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Abstract—Linearity measurements are significant for assessing
the performance of a modern mixed-signal system-on-chip. In
this paper a new built-in self-test (BIST) scheme is presented
for testing and calibration of on-chip high-resolution digital-
to-analog converters (DACs) and analog-to-digital converters AN N\
(ADCs) for better linearity using sigma-delta modulator and ADC —l/ LOGIC —l/ DAC
low-resolution dithering DAC. Ramp signals are used as testing BIST
stimuli and responses of DAC-under-test (DUT) are measured by CONTROL
a first-order 1-bit sigma-delta modulator with high oversampling
rate (OSR) and a low-pass digital filter for noise cancellation. A
polynomial fit algorithm is used to characterize DAC and to
obtain calibrating coefficients that determine whether the DUT
passes or fails the test. DUT output error is compensated for by a
dithering DAC with dynamic element matching (DEM) technique, Fig. 1. A typical BIST architecture for SoC with DAC and ADC.
which is controlled by the calibrating coefficients, to reduce the
integral non-linearity (INL) error. Simulation results show that
a sigma-delta modulator with effective number of bits (ENOB) . . . .
equivalent to 17-bit ADC and a 6-bit low-cost dithering DAC are still challen.glng and expe!']SNe to lmplement ‘f’md to ap-
are sufficient to calibrate a 14-bit high-resolution on-chip DAC Ply for production manufacturing, especially for high-ede
such that the maximum INL error is reduced from 3 LSB to devices. Automatic test equipment (ATE) for mixed-signal

approximate 0.25 LSB. Testing and calibration of on-chip ADC |Cs is limited and costly, time for test is lengthy and test

using the same scheme is also discussed. - = P
Index Terms—BIST, Self-Calibration, Mixed-Signal Circuits, process is inefficient partly because limited access and tes

DIGITAL LOGIC

Sigma-Delta Modulator, ADC, DAC, SoC capability is provided by the external equipment. As mixed-
signal components play more and more important roles in
|. INTRODUCTION digital SoC, testing for analog circuits becomes much more

With the rapid advancement in semiconductor technologigfficult. Built-in-self-test (BIST) has been adopted tostte
system-on-a-chip (SoC) is widely used in integrated-dﬂircuﬂigitw circuits for a long time and many recent studies show
(IC) industry. The new technologies make it possible tocbuithat BIST is also an ideal solution to test these converters.
complicated but low cost devices with lower power consump- The major challenge in developing a BIST scheme for a
tion and higher density of gates than before. Growing fumsti Mixed-signal design is generation of accurate stimulus and
and gate density also require single IC to handle not onfjeasurement of response from CUT. BIST must be capable
digital logic but also analog signals that were conventigna of on-chip stimulus generation and usually higher-resofut
kept on stand-alone chips. According to a recent report, [1(§§evices are required to measure results. BIST circuitry has
global shipments of analog and mixed-signal ICs were $31tq be more accurate and faster than CUT and these factors
billion in 2005, increased to $37 billion in 2006, and may hicrease difficulties in implementation. To keep controiligy
$67.8 billion by 2011. and observability of CUT, BIST must also work in various

Design-for-testability (DFT) architectures in mixedssi €nvironments and applications.
systems are widely studied. Sometimes, techniques foratligi Sigma-delta modulators [13] have high-linearity and regjui
components can be used to test the analog components mw a low-resolution DAC to achieve much higher precision
[9], [16], [17]. High-resolution ADCs and DACs are amondy oversampling and noise-shaping techniques. They ase eas
the most basic parts on a mixed-signal chip and usuafy design and implement and require little efforts to fine
their accuracy could determine the overall performance e for high linearity and resolution. With digital stinusl
the entire system. Analog signals are transformed intaaligigeneration, sigma-delta technique is a promising solufion
signals before being fed to digital components and proeessdesting high-resolution on-chip DAC at low cost and ovethea
Therefore, linearity and other characteristics of DAC beeo
a bottleneck for system performance and precision.

