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Abgtract- In the paper a new testing method for spectrdysinaof DACs is presented. The method requires
low resolution high speed ADC to acquire the ra@sgisignal obtained by adding to the output voltafytne
DAC under test the periodic voltage with sawtobtiape.

The zero crossing time sequence detected in thaize signal is used to infer the value of theteath
voltage and, consequently, that of the output geliaf the DAC. Because the sampled signal is clesised
by non-uniform sampling time, the spectral analisigerformed on the basis of a procedure pointedoo
overcome the problem concerning the frequency auitigig in the spectral analysis of non-uniform skachp
signal. This procedure permits the reconstructfadheouniformly sampled spectrum by starting fréma hon-
uniformly sampled one.

The results of numerical test on 14-bit DAC by ggnbit ADC were shown. Finally, the advantagethef
method respect to another presented in literdtased on low resolution ADC and dithering, areudised.

1. Introduction

Digital to Analog Converters (DACs) have growing fisr applications such as wireless communicatoials
interface between digital signal processing antbgrsignal. In spite of the efforts to develop noethfor test
the different types of DACs, testing remains amgm®blem for technicians and researchers [1]-|bdleed,
with the advancement in performance of the nexeigdion DACS, there are new needs in testing. Bath
static and the dynamic tests have become one oidkechallenging problems [14].

On the basis of the demand arising from the maturfs, a new test method is proposed in [143.pbinted
out to address three goals: short test time, kfgjraccuracy and low resolution measurement institanThe
test method is based on the use of low-resolutitedal to Digital Converter (ADC) and dithering taiease
the resolution of the test. The result accuracyhef test is guaranteed by an effective data priocess
algorithm applied to the DAC output quantized \gdtdy the low resolution ADC.

The computational complexity of this algorithm ie&ses as the resolution of the DAC under testarese
respect to that of the ADC. In order to overcome thconvenient, the research given in the paper is
addressed to a different testing method basedhewapproach. Fundamental aspect of this appreabhti
the problem of the signal acquisition with highotaion is shifted to the simpler problem of thgthspeed
signal acquisition. A similar approach was preskrite [15], [16] from the Authors for the static
characterization of high resolution DAC. In the g@rathis approach is adapted and upgraded to pairthe
spectral analysis.

In particular, the method pointed out requiresraresolution high speed ADC to quantize the resyiignal
obtained by adding to the output voltage of the D&@er test the periodic voltage with sawtooth shap
the quantized signal the zero crossing time seguerietected. This time sequence is used totimderalue

of the sawtooth signal and, consequently, the sporeding value of the output voltage signal ofA¢.

This signal is characterised by the non-uniformpeng time. The spectral analysis by the Discredarier
Transform (DFT) of the non-uniform sampling timgrel can be affected by ambiguities caused by the
modulation effects described in [17]. In literatuiee technique based on the reconstruction ofitiferm
sampled spectrum from that obtained by non-unifpredmpled signal is proposed in [18], [19]. This
technique is based on the knowledge of the samiifirgyinstants characterized by periodic non-unifyr
into the sample period and it can be convenientigleyed in the spectral analysis of the DAC.

The paper is organised as follows. The proposetaddor the spectral test of DAC by using high sidees
resolution ADC is presented. The procedure to iaact the uniform sampled spectrum from the non-
uniform sampled one is abstracted. Successivaymitthod validation is performed by means of nwakri
tests. Finally, the advantages respect to the m@itesented in [14] are discussed.
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Figure 1. Equipment for the spectral test of DAC.

[1. Themethod for the spectral test of DAC

Fig. 1 shows the block scheme pointed out to egetigt proposed test method. The PC feeds the DAC by
means of the Digital Input Code (DIC), correspogdmthe sinusoidal signal. The output voltage-{t) of the
DAC under test is added to the sawtooth sigg@l fed by high resolution generator. The resulsiggal v(t)=
Vpac(t)+vs(t) is over-sampled by the low resolution ADC atmtex] in the PC memory.

The ADC quantizes the amplitude of its input sigfais operation introduces at the output of thaveder a
guantization noise. In the frequency domain thentigation noise is characterized by a flat bandwaitd
amplitude proportional to the resolution of the ADGN the basis of this consideration is evident tha
guantization noise introduced by the ADC to accfiesoutput signal must to be lower than the nmiesent at
the output of the DAC. Usually, to obtain this citiod the ADC has a resolution greater than thahefDAC.
This condition is necessary to guaranty that thgeniatroduced by the acquisition system is lowantthat
characterising the DAC.

