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Abstract

This document analyses qualities of methods usedtefsting dynamical parameters of DigitalAoaloc
Converters (DAC) using a multiequency signal. As the source for these sigrfaisplitude Modulated (AM
and Frequency Modulated (FM) signals are used. &simals are often used in radio engineering. Resl
the tests, likeEffective Number of BittENOB), Signal-to-Noise and Distortio(SINAD), are evaluated in t
frequency domain and they are compared with standesults of Sine Wave FFT test methods. The aithie
research is firstly to test whether it is posstolées a DAC using modulated signals, secondly to redasgng
time, while estimating band performance of DAC.
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1. Introduction

This work comes out from standards for Analog-tgif2il Converters (ADC) testing and
uses this method for DAC testing. Almost all dynamiethods can be applied to ADC as
well as to DAC. In the field of dynamic ADC testitlgere are several well-described methods
used. Standardized methods IRme Wave Fit Tegir FFT (resp.DFT) Testare using high
spectrum purity input signals. TEENOB SINAD Total Harmonic Distortion(THD), Signal
Non-harmonic Distortion SNHFSpurious Free Dynamic Range SFDdRdIntermodulation
Distortion IMD can be determined with high accuracy by these @dsth
[1, 2, 3]. However, these tests are relatively ttnasuming, especially when it is necessary
to analyze the frequency characteristic of thesamaters. A possible way to shorten the test
duration is to drive the input of an ADC by a nmitiine signal, or generate a multi-tone
signal with a DAC.

For example, the exponential signal can be comsides a typical example of a multi-
frequency signal, and it is to be generated wiffassive RC circuit driven by a rectangular
generator. Unfortunately, the spectrum amplitueégdiency characteristic of the exponential
signal falls with a slope of -20 dB per decadeg46]. This fact causes variation of results
reached by classic methods using a signal withtaoahamplitude and the exponential signal
test method. Applications of a frequency-swept aiguitable for economic tests for ADC
testing are described in [4].

The band signal is used to save the testing timesAusing an AM signal produces the
average performance of the Devices Under Test (DI@TSINADand ENOR It means that
3 different tones are used for testing at the stime. The time-saving benefit is achieved
using every band signal. However, AM and FM signae frequently used in
communications and they can be used for DAC tediiing It is possible to use a similar
approach as one used for testing of the ADCs. THWe&PD are widely used in signal
generators, thus it is very important to test thesimg inartificial signals. Still it cannot be

Article history: received on Jan. 12, 2011; recdiirerevised form on Feb. 17, 2011, accepted on BBr2011; available online on May
20, 2011.



P. Fexa, J. Vedral, J. Svato$: DAC testing usingutated signals

clear why just modulated signals are used, a sinsigectrum has generally a multi-tone
signal, which is composed of sum of chosen sineewain this case the answer is very
simple: only 4 are needed to describe the modulsaigaal (amplitude, carrier frequency,
modulation frequency, modulation index). It is sfgant when the number of tones is
increasing. A FM signal which is composed of 33cs@é components is still defined by 4
parameters; a general multi-tone signal is defibgd33 amplitudes, 33 frequencies and
optionally 33 phase shifts.

This paper shows only AM and FM signals for ADCDAC testing, however the original
idea is to test a general DUT by the signal whauttsfrom natural application of each DUT
or it is similar to application. In radio enginegggia DUT is for example a generator with
chosen modulation and a receiver. The result flumtest is the Bit Error Rate Ratio BERR,
in this case it is a mixed signal test. The tessignal in this case is the chosen modulated
signal. In this paper the DUT is not a transmittechannel with noise and a receiver, but the
DAC and its performance is measured ussiyAD andENOR Not every type of signal is
suitable for DAC testing. It has to impeach linibat of DACs like bandwidth or slew rate
etc. (digital modulation like QAM represents thipe, which is not suitable for DAC testing)

2. FFT tests

The performance of the DUT is evaluated in thedeswy domain in a FFT test. The data
Up, W... Us-1 are sent to the input of the DAC, generated, nredsby an ADC and
transformed by the DFT (FFT) algorithm.