While design-for-testability (DFT) studies for digital cirit There were many well-studied BIST approaches proposed
are progressing, similar techniques for analog componefts mixed-signal circuits, typically shown as in Figure. A.
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sigma-delta modulation based BIST scheme was presenBi&T scheme in which we introduce an additional low-cost
for mixed-signal circuits in [4]. Oversampling sigma-@elt low-resolution dithering DAC to test and calibrate on-chip
modulation was employed for both stimulus generation argh-resolution DAC, and then use the calibrated highdiritg
response analysis to achieve high-quality stimuli and omeas DAC to test and calibrate the on-chip high-resolution ADC.
ment without stringent hardware requirement. This apgroaBuch testing method is an efficient approach [20] to test both
also requires higher-resolution stimuli generator andtiniilt on-chip DAC and ADC.
digital streams to measure the function (approximately B The test and calibration processes begin with on-chip DAC,
bit). A software based multi-bit sigma-delta encoder isdusas soon as the chip is powered up. When BIST is done the
to compensate for DAC imperfections. The approach depernd® converters have been fine-tuned to achieve high-lityeari
on software to complete the BIST and compensation and @hly digital stimuli are required in the BIST process and
performance is a concern. The existence of multiple sigma@sponses from DAC are converted to digital form by a sigma-
delta modulator in this approach is another concern, whielelta modulator before being analyzed and characterized. T
may increase the design complexity and overhead of BIS&me digital stimuli are used to generate linear ramp signal
circuit. analog waveform by on-chip DAC, which has been calibrated
Lee et al. [8] proposed a sigma-delta modulation baseih the previous step, for testing on-chip ADC and the respons
BIST scheme to concurrently generate analog sinusoidal te¢ ADC is then analyzed and characterized as well. Thus,
stimuli and digital sinusoidal reference signals. CUT ig-suexpensive analog signal generation and analysis are aloide
plied the analog stimuli and then four key parameters of ADGy the use of the digital BIST circuitry, which is easier
namely, offset error gain error, integral nonlinearity error to design and manufacture. The loop-back link connecting
anddifferential nonlinearity erroy are measured against digitainternal DAC and ADC only exists during BIST process. The
reference based on sinusoidal histogram of ADC output. Thigerall overhead is minimal because major components of the
approach can provide high accuracy and low chip area ovBtST scheme are a first-order 1-bit sigma-delta modulator, a
head for 8-bit ADCs. But for testing higher-resolution ADC, |ow-resolution dithering DAC and a few binary computatibna
may be difficult to produce analog and digital signals sianult units.
neously and sigma-delta modulator would require more clock
cycles leading to a reduce overall performance. The hiatogr 1. BACKGROUND
method used in the scheme also requires much larger overhead
for additional memory space for storing data. Qetcpl. [12] A Linearity of Converters

give a second-order delta-sigma modulator based mixewbig  For hoth DAC and ADC, the minimum measurement unit is
BIST architecture capable of testing/characterizindfits&ing |east significant bit (LSB) that is the average voltage in@at

the static linear ramp testing. However, it heavily depemdls tor N-bit converter is defined as

DSP processor for generating digital stimulus, filtering th
results from delta-sigma modulator, performing fast Fewri LSB=
transform (FFT) and characterizing the modulator.

Histogram methods are also often used in some BlSfheren= 2N —1 is the number of such increments in total,
schemes for DAC/ADC. Wanet al. [18] present a low-Cost y; andv,n_, are the two boundary analog value produced by
BIST based on linear histogram for testing on-chip ADGhe converters.
with parallel time decomposition technique to minimizeaare High linearity is required by both DAC and ADC to produce
overhead and test time. Several authors [7], [19] use dither pigh.resolution and accurate outputs. The linearity can be
techniques to obtain precise analog signals for high qualif,easured and characterized by specifications like diffien

stimuli generation. o . non-linearity(DNL) and integral non-linearityINL) [1]. For
As some previous papers indicate, an interdependence deags, pac inputk, DNL is the incremental error between

lock exists in BIST schemes for DAC/ADC pair. On-chip BISTyyo consecutive codds andk-+1, andINL is the difference
circuitry has to generate two stimuli, one of which is a @it peyeen linear fit line and actual DAC output. From these

signal for DAC and the other is an analog waveform for ADGyefinitions. DNL and INL for codek are as follows:
Output response produced by DAC requires verification from

V2N -1 VO
N1 1)

ADC, and vice versa for ADC output response. Both DAC DNL, = 2= Yk 4 )
and ADC need to be tested and verified by each other without y ':SVB
additional components or external ATE devices, and thus the INLy = T_SBO — 3

results are unreliable. To break the deadlock while keehiag
design cost low, additional on-chip components to generaterevy is the analog value associated with cédéNLg and
precise stimuli and to analyze the responses must exist. INLy_j are both 0 as defined in (3). The ovelaL andINL

In this paper, we propose a sigma-delta modulator basae the maximum values ddNL and INL for each codek,
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The inputx is assumed to be a cosine waveform to relate the
four coefficients to harmonic distortion,

Output

x=A-cogqwt) @)
y = Cp+C1coqwt) + cpcoq2wt) + czcog3wt)  (8)
wherecy, €1, C2, andcg represent DC offset, gain, anf%and

