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Abstract

This document analyses qualities of methods usedtesting dynamical parameters of DigitalAoaloc
Converters (DAC) using a multiequency signal. As the source for these sigratsplitude Modulated (AM
and Frequency Modulated (FM) signals are used. & B&mals are often used in radio engineering. IResl
the tests, likeEffective Number of BittENOB), Signal-to-Noise and DistortiofSINAD), 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 possiolées a DAC using modulated signals, secondly to redasgn¢
time, while estimating band performance of DAC.
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1. Introduction

This work comes out from standards for Analog-tgifal Converters (ADC) testing and
uses this method for DAC testing. Almost all dynamethods can be applied to ADC as
well as to DAC. In the field of dynamic ADC testitigere are several well-described methods
used. Standardized methods IRme Wave Fit Tesir FFT (resp.DFT) Testare using high
spectrum purity input signals. TBEENOB SINAD Total Harmonic Distortion THD), Signal
Non-harmonic Distortion SNHRSpurious Free Dynamic Range SFdRdIntermodulation
Distortion IMD can be determined with high accuracy by these malsth
[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 nMitine signal, or generate a multi-tone
signal with a DAC.

For example, the exponential signal can be constblas 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 amplituégdency characteristic of the exponential
signal falls with a slope of -20 dB per decade546]. This fact causes variation of results
reached by classic methods using a signal withtaaohemplitude and the exponential signal
test method. Applications of a frequency-swept aligguitable for economic tests for ADC
testing are described in [4].

The band signal is used to save the testing timsAusing an AM signal produces the
average performance of the Devices Under Test (DITHINADand ENORB It means that
3 different tones are used for testing at the same. The time-saving benefit is achieved
using every band signal. However, AM and FM signase frequently used in
communications and they can be used for DAC tedinag It is possible to use a similar
approach as one used for testing of the ADCs. TW& D are widely used in signal
generators, thus it is very important to test thesing inartificial signals. Still it cannot be
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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 modulaigolal (amplitude, carrier frequency,
modulation frequency, modulation index). It is sigant when the number of tones is
increasing. A FM signal which is composed of 33cs@t 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 whesuttsfrom natural application of each DUT
or it is similar to application. In radio engineegia DUT is for example a generator with
chosen modulation and a receiver. The result fiomtest is the Bit Error Rate Ratio BERR,
in this case it is a mixed signal test. The tessigmal in this case is the chosen modulated
signal. In this paper the DUT is not a transmitéeechannel with noise and a receiver, but the
DAC and its performance is measured ussiyAD andENORB Not every type of signal is
suitable for DAC testing. It has to impeach limiat of DACs like bandwidth or slew rate
etc. (digital modulation like QAM represents thype, which is not suitable for DAC testing)

2. FFT tests

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

In case of coherent sampling the following conditie valid: K xfsignar = M X fsampLin,
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&kMSvalue of the carrier frequency to
the mean value of the root-sum-square of all o$pectral components, including harmonics,
but excluding the DC component [1, 2 ,3].

SINAD= 20l0g>19"3hvs @)
NA

MS

wheren is the number of nominal bits of the converteremtest.
For a single-tone signebINADandENOB are given by the following equation [7],

SINAD=6.02ENOB+ 1.76 (dB) ()

When the coherent sampling condition is not satikfiit is necessary to apply the
procedure of input signal windowing. Every opemationcluding windowing, which changes
the shape of the signal, changes alsd@ReThen another formula for @&NOB computation
has to be applied (6). This phenomenon is statd8]jnts principle will be briefly shown.
For estimatingENORB it is necessary to compensate @ influence. There is the known
formula forSNR

2 2
SNR=10l0g% = 10l0g—-22%_  (dB) 3)
o 27X

n

SNR=10.8+ 6.021 20l0g=2= 477 6.02 20logF (d (4)
g

n



Metrol. Meas. SystVol. XVIII (2011), No. 2, pp. 283-294

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

For a sine wave signal or FM signal, the amplitdde= X,y/2 = FS2, theo, = Xpp 12142,
thenn is given by the next equation [8],

= SNR-1.76
6.02
It is possible to express the general formulaBNIOB using theCF correction [9]:

SINAD-4.77+ 20logCF (bit). (6)
6.02

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

(bit). (5)

ENO&OT =

2.2 Amplitude modulation FFT test

The amplitude modulated signal is defined by forarall]

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

(7)

=U_sinwt +U7m[sin(a)c—cum) [d+ sin(w,+w,) ]

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

u u?
—C 4~ Mm
SINAD,, = ZUZ 4U2 o (8)
f c _“m
Zfio,fc,fm7_7 4

whereU. aUy, are amplitudes of the carrier and the modulatignyepresents amplitudes of
other spectral components.