In case of coherent sampling the following conditie valid: K XfsignaL = M XfsavpLing,
where K and m are integers. If this condition cdno® satisfied it is necessary to apply a
window.

2.1 Standard sinewave FFT test of AD converters

Signal Noise and Distortion SINAB the ratio of th&MSvalue of the carrier frequency to
the mean value of the root-sum-square of all o¢perctral components, including harmonics,
but excluding the DC component [1, 2 ,3].

Signal,
SINAD=20log—=—F4s | 1)
NADRMS
wheren is the number of nominal bits of the converteremest.
For a single-tone signaBINADandENOB are given by the following equation [7],

SINAD=6.02ENOBF 1.76 (dB) )

When the coherent sampling condition is not sa&tikfiit is necessary to apply the
procedure of input signal windowing. Every opematimcluding windowing, which changes
the shape of the signal, changes alsc@ReThen another formula for &NOB computation
has to be applied (6). This phenomenon is statd@8]inits principle will be briefly shown.
For estimatingeENORB it is necessary to compensate @ influence. There is the known
formula forSNR

2 2
SNR=10l0g% = 10log 22« (dB) 3)
o, 2" Xee

SNR=10.8+ 6.02n 20062 = 4.77 6.02 20loGF (dl (4)
g

n
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wherea, is standard deviation of noiss, is standard deviation of the input signgl,is the
peak-to-peak value of the input signalis the nominal number of bits a@F = X, / (20).

For a sine wave signal or FM signal, the amplitige= Xpp/2 = FS2, theo, = X, /2/~/2,
thenn is given by the next equation [8],
_SNR-1.76
~6.02
It is possible to express the general formulaBNOBusing theCF correction [9]:
ENOB, = SINAD_AZ;; 20logCF (bit). (©)

For theSINAD correction the formula (2) is used, oi]NOBIis replaced bfENORB,,. This
approach is equivalent to the correction of windofluence [10].

(bit). (5)

2.2 Amplitude modulation FFT test

The amplitude modulated signal is defined by foar{dll]

Uy = (U, +U,, cosm,t) sinwt =

(7)

=U,_sinwt +U—2"‘[sin(a)C ~w,) B+ sifw,+w,) ]

The modulation deptimay = U/U, affects the character of the frequency spectruthef
signal. We consider Dual Side Band amplitude mdathdawith may < 1. Its spectrum
contains a carrier with frequenay, amplitudeU, and two sideband components with
frequenciesw, * wy and amplitudeU/2. In the special case whdt. = 0, the carrier
frequency is eliminated, but the sidebands remiiat is double-sideband suppressed-carrier
transmission. In fact, we can use ittasal Tone Teswith symmetrically distributed spectral
components and signal processing is the same #wimrlassic Dual Tone methods. It is
possible to fit the AM signal by thBlulti-tone Fit Test(least square fit methddwhich
optimizes 3 amplitudes, 3 frequencies, 3 phasdssaifd 1 offset. The easier way to obtain
results is to apply spectral analysis of an AM alghve can defin&INADw similarly as in a
classic FFT test witho@F correction [9]:

U2 U2
2
SINAD,, = THRTERTER (8)
f c _“m
Zfzo,fc,fm7_7 4

whereU; aUy, are amplitudes of the carrier and the modulatigin represents amplitudes of
other spectral components.