34 harmonic distortions, respectively.
We assume the following four syndromes from combination

of sums:
Bi=S+S+S5+S 9)
Bi=S+S%-5-% (10)
B:=S-%-S+% (11)
Bs=S5-3%+35 - (12)
Fig. 2. A typical best fit curve for transfer function of DAC. One can derive [15] four coefficients for the best fit polynaimi
from the syndromes:
. 1 4
defined as bo=5 (Bo - 3Bz> (13)
DNL = max{|DN Ly 4 4 4
ax{|DNL(} @) b1=<Bl—Bs) 14
INL = max{|INLy|} ®) N-n 3
\ b, = 16 B 15
DNL and INL are usually calculated from the output of 27N 7 (15)
DAC as in (2) and (3). BecaudeNLy can always be obtained be 128 B (16)
by differentiating thelNLy, only INL measurements will be 3T3INM
discussed in the following section. The characteristics of converters are derived from the syn-
B. Third-Order Fitting Algorithm dromes as well: B
When histogram methods are used to test DAC and ADC Comr —2 Offset a7)
: ) . n
to obtain DNL and INL figures, we require a huge amount 4B, _
of memory for storing results in such BIST schemes. Sunter C1~ N-n Gain (18)
and Nagi [15] proposed a simplified93order polynomial- B, o ]
fitting algorithm for DAC and ADC BIST. Another paper [14] G2~ B: 2" harmonic (19)
employed an algorithm to build a high accuracy stimulus 2B; » )
generator for ADC BIST. It is shown in these papers that G~ 3B, 3" harmonic (20)

the four coefficients of a third-order polynomial that betst fi
the transfer function of DAC/ADC are mathematically rethtemc the converter & — n/2, n = 2V). The approximated equa-

to four key performance parameters, namely, offset, gaid, a. . .
. o ) . . _tions are accurate if the number of samples is large enough
second and third order harmonic distortions. This solytion . )
pically greater than 1000, i.e., equals or exceeds 1$).bit

claimed to be general, can be applied to various DAC/AD This solution is important because it provides a simple

devices, such as flash converters, delta-sigma convemers a . L
- . method to determine the characteristics of converters and t

other analog circuits between DAC and ADC. Being math%'stimate the analog value for each code by a best-fittin

matically equivalent to the least-square fit it can produee t 9 y g

. . . e . 3d_order polynomial equation. By evaluation the harmonic
best unbiased (linear) estimates for the coefficients bgifge raer poly d y .
. . . . ﬁoefnments that are calculated by accumulating samples of
converter with a linear ramp test stimulus covering the fu

. ach segment, this technique allow us to quickly ideri
range of conversion. The converter may work at full speed g9 d g y TNy

: r n rmine whether or not th nverter fails th
traverse the ramp stimulus and the output results are sdm I'gu es and dete e whether or not the converter fails the

. . - .~ o test. Furthermore, the coefficients give us a general idea of
by a measuring device. The full range of conversion is didide : .
actual linearity of the converter-under-test.

into four equal interval segments, as shown in Figure 2. The . L .
In this paper, we apply a similar™order polynomial

samples at each segment are accumulated and the four sums . . .
. . algorithm to evaluatelNLy, the difference between linear
are S, S, S, and S3. The general third-order polynomial 9 k

. X . ideal value and the actual measurement for cadeather
equation to fit converters is .
than analyzing output measurement. ThiNg value for each
y = by + byx+ byx% 4 bax® (6) digital code can be asserted immediately using the polyalomi

where N is the total number of samples amdis the range
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Fig. 3. Proposed BIST scheme for test and calibration of DAG ABC.
. . . . CLOCK
The limited range oflNL magnitude makes it possible to +

employ a low-resolution DAC to recover tHélL value and
compensate for such error in a high-resolution on-chip DAC:

x(t) y(t)

S

IV. OVERVIEW OF PROPOSEDBIST SCHEME

Requirements for on-chip DAC and ADC in mixed-signal
SoC usually include resolution, linearity, and convertipged
at reasonable cost of design and manufacture. Convertdrs wi
higher performance may sharply increase the cost of produc-

tion, which depends on the design and process technology. Th E(z)+

proposed BIST scheme, as depicted in Figure 3, demonstrate§(z) 4 Y(2)
a feasible solution to achieve improved linearity usingaimic Z > Q
compensation by a low-cost DAC without penalty on the

speed of operation. The BIST circuitry includes a measuring
ADC built from 15t-order 1-bit sigma-delta modulator, a low-
resolution dithering DAC, and some simpl& ®rder digital i . . . .
function logic. A DSP-based BIST control logic provides thelg. 4. Principle of sigma-delta modulator and transfer fiomcin z-domain.
core functionality of the scheme that generates test stifoul

both on-chip DAC and ADC, gathers response from ADCs,

determines status of conversion and configures the ditpertf*-resolution DAC that do not have strict performance re-
DAC to calibrate the on-chip conversion to achieve high&mrements and therefore are easy to design and occupy small
linearity. chip area. The BIST circuitry itself is more fault-tolerahain