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

UFSZUC+Um' (9)

The CF of an AM signal can be expressed by:
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_2(1+m,,)
2+,

The ENOBIis computed fronSINAD (6); the correcteINADhas to be again recomputed by
formula (2).

Another approach is to compus#NADandENOBusing standard formulas and then apply
a correctiom@ASINAD(11) andAENOB(12):

CF,, (10)

ASINAD,, = 20log( CF,, A'2) (dB) (11)
ASINAD,
AENO =M 12
B 6.02 (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 as, =U_sin[a (t) [t], modulation
frequency (t) =, + Aacosg,t), whereAw is the frequency deviation of the modulated

signal, Mgy = AWy, is the modulation index. The waveform of the treqcy modulated
signal is [12] :

: A
Uy = UCSIH((DCt‘F—(DCOS(Dmtj. (13)

O

Spectrum of the FM consists of a carrier with fregey . and symmetrically displaced
spectral components around the cartgrwith multiples of frequencyy,. Amplitudes of
spectral components are given by first order Befsswitions with argumemw/wy,. In Tab.

2, the amplitudes of spectrum of the frequency naidd signal are shown for a modulation
indexmgy = Awwy, in the range from 0O to 2.

Table 2. FM signal amplitudes of the spectral conap

My | W | cxWn | Wc+2Wn | W * 30
0 1.00

0.25 | 0.98 0.12

0.50 | 0.94 0.24 0.03

1.00 | 0.77 0.44 0.11 0.02

150 | 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 cagieis possible to use thieeast Square
method (Multi Tone Fit Test), but it is very difitio optimize too many parameters. It is
convenient to evaluate a signal in the spectralalomand determine th8ignal Noise and
Distortion SINARy, [9]
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Us+ > Ug
SINAD,, = L. | (14)
" Zf#o,fa,k[fmu‘? _UCZ_ Z Uk2m

k=1,2,..

whereU. is theRMSvalue of the carrier componefty,, corresponds to thBMSvalue of
signal components around the carrier frequenidyare RMS values of other spectral
components. The peak-to-peak value of an inputgeltn the time domain has to cover the
full scale of the ADCUrs=U,), 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. dmelitude of the signal should respect this
fact. The modulation index of the AM signal affetcte amplitude of side-band spectral
components. In this work the modulation index issgn as 0.25 + 1. A lower modulation
index causes that the averagébtlOB 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 rgpecmponents.

For practical verification of the AM and FM metlgdh PXI system was used. The first
output channel of the DAQ NI PXI 6251 (2 analogpais: 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 kSal/s, or 16 bits, 15 MJakas 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 LABP\ﬁEW uP
= NI6251 ]
Signal
gen.
2 PXI . PC Data
= NI15922 LABVIEW acq.
Soundcard
INIT
PC L P Start . J
Soundcard repare | L Fin
LABVIEW N avatann Gen

—v

~ . Server/Client

3. " synchronization
s INIT
PXI+CONTROLLER "t‘:?“ f:rfa Measure —~ Fin
NI5922 gg

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

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

The third arrangement is suitable for those cadssrevthe performance of the PC is not
sufficient. A distributed measuring system was ttgyed. The generating part runs in a PC
and control soundcard. The data acquisition pamsriun a PXl 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 testwaés tested using four different
frequencies (3357.8 Hz, 7359.87 Hz, 9784.52 Hz1&887.41 Hz), see Fig. 2 and Fig. 3.

. LSir?gLIe tc?ne LFF'IT Te§t f=_335_7.8ﬂz _ O~S\inglLe to.ne/jI::FTLTesLt f=L735:9.87-Hz>
.wmww,w“.m b - W . “x b H -
R f1[Hz]12 R e e f1[Hz]12 o 18“042

Fig. 2 Spectrum of sine wave S|grﬁf;\1: 3.3578 kHz (leftf, = 7.3599 kHz (right)

Em | ‘ | w» § »
ww\mumuuwwHJNM\MMMumMMMW\MWMMMMM ) )M il \ Ui W ki

02 o4 06 08 A 12, 14 16 8 2 0 04 o6 o8 1 12 14 16 18
f[Hz] x 10° f[Hz] x 10°
Fig. 3 Spectrum of sine wave sigifigk 9.785 kHz (leftf, = 15.987 kHz (right)