Input voltage in the time domain should be equafulbscale of the ADC, i.e. it is
necessary to satisfy the following condition:

Us=U, +U,, 9)

The CF of an AM signal can be expressed by:
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_2(+m,, )
J2rmg,

The ENOBis computed fronSINAD (6); the correcteINADhas to be again recomputed by

formula (2).
Another approach is to compusNADandENOBusing standard formulas and then apply

a correctiomSINAD(11) andAENOB(12):

CF, (10)

ASINAD,, =20log( CF,, A'2) (dB) (11)
ASINAD,
AENO =— A 12
Bw 5.02 (12)
Table 1.SINADandCF reduction in case of using an AM signal
Mam CF ASINAD | AENOB
) () (dB) (bits)
0.25 1.74 -1.8 -0.3
0.50 2.00 -3.0 -0.5
1.00 2.31 -4.3 -0.7

2.3 Frequency modulation FFT test

The FM modulated testing signal is defined &g, =U,sin[e(t) [t], modulation
frequencye (t) = o, + Awcosg,t), whereAw is the frequency deviation of the modulated
signal, Mgy = Aw/wr, is the modulation index. The waveform of the frelgcy modulated
signal is [12] :

Upy = chin(wct+&c03mmtj. (13)

O,

Spectrum of the FM consists of a carrier with freloey . and symmetrically displaced
spectral components around the cardgrwith multiples of frequencyy,. Amplitudes of
spectral components are given by first order Befssaltions with argumenmwwy,. In Tab.

2, the amplitudes of spectrum of the frequency rtaddd signal are shown for a modulation
indexmgy = Aw/wr, in the range from 0O to 2.

Table 2. FM signal amplitudes of the spectral congmb

My | W | exWn | W220Wn | 3wy
0 1.0C

0.25 0.98 0.12

0.50 0.94 0.24 0.03

1.0C 0.77 0.44 0.11 0.0z

1.50 0.51 0.56 0.23 0.06

2.00 0.22 0.58 0.35 0.13

Fitting this signal is similar to the previous cagteis possible to use thieeast Square
method (Multi Tone Fit Test), but it is very difitto optimize too many parameters. It is
convenient to evaluate a signal in the spectralalorand determine th8ignal Noise and
Distortion SINARy, [9]
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Ui+ > Ug
SINADR,, = e : (14)
i Zf#o,fc,kEfmez _Ucz_ Z Ukzm

k=1,2,..

whereU. is theRMSvalue of the carrier componehiy, corresponds to thRMSvalue of
signal components around the carrier frequendyare RMS values of other spectral
components. The peak-to-peak value of an inputgelin the time domain has to cover the
full scale of the ADCrs=Ug), see (13).

The FM signal has the san@¥ as a sine wave signal, therefore equation (2)beansed
for ENOBcalculation.

3. Test setup and results

An application of modulated signals for DAC hassttisfy the following criteria: The
DAC should be tested near its full scale range. dmplitude of the signal should respect this
fact. The modulation index of the AM signal affe¢ctee amplitude of side-band spectral
components. In this work the modulation index i®sgn as 0.25 + 1. A lower modulation
index causes that the averageMOB is reassembling to the single tone test. The FM
modulation index is essential for DAC testing, hesmit affects the signal bandwidth. The
carrier frequency sets the central frequency of digmal in the spectral domain and the
modulation frequency sets the spacing between gpectmponents.

For practical verification of the AM and FM mettsdh PXI system was used. The first
output channel of the DAQ NI PXI 6251 (2 analogputs: 16-bit, 1.25 MSa/s or 1 analog
output: 16-bit 1.8MSa/s, 16 analog inputs: 16-Hi@ 1.25 MSa/s) was tested. The Digitizer
(NI PXI 5922 24 bit, 500 kSa/s, or 16 bits, 15 Malas chosen as a reference device. The
modulation method was compared with a sine wave B¥ST. For all measurements the
Hanning window was used. 1 MSa were acquired duriegsurement.