The sigma-delta modulator, shown in Figure 4 can achie{?éher mixgd-signal parts due to less stringent requiresnent
very high linearity through oversampling and noise shapiHE operational performance.
techniques and it is inexpensive to design and manufac-Sometime following the system power up, the BIST cir-
ture [13]. The noise figure of this sigma-delta modulator @uitry for DAC/ADC starts the test and calibration proceskur
basically 1-bit random quantization error that occurs mri This can begin immediately upon completion of digital BIST
conversion of analog signals to digital signals. By oversarhich would have tested the digital components of the mixed-
pling and filtering, the signal-to-noise ratio (SNR) of sugh signal chip. Loop-back interconnection between outputref o
modulator is increased to achieve a lower noise floor andwiddip DAC and input of two ADCs is established once the
dynamic range. Noise-shaping acts as a high-pass filtehéor frocedure begins and we keep the connection until the test is
quantization noise and thus further reduces the noise figurecompleted.
the lower band, up to half of sampling frequency (Nyquist The on-chip DAC is tested first by test stimulus generated
frequency), further improving the SNR. by BIST control unit as consecutive digital codes coverimg t

The cost of the scheme is minimal, because only majbrll operating range with 2 codes forN-bit DAC. The output
overheads to the system are the sigma-delta modulator aegponse of DAC is sampled and converted by the sigma-delta
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ADC to a digital code. Then, according to the least-squar
fitting algorithm described above, the characteristics 8D

is be obtained by calculating the four coefficients from an o DAC Va
accumulation of the digitalized responses. The four coetbut ——» ndersost
coefficients are compared to the pre-stored referencesiar or BIST

to determine whether DAC passes or fails in terms of lingarit

A pass for DAC here means that the characteristics of th CONTROL
DAC is in the predefined range within which a dithering DAC UNIT | LPF .

. . . . gma-Delta
can be used to compensate its output for linearity. A fail for 4 digital € Modulator
DAC means that the DAC cannot meet design requirement filter

according to the comparison results and is beyond the con|
pensating ability of the dithering DAC. If DAC passes thd tes
a fitting curve of INL error using the calculated coefficients
can be obtained and DAC output can be determined as well as Fig. 5. Test circuitry of DAC.
the quantization error for each code introduced by DAC. The
INL and parameters for the quantization error are stored into
dithering DAC to generate proper compensation signal thgalculate parameters that determine the performance of DAC
will be added into the output of the on-chip DAC to eliminat@nd control the dithering DAC for calibration. To test on-
the non-linearity. Since the value range of quantizatisorés  chip DAC, as shown in Figure 5, BIST control unit generates
much narrower than the full range of DAC output, we can uge Series of consecutive digital codes (corresponding gnalo
INL as the reference voltage for the dithering DAC to generateltage vx) from the lowest value \p) to the highest value
compensation signals with very fine granularity although tHVn-1) and uses sigma-delta modulator to sample the output
dithering DAC itself has low-resolution. For given on-chipf DAC (V).
DAC .and maximumINL error tolerancg, the pgramgters of Uk = Vi + Ok + Gk (21)
the sigma-delta modulator and resolution of dithering DAC
are determined. Typically, a 17-bit measuring ADC and a @vhere g is the quantization error of the on-chip DAC and
bit dithering DAC are sufficient to calibrate a 14-bit DAC tit g, that of sigma-delta ADCk is captured at the output of
maximum 3 LSBINL error. the sampling sigma-delta ADC for each input cddeor an
After on-chip DAC is tested and calibrated, BIST circuitryaccurate measuremerktmust contain more effective number
then uses the calibrated DAC to test the on-chip ADC by agaifbits (ENOB) than that itk. The ENOB ofhatkis determined
feeding the same consecutive digital codes into DAC, transy the oversampling rati&, and requires highek to obtain
mitting analog signal output into the ADC input and, finallylarger ENOB and better resolution. Thus, the total quatitina
reading conversion results from ADC. ADC is characterizegkror for each codé is
using the same fitting algorithm shown above and another set
of four coefficients is obtained to determine whether the ADC & = U — Vi = O + G (22)
passes or fails the test by comparing them to prespecified
coefficients. A &'-order best-fit curve can be obtainedML  dk is small enough to be ignored with high oversampling ratio
figures fall within the prespecified operational range. TheK and thus the quantization error is mainly from the on-
INL error can be evaluated by the curve and removed frophip DAC. The dithering DAC will then eliminatey from
ADC outputs to fix final digital codes. the DAC output for normal operation and output linearity
If both DAC and ADC pass tests and get calibrated b§an be further improved by employing a dynamic element
their respective polynomial fit algorithms, the BIST proeesl mismatching (DEM) technique. Because of large number of
is completed and therefore the internal connection betwe&nfor each codek, (2 in total for N-bit DAC), it requires a
the output of the DAC and the input of ADC is eliminatedhuge amount of memory to store the compensation data for
and the sigma-delta modulator is disabled. The two sets @fery code, thus theBorder best fit algorithm shown above
coefficients calculated during BIST procedures are saved {6 used to reduce memory consumption. On the other hand,
fitting polynomials to compensate the outputs in the norm#le quantization errog for each codek also satisfies the
operation. This compensation remains in effect until theuii  requirements for the polynomial fitting algorithm. Applgin
is powered down. On subsequent power up the test aifig fitting algorithm toINL error g, rather than resuliy

