB, however, as
the converter performance becomes dominated by the inbaritf!
distortion. Table Il summarizes the measured performance of
the ADC. The digital power consumption includes the powen14]
used by the comparators, the digital error correction logic, the
output drivers, and the distributed clock phase generator. [15]

VIl. CONCLUSION [16]

This paper presented mismatch-shaping techniques to im-
prove the linearity of oversampled pipeline data converters. The
technigues do not rely on calibration, but rather they improve17]
the linearity by modulating the distortion energy out of the
signal band. This is accomplished without any knowledge Oflg]
the specifics of the converter nonlinearity, except for the overal
structure of the nonlinearity which is constrained to be an even
function. The 1-bit/stage CFCS pipeline converter offers thé!]
basic building block with the desired nonlinearity structure, and
is used to implement mismatch shaping using simple circuit0]
realizations.
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