Table 3. Sine wave DFT test results

f CF | CFy | SINAD| ENOB| SINAR,, | ENOB.,
(Hz) | () | () | (dB) | (bits) | (dB) (bits)
3357.8| 1.412.31| 836 | 13.6| 87.9 14.3
7359.8| 141231 82.2 | 13.4| 86.5 14.1
9784.5| 1.41231] 81.2 | 13.2| 85.5 13.9
15987.41.41/2.31| 84.2 | 13.7| 88.5 14.4




Metrol. Meas. SystVol. XVIII (2011), No. 2, pp. 283-294

Results are shown in Tab. 3. For incoherent sampfia Hanning window was applied. It
IS necessary to correct the influence of the Hapnwindow. The original sine wave

hasCF =+/2. CFy 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. Tdiferent carrier frequenciek

(7.785 kHz and 12.385 kHz) were used for testinigilemhe modulation frequendy, is still
the same (3.36 kHz). The modulation index was ainase0.25, 0.5 and 1, see Fig. 4 — 6.

PO W bl ol

1502 r r -150
02 04 06 08

f [Hz] ot f [HZ] x0°
Fig. 4 Spectrum of AM signd}=7.785 kHz f=3.36 kHz,my, =0.25 (left), myy, =0.5 (right)

. AM FET Test m=1 fc=L77§5HzL . AM EFT _Tesht mL=0.25 f9=1%38§Hz
r’“ Jf‘ 1~ M WWMMMMWMIJW\M “ sl “J H MM il H” n ” M
e e f1[Hz]12 = w e fEHz]12 o Y

Fig. 5 Spectrum of AM signd{=7.785 kHz f,,=3.36kHz,myy =1 (left),
fc=12.385 kHz{,,=3.36 kHz,may =0.25 (right)

i AM FFT Te§t m=0.§ ch=12€385!-|z . \AMLFFT Tgst an=1kfc=L1 23§5I-!z
WW\MMMM\M,AlW,hM\MwMMM“MMNMWW i MWMU il WMM M ‘MHM Jh A LJ
S T R f1[|-|z]12 o R

Fig. 6 Spectrum of AM signd{=12.385 kHzf,=3.36 kHz,myy =0.5 (left), may =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

fm=3.36 kHz

M| fo | CF [CF.|SINAD| ENOBJ]SINAR, | ENOB,,
() [(kHz)| () | () | (dB) | (bits) | (dB) | (bits)
0.25( 7.79 | 1.742.8¢| 812 | 13.2| 87.2 | 14.2

0.50| 7.79| 2.003.2¢| 80.1 | 13.0f 87.4 14.2
1.00| 7.79| 2.333.7i| 79.0 | 12.8| 87.5 14.3
0.25|12.39|1.74/2.84| 82.7 | 13.4| 88.7 14.4
0.50|12.39/2.00|3.2¢| 81.3 | 13.2| 88.6 14.4
1.00|12.39|2.31|3.7i| 79.8 | 13.0| 88.3 14.4

3.3 Results of DAC testingusing a FM DFT test

Thirdly the DUT was tested by a FM signal. Paramseté 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

i . FM FI?T tl\'esthm=9.25h . N FM FLFT;I'estL m=L0.5.
MMMMMwmw‘IMW oo MW M ot WM 0“”2“* i MLWL@ o “1 b J* i \\ ”2
Fig. 7 Spectrumfcfrlz:]M sign§=9.785 1Iin,fm=531.58 Hzmgy =0.25 (Ieft)f, [:i]M =0.5 (right)

- FMFFT Testm=1 . FMFFT Testm=2
Thdblihl bl
B HWMMWW«H\N*NMM uuM %‘M MM MMM ) - WWWMM MMWW Wﬂ JEM;M el %M;

04 06 08 f[Hz] : 18 102 f[Hz] -

Fig. 8 Spectrum of FM sign&l = 9.785 kHzf,, = 531.58 Hzmg, = 1 (left), mgy = 2 (right)
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FM FFT Test m=4 FM FET Test m=8

o%¢ ¢ 90%¢ 00 6 o o 00
o} [} oY To o9 of1¢
s Q| (o3 R0l

PP VT
02 04 06 08 ; EHZ]1.2 14 16 18 ) 1042 02 04 06 08 ‘ EHZ]1-2 14 16 18 . 1042

Fig. 9 Spectrum of FM sign&k=9.785 kHzf,,=531.58 Hzmgy =4 (left), mgy =8 (right)