calibration are again initiated. obtained from sigma-delta modulator as [15] proposed, will
make it easier for dithering DAC to generate compensation
V. TEST AND CALIBRATION OF DAC signals. The consecutive codes from to v,_1 are divided

This section describes details of the proposed BIST schem® four equal-size segments and quantization ergprén
to generate digital stimulus, to measure DAC outputs and @ach segment are summed up to get four fundamental sum
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250 T

— 1“order

o o &= 2"9order
n/4 1 n/4 1 =€~ 3"%order

values:

S = k; &= k; (O — W) (23)

n/2—-1 n/2—-1

S= Y &= Y (k—w) (24)
k=n/4 k=n/4 &
3n/4-1 3n/4-1 §
S = z & = Z (Ok — Vk) (25) ’
k=n/2 k=n/2
n—1 n—1 ~
S= ) &= ) (k—w) (26)
k=3n/4 k=3n/4

where n = 2V is the total value range for th&l-bit on-

chip DAC. The syndromes and coefficients of the best fit * i 0 o

polynomial for ramp signal are calculate from these four oresaming et 057

sum values using (9) through (12) and (13) through (16),Fig. 6. SNR vs. oversampling ratio (OSR) for sigma-delta madula
respectively. With these coefficients, representing tffgain,

and 29 and 39-order harmonic distortions by calculating

guantization error, we can construct a best fitting curve tha quantizer and a 1-bit DAC. Although higher order or
has least square error. We use (6) and (8) to replace thd actualti-bit sigma-delta modulators are faster and achiegiér
quantization errors by both DAC and sigma-delta ADC. Teesolution, #-order 1-bit sigma-delta modulator is more stable
achieve even higher linearity af, the ENOB of sigma-delta and has better linearity [11]. Signal-noise-ratio (SNR) of
ADC shall be larger than number of bits in the DAC, usually atonventionalN-bit DAC/ADC is calculated by:

least 3 more effective bits, though test time would be shght

longer. The reference voltage of the dithering DAC can be SNR= ZOIOQ(WD
the maximumINL error for the on-chip DAC in theory and oIS€
usually 3 LSB is used for this dithering range to guarantee th =6.0N+1.76 (27)

full compensation for a low quality on-chip DAC. Because he SNR is about 86dB for a 14-bit on-chip DAC and
spurious factor introduced by the dithering DAC to the fin e measuring ADC must be of higher resolution to attain
result of on-chip DAC, a low-pass filter must be used to fiIterg

¢ hiah f . recision.
out any high irequency hoise. Since sigma-delta modulator has only 1-bit quantizer, the

A. Test Preparation signal to 1-bit quantization noise ratio is about 7.78dBiasrgy

Digital components of SoC have their own BIST archited?y (27). Oversampling improves the overall SNR by using a
ture and all those parts are assume to have passed their t84tgh higher sampling frequendy and distributing the white
before the proposed mixed-signal BIST scheme takes eff@@iS€ power over the range of the Nyquist frequerfgy2.
because the test and self-calibration procedures reqjgitald Doubling the sampling frequency will decrease the in-band
control logic to generate digital code as test stimuli, reas guantization nqlse figure by 9dB for.the first-order sigméade
ADC outputs and calculate parameters for the dithering DAG0dulator [2], i.e., 9dB per octave improvement for SNR. So
The digital BIST architecture is beyond the discussion &f thWe can estimate SNR of‘lorder 1-bit sigma-delta modulator
paper and may be found elsewhere [1]. After digital BIST {8Y its sampling frequencys:
done, the proposed mixed-signal BIST scheme generates code fs/2
for the on-chip DAC inputs in the form of a digitized ramp test SNR=7.78+30logo o (28)
signal. Meanwhile, the dithering DAC is disabled and praguc ) . )
no compensation signal for the on-chip DAC whose output Yéhere fo is the upper frequency or bandwidth of the input
measured by theStorder 1-bit sigma-delta modulator. AnySignal andfs/fo is defined as the oversampling ratio (OSR),
output from the on-chip ADC is not considered at this tim@S Shown in Figure 6. If sampling frequentyis much greater

because it will be tested only after the DAC test. than fp, the total quantization noise will still be the same but
_ will be spread over a wider spectrum so that quantizatioeenoi
B. Sigma-Delta Modulator in signal band is significantly reduced.