PXI
1 NI5922 LA;\(f:le uP
= NI6251 -
Signal
gen.
2 PXI PC Data
. NI5922 LABVIEW acq.
Soundcard
INIT
PC \_ P Start . J
Soundcard repare —| — Fin
LABVIEW waveform Son
" Server/Client
3 .~ Synchronization
Ty INIT
PXI+CONTROLLER i s L
NI5922 99

Fig. 1 Three arrangements of the testing system
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The whole PXI testing system was programmed in lieV For purpose of testing, 3
modifications of virtual instrument were developad,shown in Fig. 1

The first two virtual instruments use one PC to tmmngenerating data and data
acquisition. The generating part runs in one cérd® processor and data acquisition runs in
the second core.

The third arrangement is suitable for those cadesrevthe performance of the PC is not
sufficient. A distributed measuring system was dgwved. The generating part runs in a PC
and control soundcard. The data acquisition pamsrin a PXI with controller.
Synchronization is made via the TCP protocol.

3.1 Results of DAC testing using a sinewave DFT test

Firstly the DUT was tested by a single tone testwhs tested using four different
frequencies (3357.8 Hz, 7359.87 Hz, 9784.52 Hz1&887.41 Hz), see Fig. 2 and Fig. 3.

, ?ingtle tc?ne LFF'IT qut ff33§7.8Hz , Sjnglg to»neylk:FT\Tes\t f=_7359.87_Hz_
s R ——— Hﬂ w Mg
Fig. 2 Speét[:er]n of sine wave :igrﬁiai: 3.3578 kHz (left], = 7.359;[::12 (right)

_Single tone F\FT;_Test_ f=9784.523Hz Single tone FFT 'I_'estkf=1\598/’7.41\3Hrz
PTARON (s PR
M 31 HN i luJ[il Ul jlj | e

f[HZ] x 10* e f1[Hz]1z o " i

Fig. 3 Spectrum of sine wave sigifiak 9.785 kHz (leftf, = 15.987 kHz (right)

Table 3. Sine wave DFT test results

f CF | CF, | SINAD| ENOB| SINAD,, | ENOB,
(Hz) | () | () | (dB) | (bits) | (dB) (bits)
3357.8| 141231 836 | 13.6| 87.9 14.3
7359.8| 141231 82.2 | 13.4| 86.5 141
9784.5| 141231 81.2 | 13.2| 855 13.9
15987.41.41|12.31| 84.2 | 13.7| 885 14.4
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Results are shown in Tab. 3. For incoherent saigptia Hanning window was applied. It
is necessary to correct the influence of the Hapniwindow. The original sine wave

hasCF = /2. CF, respecting the fact that the window changes thpesbéthe signal.

3.2 Results of DAC testing using an AM DFT test

Secondly the DUT was tested by an AM DFT test. Tdifferent carrier frequenciek
(7.785 kHz and 12.385 kHz) were used for testingjlesthe modulation frequendy; is still
the same (3.36 kHz). The modulation index was aiased.25, 0.5 and 1, see Fig. 4 — 6.

Mag [dB]

Mag [dB]

Mag [dB]

-100

AM FFT Test m=0.25 fc=7785Hz

“02 04 06 08 1

f [Hz]

x 10*

12 14 16 18 2

AM FFT Test m=0.5 fc=7785Hz

»rlMX;H:M:MMLM Mmgdi»‘iallt:um;,;jsz/u\M,,(,Muv h\&“uluk m@ﬂmg«}tlmwd@»MgulhI{Q»MWILJ[

Fig. 4 Spectrum fo[fH;]M sign&=7.78;1inIm=3.36 kHz,myy =0.25 (Ieft)f, [r:iA =0.5 (right) ¢
. AM FFLT Test r]1=1 fc=L778L5H% , _AM EFT \Tes\t m?0.25 fCL=12\385\HZ_
i J\J‘l.ﬂi‘fhliMHWJ:‘; M“»Jl I_li‘«t‘xai\viulglﬂa‘Hr i M«MﬂJ.Ua:l;di:Iﬂrwlﬂlu,uﬂL«Lfl ~IJ-IJMﬂiﬂ\'ﬂu'JfH‘lJ;‘-l‘Mﬂkll(lwl»n HM“-]‘MUi*HverH,LhI' M\w \lﬂ"\rivl\flizlfi,!siﬂi'41