In the proposed test method the DAC output voliegequired not by codes of the ADC, but by udigzero
crossing distribution in time of the resulting sigrFig. 2 shows the resulting signal assuming:

Vpac (1) = VpacSin t+¢) @)

Vg (t) = ZV[f a -floor(f 5] +;D )

where f is the frequency and V is the amplitudthefsawtooth signal. The sawtooth voltage can bergted

by another DAC with higher bit number than the Dé&tler test. Denoted by.t.t, the sequence of the n zero
crossing time, the (2) permits to determine theuevabf the sawtooth voltage and, consequently, the
corresponding value ofg{c(t).
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Figure 2. DAC output voltage (upper), sawtooth &gé (center), and resulting signal (down).
ty,...tn is the sequence of the n zero crossing time deatdny the ADC.
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A. Zero crossing time detection

T L T e In general, none of n zero crossing time is

coincident with the sampling time of the resulting

0.5¢ ‘ 1  signal y(t). The position of each zero crossing time

o into the vector of the acquired samples can be

= 0 S4B 0IH0000D 1 d | by d i h h f th

= ‘ ; estimated, only, by detecting the change of the
0 Te. .| samplesign.

When the acquired signal is over-sampled a group
of samples with equal zero value can occurs as
shown in Fig. 3. In this case, the estimation &f th
value of the zero crossing time is difficult beaaus
there are lake of information about the evolutién o
the signal in the time intervalyTdefined by the
Figure 3. Samples with equal zero value  samples with equal zero value. The non correct
into the time interval J. evaluation of the zero crossing time causes
amplitude error for the evaluation ofp)&(t), and
reconstruction error of the uniform sampled spectfoiom that obtained by non-uniformly sampled
signal.
Many numerical techniques are available to estirttadezero crossing time. These are: (i) polynomial
regression, (ii) spline interpolation, (iii) meaalwe of the time interval o] and (iv) first or last sample
with zero value in the time interval.Tin the following each of these techniques is taikéo examination
in order to highlight the vantage and the disadagain the framework of the proposed method.
The technique based on the polynomial regressiaplare interpolation fail because there are lake o
information about the evolution of the signal iresitie time interval J If samples before and after this
interval are added in the numerical procedure etiner increases in the evaluation of the zero angss
time because they introduce information aboutriedt of the piecewise linear signal to be approieaha
only, and non local information inside the timeeinal To.
The evaluation of the mean value gfchn be accurate estimation of the zero crossimg ¢inly under the
condition that the slope of the signdkyis constant in the time interval taken into@att. This condition
is not respected because the slope,(tj is not constant in consequence of the fact dmat of the
summing signal is the sinusoidal signgda(t).
The assumption of the zero crossing time in comedence of the sampling time in which the first
sample is equal to zero permits to overcome tHiewlties of the previous numerical techniques.eled,
at this sampling time the input signal crosses AREXC threshold equal to @72, that represents the
conventional value equal to zero for the ADC. Tfaes it is obviously to assume the zero crossimg t
corresponding to the first sampling time with zeatue. In similar manner can be justified the caat
the last sample. The validation of the previousiaggion is based on the fact that the best accurate
results in the reconstruction of the spectrum #&tained. As a consequence of this zero crossing tim
evaluation, the amplitude offset correspondinghte value equal to Q/2 into the reconstructed signal
appears. This offset is not important into the spéanalysis of the ADC, because it increases tmy
spectral line amplitude to the zero frequency.
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[11. Reconstruction of the uniformly sampled spectrum

In [19] is proposed a method for the reconstructibtihe spectrum for a band-limited signal samplét
non-uniformly spaced time intervals. The situatbmmsidered is that the timing of each samplinggimst
of the acquired signal is known and has a perisulicture. Therefore, by considering n=kM+m, wHere
is in the range fromee to +0 and m in the range from 0 to M-1, the samplingetisequence can be
expressed as:

t=NT +A=KMT + mT + 1,,T ?3)

where T is the nominal sampling period, M is humblesamples in a period of the non-uniform time
sampling instant)\, the periodic sequence with period M. The parangtesr the normalization ok, to
the nominal period; FAT.

The computation of the spectrum from the signa)) xfives as result the spectrurg(éd) that is different
from the spectrum of the same signal uniformly &eguX(w). Considering that Xw) is band-limited in
the range [T, 1UT), it is possible to determine a relation betwigfuw) and X,(w) into an arbitrary point
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W, With 0<w<21/MT. This relation is the following:

TXq (ap + 277/ MT) =
M/2
ZA(k +1)X ¢ [ap — k(@7 MT)] )
k=-M /2+1
where:
1 M-1 . .
A(k) - = e—]krm(Zn/M)e—jkm(Zn/M) (5)
m=0

The (4) can be expressed in a matrix form as:

TXg(w0)=A Xc(a) (6)

The matrix A has dimension MxM and it can be quickbnstructed thanks to the properties and
repetition of its elements. From (6) it is possibbecompute the M uniform bins of the uniformly
sampled spectrum as:

Xo(ap)= A™ TXq(w) (7).

By using the (7) the reconstructed uniformly samdm@eectrum of Fig 4b) is obtained from the non-
uniformly sampled spectrum of Fig. 4a).