A 15torder 1-bit sigma-delta modulator is now used to The integrator in the sigma-delta modulator is also called
sample the on-chip DAC output. This provides a low-costoise-shaping filter because it moves much of the quardizati
measuring method with high linearity. As shown in Figure foise to a higher band of frequencies such that a very lowenois
the first order sigma-delta modulator consists of a integratfigure is obtained in the band of interest. We can perform a
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z-domain analysis as shown in Figure 4: or sometimes calledinc filter that will also eliminate the
1 1 unnecessary high frequency portions of the bit-stream. Ong

Y@=z7"U(@+(1-77)E@) (29) et al.[12] give an efficient implementation of a comb filter by
where E(2) is the z-domain transfer function of the quantic@scading stages of accumulators operating at the sampling
zation errore(k) introduced by 1-bit quantizer for code rate of the sigma-delta modulator, followed By stages of
Equation (29) shows that the sigma-delta modulator acts @&scaded differentiators operating at the down-sample ra
a low-pass filter for the input signal and high-pass filter fofh€ transfer function of the sinc filter witk stages and a
quantization error. Thus, the noise figure of the modulatgPWn-sample rati1 has the form:

is shifted upwards to higher frequencies while the signals 11—z7M\K

remains at lower frequency. The sigma-delta modulatorusatp (2= <M 1—r1) (32)

a bit stream of 0s and 1s that contains all necessary infaymat .

from the on-chip DAC but needs filtering to eliminate higHNIth a frequency response:

frequency noise and then conversion to digital data thaldcou A 1 sin(wM/2) K 33

be processed and analyzed by the BIST control logic. | (e )| o (M sin(w/2) > (33)

C. Digital Filters The desired frequency components should be containedrwithi

} ) ] o the first peak of the frequency response. We also observe
Since the oversampling technique distributes the overglly; jargerk yields larger attenuation to frequency response
quantization noise from bandwidth ofy to fs/2 by the and largemM yields more and thinner peaks so propeand

oversampling ratiofs/fo and noise-shaping acts as a highgy should be chosen carefully to filter the desired frequency
pass filter for the quantization noise most which fall OLESIdcomponemS to reconstruct the signal.

the signal passband, the digital filter is actually a lowspas

filter that eliminates the high frequency noise and keeps tRe Dithering DAC

low frequency signals. A deterministic dynamic element matching (DDEM) DAC
One simple method to implement the low-pass filter tis used to calibrate the on-chip DAC for even better lingarit

extract signals is to use an accumulator that sums up theutpecause the DEM approach is able to provide high-resolution

bit-stream of the sigma-delta modulator. This accumulatds DAC output using a low-resolution DAC, i.e., DDEM DAC

like a 1 — order low-pass filter with az-domain transfer provides higher ENOB than its actual number of bits. The

function: outputs of both on-chip DAC and this dithering DAC are
1 combined together and serve as the final DAC output for

Y@ =1—>3Y3@ (30) each input code of the normal operation. To eliminate the

71 unexpected spurious frequencies generated from the dgnami

=1—,1Y@+E@® (31) matching mechanism, a low-pass filter must be used to process

the combined DAC outputs and to remove aliasing distortion

Examining (31), we find that the signals in the bit-stream Afffore transmitting the analog signal off chip. The calilra

extracted by the accumulator and the high frequency nol fethod with dithering DAC is illustrated in Figure 3, which

shaped by sigma-delta modulator is very low in the banC nsists of four major parts: digital®order function gener-

of interest and therefore almost eliminated. The remammdgior for calculating dithering code from input code and four

noise in _the accumulator o_utput IS °”'y_ du_e to thg 1'bﬁtting coefficients, DDEM DAC for converting dithering code
quantization error (1 LSB) while the signal is reinforcedidg to analog dithering signal, and LPF to filter the final combine

accumulation to achieve much higher SNR. sianal
The bit-stream generated by the sigma-delta modulato The input codek to digital 39-order function generator

requires a smoothing process callddmmatpnthat eI|_m|- comes from the BIST control unit during self-testing step or
nates redundant output data by down-sampling the blm"'tre‘lc‘\ormal DAC operation after test with-bit width same as the

to recpnstruct the inpl.Jt signal without distortioq. A downE:ode to the on-chip DAC. The function generator calculates
sampling reduction ratidd means that the sampling rate Ofand outputs cod& with N’-bit width for DDEM DAC which
the bit-stream is reduced by a factd; equivalent to picking iy in 1y generate corresponding analog compensatign si

up one of evenM samples from the stream to reconstruct thﬁal to codek’ according to the four coefficients obtained from