0.2 0.4 0.6 0.8 1

1.2 1.4 1.6 1.8 2

f[Hz] x 10"

Fig. 5 Spectrum of AM signdl=7.785 kHzf,,=3.36kHz,myy =1 (left),
f;=12.385 kHzf,;=3.36 kHz,may =0.25 (right)

AM FFT Test m=0.5 fc=12385Hz

50

0 ,u.tl“nN\JMW,pl«uuul«,\.u'[muw'gﬁ‘mfl‘hl;wJ.MJJ.; iM|t;u\au.i,mMMl\

02 04 06 08 i 12 14 16 18 2
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-100
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Fig. 6 Spectrum of AM signé=12.38t kHz, f=3.3€ kHz, may =0.5 (left), mam =1 (right]
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Results are shown in Tab. 4. In this case not ¢méywindow but also the modulation
index affects th€F.

Table 4. AM DFT test results

f=3.36 kHz

Mav | fn | CF [CFy | SINAD| ENOB| SINAD,, | ENOR,
Q) [(kHZ)| () | () | (dB) | (bits) | (dB) | (bits)
0.25( 7.79 | 1.742.84| 81.2 | 132| 872 | 14.2
0.50| 7.79 | 2.003.26| 80.1 | 13.0| 874 | 14.2
1.00| 7.79 | 2.3113.77| 79.0 | 12.8| 875 | 143
0.2512.39/1.74|2.84| 82.7 | 13.4| 88.7 | 144
0.50|12.39/2.00|3.26| 81.3 | 13.2| 88.6 | 144
1.00/12.39|2.31{3.77| 79.8 | 13.0| 883 | 144

3.3 Results of DAC testingusinga FM DFT test

Thirdly the DUT was tested by a FM signal. Paramsetd the signal were the following:
carrier frequency. = 9785 Hz, modulation frequendy=531.58 Hz. The modulation index
was chosen as 0.25, 0.5, 1, 2, 4 and 8, see Fig. 7

, . FM FIfT '/Itest.m=9.25t L o FM FLFT:I'estL m=\0.5\
g | Vu | grm | N |
m&l,lrmmﬂ|@l4:j?ufﬂ;:I\Ml' :yh i M L i HL ‘ “" b Wl W"Js MN 1 H“ '[ JJLJM ” |
SR P 1o s ok f[Hz] x 10*

Fig. 7 Spectrum O[FF]M sign&k=9.785 kHz f,=531.58 Hzmgy =0.25 (left), mgy =0.5 (right)
FM FFT Test m=1 _ . FM FFTLTe§t mf2 \
bl

il M'WNLl|’i"\-Wﬂhﬁmwwﬂﬂ‘-L,UiLMHHHHM L *ﬂ)“"\ N‘ WWWWW R@W”ﬂj\'ww;
e f1[Hz]12 o 18“0“2 i1nz] '

Fig. 8 Spectrum of FM signél = 9.785 kHzf,, = 531.58 Hzmgy = 1 (left), mgy = 2 (right)
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FM FFT Test m=4 FM FFT Test m=8
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:

H’W i IM, fHHMw‘: s nn H m nl Wwﬂ«#«w«@'}ﬂ{m MWMW «l N L
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Fig. 9 Spectrum of FM sign#.=9.78t kHz, f,=531.5¢ Hz, mgy =4 (left), mgy =8 (right)

-150

Results from the FM FFT Test are shown in Tabt % Interesting thaingy, changes do
not affect theCF.
Table 5. FM DFT test results

f.=9785 Hz,=531.58 Hz

Mew | CF | CRy | SINAD] ENOB] SINAD:, | ENOB,
()]G | dB) | (bits)| (dB) (bits)