A Effect of thezero crossing timeerror on the reconstructed spectrum

In spite of the effort toward the accurate detectitne zero crossing time is affected by evaluation
uncertainty that influences the spectrum reconstmicin order to investigate about the effectsttom
reconstructed spectrum, the evaluation uncertdiaybeen taken into account as superimposed noise
on the parameter,rcharacterizing the non-uniform distribution of te@mpling time respect to the
uniform one. This noise is assumed random with nvadure equal to zero and assigned peak value.
Fig.5a) shows the reconstructed spectrum withopesiposed noise tq,f Fig.5b) and c) refer to
superimposed noise with peak value equal to 1%1884 of r, respectively. As expected, the noise
floor in the reconstructed spectrum increases ese#@ses the noise peak value. The effect of the
increasing noise floor is the reduction of therhitnber of the DAC that can be tested.

IV. Method validation

The method validation is performed in Matlab ennireental by evaluating the Spurious-Free Dynamic
Range (SFDR) of 14-bit DAC. The resulting signglt)vis acquired by the ideal 6-bit ADC with
sampling frequency equal to 50MHz and full scale equal to 1,25V. Tieguency of the DAC output
signal \bac(t) is equal to 200Hz, and the amplitude is equdM. For the sawtooth signal, the frequency is
equal to 5kHz, and the amplitude is equal to 3.5érefore, 400 samples are acquired and procestes
spectrum domain. Moreover, the Gaussian noise stgthdard deviation equal to 1 LSB, referred to il4-b
level, is added to the DAC output sine wave, aad3DR is set equal to 80 dB.
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Figure 4. a) DAC non-uniformly sampled spectrumhwit=80%, and b) reconstructed uniformly
sampled spectrum of signal sum of two sinusoidalas at different frequency; € 1Hz, = 2Hz) and
amplitude (M= 20dB, \b= -40dB).
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Figure 5. Reconstructed spectrum of signal sumvastnusoidal signals at different frequengy @00Hz, §=
400Hz) and amplitude @¥ 0dB, \,=-80dB), a) without superimposed noise,{cand with superimposed
noise characterized by peak value equal to b) hélocr10% of #.

The spectrum estimated by the method is shownginG-iFig.6a) shows the non-uniform sampled spactru
before the correction. Fig.6b) shows the recorsmueniformly sampled spectrum. The SFDR estinfated
Fig.6b) is equal to 79.89 dB. Therefore the evalnatrror is equal to 0.11dB. This result shows tha
proposed method is more accurate than that projiofkg]. Indeed, the error shown in [14] is ectasd.34dB

in the same condition of the performed test.

Other tests are devoted to investigate aboutehe of the error for the evaluation of increasialyes of the
SFDR. Therefore, the SFDR is estimated for diffevatues of the spurious signal amplitude by censid (i)
the uniformly sampled spectrum and (i) the retooted uniformly sampled spectrum. The 14 bit DAC
generating the sinusoidal signal with frequencyabtiu200 Hz and amplitude equal to 1V is consitievith
superimposed spurious sinusoidal signal at diffesemplitude and random frequency in the range 390
1kHz]. Always 400 samples are acquired by 6 bit ADith sampling frequency equal to 200 MHz. The
sawtooth signal is characterised by the frequegagleéo 5 kHz and amplitude equal to 3.75 V. Therdrend
for the evaluation of the SFRD is shown in Fig.fie Tesults shown in this figure highlights that pheposed
method guaranties the accuracy lower than 0.6 dB\@SFDR lower than 92 dB. For SFDR greater §#an
dB the amplitude of the spurious signal superimpdees the value near to the noise floor of the DasCa
consequence the estimation error increases up t@lhe equal to 1.2 dB for SFDR equal to 95 dB.

Further comparison of these results with that shioWib4] highlights that the proposed method gu#earthe
accuracy lower than 0.55 dB for SFDR in the ran@edB, 90 dB]. Differently, in the same range there
evaluated in [14] is lower than 1.5 dB.
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Figure 7. Error trend for the evaluation of the BRRthe case of 14 bit DAC by using 6 bit ADC.
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V. Condlusions

A new testing method for spectral analysis of higgolution DACs is presented. The method requoes |
resolution high speed ADC to acquire the resulliggal obtained by adding to the output voltagthefDAC
under test the periodic voltage with sawtooth shape

The output of the DAC under test is evaluated bsme®f the zero crossing time detected in the iqedrgignal
by the ADC. The particular technique to reduceethar in detecting the zero crossing time was é@xgeted.

The signal obtained is characterised by the ndoramisampling time. In order to overcome the prable
concerning the frequency ambiguities, the spectfamain analysis is performed on the basis of tinigue
that permits to reconstruct the uniform sampledtsp® from that obtained in the case of non-unifsampling.
Moreover, the effect of the zero crossing timerésranalysed on the reconstructed uniformly sasgbectrum
of the signal.

On the basis of numerical tests the method vatidési performed by considering the 14-bit DAC dmel@ bit
ADC. Compared with another method presented iratiitee, based on low resolution ADC and dithetihg,
proposed method offer better accuracy. The analf/die error trend has permitted to highlightltve level of
accuracy that can be obtained in a wide amplitaniger of the SFDR.
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