@nput signal a_nd discard thg rest of the sample_s. No signakits of pac BIST step using the best fitting algorithm
information will be lost during the down-sampling proces§ic.,ssed earlier. Erom equation (6), we get:
provided that decimation data rate is more than twice thaasig ' ' \ '

band quth fo. Digital f|Iter using decimation will minimize K — (bo+b1k+b2k2+b3k3) s (34)
the requirements for a high speed parallel multiplier and a 2

large memory to store every bit of the lengthy stream. Ahe newly generated compensation cddegoes to DDEM
common implementation of such decimation is comb filteDAC that consists of a total of"2 current sources foN’ bit
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N
N

DAC [6]. N’ is much less thamN and thus theN’-bit DAC 7 1
is a low resolution converter. Let us defipeas the DDEM == elphe=3

iteration number, which represents the number of samples tc:
be generated for each DAC codé and g= N/p as the
source element distance factor. A cyclic DDEM switching
scheme could be applied to the elements that DAC generates
i.e., p samples of output for each input colle by selecting
and switchingk’ current sources such that the distance from
each other isg. DAC rotates the switches that control cur-
rent sources for one element clockwise after outputtindreac
sample, so for each input code all current sources are use!
in certain output sample while always keepikgswitched 12
sources to generate the desired total current. The outpldgn ‘ ‘ ‘ ‘ . ‘ ‘ ‘ ‘
signal is obtained in a load resistor driven by the total eotrr Resoluion of dithering DAC (bit)

from K’ rotating current sources. If the NOB of a DACNs . _ _ , _

. . . ig. 7. Minimum oversampling ratio (OSR) of first-order sigmeltd
by this dynamic element matching scheme the DDEM DA odulator, determined by resolution of dithering DAC, for atiton-chip
can achieve the performance comparable to an ideal DAC withC with various fault tolerance factorsq}.

(N +log, p)-bit resolution and the element mismatch is quite

tolerable so that minimum sized current elements are usgd an
the cost of manufacture is reduced. linear ramp signal for ADC test. During on-chip ADC test,

The reference voltagd/.; for the DDEM DAC is not the sigma-delta ADC is disabled and the BIST control unit
necessarily same as that of N-bit on-chip DMg;. In fact, feeds ramp signals) generated by DAC for consecutive

V... is much less thali for a fine compensation of the DAC codesk into the ADC and obtain conversion resuleg at

output for better linearity. We have, the ADC output. Using a similar scheme as described in the
previous section, the best fit algorithm is used to process th
(35) quantization errofy — vi and four coefficients are calculated
, Viss from the sum of four equally divided segments of all ramp
Vret :ia‘T (36) codes. A digital function generator is used with these four
coefficients to calculate corrective numbler k to fix the

where 2! is the total number of digital codes amdis a fault - ;antization error for each ADC output colleorresponding
tolerance factora determines the maximum allowabl&lL to the analog signal.

error in the on-chip DAC, i.e., the maximum deviation from an
ideal linear DAC output. A DAC witHNL error no more than VIl. SIMULATION RESULTS

o /2-LSB will be considered “good” for calibration, otherwjse h q . d calibrati hi ified
the DAC will fail the test. Different values ofr could be '€ Proposed testing and calibration approach is verifie

assigned for different applications and to different SoGs py Z'TUI?‘Eon n Matlab W'th a 14'b.lt o:w-chllp iAéCbgnld ADC
satisfy varying requirements of fault tolerance. Greateritf model with various quantization noise levels. -Dit lowst

tolerance factom gives more tolerance to on-chip DAC butd|ther|ng DAC model is used in the simulation to generate the

results in degraded linearity for the calibrated DAC. compensating analog signal for DAC, callibrat.ion. The fault
For a specified application and the corresponding fagtor t(_)ledran?eDf:\étor is chosen 3 LSB, which is suitable for most

we make a tradeoff between the resolution of dithering DAEn S0 S , ,

and the OSR of sigma-delta modulator, as shown in Figure 7.10 Méasure 14-bit DAC with 3 LSB fault tolerance and to