0.25/1.41/2.31| 81.4| 13.2 857 13.9
0.5(1.41/2.31| 81.¢| 13.: 86.1 14.
1.00/1.41|2.31| 82.6| 13.4 86.9 14.1
2.00/1.41|2.31| 826 13.4 86.8 14.1
4.00|1.41|2.31| 82.9| 135 87.1| 142
8.00/1.41/2.31| 82.8| 135 87.1| 142

4. Summary

In Tab. 6. AM, FM methods with sine wave FFT test aompared. The comparison is
made in such a way that the results from the t&isgua modulated signal with certain carrier
frequency are compared with sine wave FFT testiteesusing a similar signal frequency. For
example a FM FFT test with 9.8 kHz carrier frequeisccompared with a 9.8 kHz sine wave
FFT test. The biggest value of the difference betwé¢he reference method and non-
traditional method is equal to 0.3 bits. The reasdty AM and FM methods show better
results than a single-tone method, is that moraasigpectral components cover a broader
frequency band and potentially can mask distortion.

Table 6. Results of comparison between AM, FM méshaend sine wave method

Sine wave AM FMf,= 9785 Hz

f ENOB Mev | ENORB,,| AENOB., Maut f, ENOBcor | AENOB,,
(kHz) (bits) (-) (bits) (bits) (-) (kHz) (bits) (bits)
3.35780 14.3 0.25 7.8 14.2 -0.1 0.25 13.9 0.0
7.3598 14.1 0.50 7.8 14.2 -0.2 0.50 14.0 -0.1
9.7845 13.9 1.00 7.79 14.2 -0.2 1.00 14.1 -0.2
@- 0.25 12.4 14.4 2.00 14.1 -0.2
0.50 12.4 14.4 4.00 14.2 -0.3

1.00 12.4 14.4

8.00 14.2 -0.3
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The aim of this article is to verify possibilitiesf DAC testing using multi-harmonic
signals such as AM and FM signals. Signal procgseinthese signals in the time domain
using fitting methods is quite complicated. An attege of those methods is ascertaining
DAC parameters in a wider frequency range withbetrneed of measuring their frequency
characteristic. Therefore it can be expected thetescribed methods will find application in
industry for less-demanding and economical tests.

Another goal of this paper is to find a suitablgtitey signal which covers an evenly chosen
bandwidth of the DUT and this signal is not comgligtartificial. This method is suitable for
testing arbitrary generators (Agilent 33120A canegate an FM signal witft from 10 mHz
to 10 kHz and deviation from 15 mHz to 15 MHz). Hoxer this paper does not show results
suitable for i.e. audio applications (the carrimqgluency of the signal is much higher than the
band of the modulated signal).

For example, if one cycle of data collection taReseconds and 20 cycles are necessary for
an averaged FFT, then measurement at 1 frequesty 48 seconds. If we want to test
carefully the performance of the DAC in a range26fkHz in 33 steps, the test will take
1320 seconds. If we use an FM signal with= 8, the duration of the test will be only 40
seconds. However th&€NOB measured using an FM signal, represents the aerag
performance of the tested DAC.

It is possible to shorten the test duration by oaaythe number of samples. Tab. 7 shows
how the number of samples affects the results etakt; a single tone test and a test using a
FM signal withm= 1 was arranged for comparison. The single-toR€ method is robust
and works fine even if the number of samples iy Vienited (RMS of the signal and noise
does not change significantly). A FM test for chogmrameters works properly, if up to
250 kSamples are acquired, otherwise the spedates kare too close. This paper does not
show results suitable for i.e. audio applicatidme(tarrier frequency of the signal is much
higher than the band of the modulated signal), iwvhieeds special sampling methods.

Table 7. Results of comparison between AM, FM mashend the sine wave method

Single-Tone FM signal
S&’g‘;\'es ENOB,, (bit) | ENOB,, (bit)
2.000 14.3 14.2
1.000 14.3 14.2
0.500 14.2 14.2
0.250 14.3 14.2
0.125 14.4
0.060 14.3
0.030 14.3
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