Results from the FM FFT Test are shown in Tabt & Interesting thainsy, changes do

not affect theCF.
Table 5. FM DFT test results

f=9785 Hz f=531.58 Hz

Mev | CF | CFy | SINAD| ENOBJ SINAR,, | ENOR,,
O[O |G| (dB) |(bits)| (dB) | (bits)

0.25/1.41{2.31] 81.4| 13.2| 853 13
0.50/1.41/2.31] 81.9] 133| 86.1| 14C
1.00(1.41{2.31| 82.6| 13.4| 86.¢| 14.1
2.00[1.41|2.31| 82.6] 13.4| 86.f] 14.1
4.00/1.41{2.31] 82.9| 135 87.1| 14.
8.00/1.41{2.31] 82.8] 13.5| 87| 14z

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&sigua modulated signal with certain carrier
frequency are compared with sine wave FFT tesitsesising 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 moreasigpectral components cover a broader
frequency band and potentially can mask distortion.

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

Sine wave AM FMf,=9785 Hz

f ENOB mMey | ENOBy,,| AENOB,, Mam 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 atkzge of those methods is ascertaining
DAC parameters in a wider frequency range withbtet need of measuring their frequency
characteristic. Therefore it can be expected tmatiescribed methods will find application in
industry for less-demanding and economical tests.

Another goal of this paper is to find a suitabkitey signal which covers an evenly chosen
bandwidth of the DUT and this signal is not comglietartificial. 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). Hewer this paper does not show results
suitable for i.e. audio applications (the carrieqgluency 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 4® 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 awerag
performance of the tested DAC.

It is possible to shorten the test duration by ocaalyithe number of samples. Tab. 7 shows
how the number of samples affects the results etdbt; a single tone test and a test using a
FM signal withm=1 was arranged for comparison. The single-tdR€ fethod is robust
and works fine even if the number of samples iy ienited (RMSof the signal and noise
does not change significantly). A FM test for chogmrameters works properly, if up to
250 kSamples are acquired, otherwise the speates lare 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), whieeds special sampling methods.

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

Single-Tone FM signal
Sey® | ENOBy, (bit) | ENOB (bi)
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

5. Acknowledgment

This project is supported by the research program MSM6840770015 "Research of
Methods and Systems for Measurement of Physicaln@igs and Measured Data
Processing" of the CTU in Prague sponsored by tmeskly of Education, Youth and Sports
of the Czech Republic and the grant SGS10/207/ORK38B “Digitization, synchronization
and signal processing in sensors and sensor netiork



Metrol. Meas. SystVol. XVIII (2011), No. 2, pp. 283-294

6. References

(1]

(2]

(3]

(4]

(5]

(6]

[7]
(8]
9]

(10]
(11]

(12]

DYNAD (2000). Methods and draft standards foe Dynamic characterization and Testing of Analogue
Digital Convertershttp://paginas.fe.up.pt/~hsm/dynad/.

IEEE Standard 1241-2000. (2000). IEEE Standamnd Terminology and Test Methods for Analog-to-
Digital Converters. New York.

IEEE P1658 TM/D03.6. (1988). Draft Standard T@rminology and Test Methods for Digital-to-Anglo
Converters. New York.

Vedral, J., Fexa, P., Svatos§, J. (2009). Methdak economical test of dynamic parameters ADCs.
Metrology and Measurement Systefs{(1), 161-170.

Vedral, J. (2008). Exponential Fit Test - Thetical Analysis and Practically Implementatidi3th
Workshop on ADC Modelling and TestifigD-ROM]. University of Florence Florence, 1033-803

Holcer, R., Michaeli, L. (2003). DNL ADC Testinby the exponential shaped voltafeEE Transaction
on Instrumentation aneasurements2 (3), 946-949.

App. Note 641. (2002). ADC and DAC GlossaBunnyvale: Maxim Integrated Produc2®.
Oppenheim, A., Schafer, R. (1988)iscrete-Time Signal Processingrentice-Hall.

Vedral, J. (2010). ADC testing with poly-harmonrsignals. Mixed-Signals, Sensors and Systems Test
Workshop (IMS3TW)EEE 16th International. IEEE, 1-4.

Dallet, D., Silva, J. (2005pynamic characterisation of analogue-to-digital senters.Springer Verlag.

Newkirk, D, Karlquist, R. (2004). Mixers, moldtors and demodulatorfhe ARRL Handbook for Radio
Communicationg81st ed.). Newington: ARRL, 15.1-15.36.

Boashash, B. (2003). Time-Frequency Signal Iysia and Processing — A Comprehensive Reference.
Elsevier ScienceOxford.