Higher the resolution of the dithering DAC, more comple>r<equ'r,e 0.25 LSB maximurtNL error in the callprated outputz

will be the design. However, a low-resolution dithering DAdhe sigma-delta modulator must have 17 bits of resolution

requires more SNR for the sigma-delta modulator and high%‘f‘cording o (37)_' From (27), SNR of this 17-bit ENOB sigma-
OSR, which takes more clock cycles to sample the DAQLEIt":l modulator is [3]:

N
S)

.
@

10*

=
>

o
=

Estimation resolution of Sigma-Delta modulator (bits)

Oversampling ratio (OSR) of Sigma-Delta modulator

10

output. Considering the tolerance factoy LSB for N-bit on- SNR= 6.02ENOB+ 1.76 = 104.1dB (38)
chip DAC andN’-bit dithering DAC, the minimum ENOB of
sigma-delta modulator is: We assume that the oversampling rate (OSR) for the mod-
A / ulator isM,
N=N+N —a (37) fs/2  fs
= = (39)
VI. TEST AND CALIBRATION OF ADC fo  2fo

After the DAC is tested and calibrated, it can be used agerefs is the sampling frequency of the modulator afads
a precise analog test signal generator to generate a higthlg upper signal frequency of the input signal. The SNR for
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Indices of 14-bit DAC—under—test
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5 . . . . . . . .
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Indices of 14-bit DAC-under-test

Estimated calibrating output (LSB)
o

0 2000 4000 6000 8000 10000 12000 14000 16000
. . . Indices of 14-bit DAC-under-test
Fig. 8. INL of simulated 14-bit DAC-under-test.

TABLE | Fig. 9. Least mean-square fit for third-order polynomial (tapdl estimation
THIRD-ORDER POLYNOMIAL FIT FORINL OF FIGURE 8. error (bottom) for DAC-under-tesNL data of Figure 8.
[ Sums [ Syndromes | Coefficients ]
S = —0.4436x 10° | By =9.0472x 10° b = 0.7958 15
S, = 1.5446x 107 B; = 6.8453x 10° by = 1.9897x 10~* Lo
S = 4.4760x 10° By =—2.9938x 10° | by =—1.0892x 1078 2 osp
S =3.4703x 10° B3 = —4.8803x 10° | by =—2.8897x 1012 g o
E -0.5F
b
s ‘ ‘ ‘ ‘ ‘ ‘
the B'-order sigma-delta modulator can be obtained as [13 0 10 2 dices of 6obit dithering DAC %0
T/ 1)\3? (40) 80
No = &ms—=
ms\/§ M 2 eof
SNR 1 (42) S 40
= —— <
No-2v/2 =
V/3M¥2 “#
N — (42) o ‘ ‘ ‘ ‘ ‘ ‘
2\/27'[ 0 10 20 30 40 50 60
Indices of 6-bit dithering DAC
Assumingems = 1, the input signal RMS value is/12v/2).
We get, 2/3 Fig. 10. INL (top) of simulated 6-bit dithering DAC, and DAC outputs
2\/27-[. SNR (bottom).
M= (ﬁ ~ 8779 (43)

Thus we select ? = 16384 as the OSR used in the sigmaB1, B2, and B4 from the sums. Finally, four coefficientb,
delta modulator, which is the closest value to satisfy 2b1, bz, andbs, are obtained for the polynomial fitting curve in
OSR= 16384 is sufficient for the sampled data to be recoverédgure 9(a). Figure 9(b) shows about -39.3dB estimatioarerr
from the 17-bit digital output and the quantization errottug  for the fitting algorithm.
modulator can be omitted as compared to that of the on-chipCharacteristics of a low-quality 6-bit dithering DAC are
DAC and dithering DAC. shown in Figure 10. The reference voltage of DACaig2,
Figure 8 depictdNL of a 14-bit DAC with maximum 1.4 typically, 1.5 LSB of DAC-under-test. Using a higher,
LSB quantization error from simulation. The maximuML larger than 3 LSB, will provide large range of calibratiordan
magnitude is within a pre-defined range, e.g., 3 LSB in thiberefore better fault-tolerance but less calibratingcisien
case, so that this on-chip DAC could be calibrated. Otherwisand worse linearity. On the other hand, usingcafess than
if any INLy falls outside the specified range, the on-chip DAG@ LSB will provide better calibration precision and better
would fail the test. linearity of outputs but worse fault-tolerance of DAC.
By dividing thelNL figure into four segments of equal sizes, The final calibrated output of the 14-bit DAC-under-test us-
we obtain sums of elements for each segm&ntS;, S and ing polynomial fitting curve is shown in Figure 11. Calibragi
S; (shown in Table 1). We then calculate four syndromBg: signal is not as ideal as shown in Figure 9 and the estimation
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