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when the proposed methods are experimentally

Abstract — The paper deals with the implementation of amplemented are not taken into account. Indeedyébalts

measurement station for the test of high resolutain
Digital-to-Analog Converters (DACS). The basic idedies
on the employment of a differential amplifier tipbvides a

signal related to the difference between the veltag

generated by the DAC under test and a referencelsigo
solve problems associated to synchronization, ¢fierence
signal is gained by treating the DAC output voltdigeugh
a narrow band filter. Thanks to the differentialgdifier, the
difference signal, which holds information about ©Aon
linearity, is hugely expanded and, thus, can baliaed by
means of an Analog-to-Digital converter whose reisoh is
lower than that of the DAC under test.

Keywords: Digital-to-Analog  converter, Filters,
Differential amplifier.

1. INTRODUCTION

reported in the recent literature are obtained dhtpugh
numerical simulations and it confirms how far thedinition
of a standard procedure suitable for actual tests i

In this work, the authors pay particular attenttonthe
put into operation feature. After a brief descoptiof the
proposed characterization method, in fact, thentitie is
mainly focused on the realization of the experirakésetup.
In particular, a variety of practical difficultieand the
solutions proposed to preserve measurement resolatid
accuracy are pointed out. The research activitysaah
providing some guide lines for the implementatidradest
station for DAC characterization, which could be
straightforwardly repeatable.

2. ANALYSIS OF PRESENT-DAY PROPOSALS

Some of the solutions present-day proposed in sfigen
literature to characterize high resolution DACs grsgj to

The characterization of high resolution Digital-to- add a constant voltage, whose amplitude is lowan the

Analog converters is a challenge nowadays stillnofée
static characterization could be, in theory, fldfil by means
of high accuracy voltmeters even though the tesaton
[1-4] makes it not practicable. But, still more Bbaging is
high resolution DAC dynamic characterization. listbase,
the use of a high speed/high resolution referen@C A
(Analog to Digital Converter), able to gather theA®

DAC LSB, to a sinusoidal signal generated by the(A
under test [6-7]. The constant voltage is reguladgpted in
such a way that the produced output overcomes the
transition threshold of the reference ADC. The main
drawback associated with this approach is the dsano
adder circuit because it is necessary to takedantmunt the
effects of both the offset voltage introduced by #dalder and

variable voltage, should be required. But, presenihe uncertainty of the passive network used indineuit.
technological bound can produce DACs which exhibiiThe latter consideration, particularly holds foe tadopted

resolution much greater then ADCs [5].

resistors, since the voltage values applied acttoss are

Consequently, at present, a Standard or a set eiktremely different from gach other (DAC output_ and
recommendations defining specific practices for the&onstant voltage). Obviously, the aforementioned

estimation of synthetic parameters able to quaritigyDAC
quality, does not exist. Many researchers are ntlyre
working for drawing up specific procedures and, soof
them, are also employed in manufacturing societies.

uncertainties should be limited to values lowemtHzAC

LSB in order to reliably characterize the DAC penfance.
An attractive proposal is given in [8], even thouigh

refers to a static characterization conducted tjmothe

The proposals available in literature show verymeasurement station shown in Fig.1. The basic idea

interesting features, but in these papers the pnoblarising

underlying the proposal consists in using a lovah@on
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Fig. 1. Scheme of the proposal in [8] for
dynamic characterization of DACs.

reference ADC to digitize the difference betweenbltage
generated by the DAC and its “expected” value. Hhis t
approach, by properly amplifying the difference nsig

ADC full scale amplitude can be used to converbhiage

whose values cover only few DAC LSB. In other wortthe

ADC full scale is used to analyze only the DAC epan,

thus providing the needed resolution. Moreovertipaar

attention must be paid to choose properly the CMREhe

differential amplifier because to its inputs arenmected
signals with high common mode voltages.

A similar solution, for dynamic characterizatiorased
on the use of a low-resolution ADC to digitize thiference
between the DAC output and a reference voltaggiven in
[9]; the corresponding measurement station is bleetdn
Fig.2. A reference waveform generator is adoptagrtwide

DAC output and reference signal on the acquiredlifieg
voltage and, consequently, on the estimates of DA€
errors.

3. THE PROPOSED METHOD

In Fig.3, a block diagram of the proposed method is
shown; the basic idea underlying the method comsist
acquiring and digitizing the difference between theput
voltage generated by the DAC and a reference kigna
Reference signal cannot be generated by an external
auxiliary source, due to the difficulty to grantreference
voltage that would have the same frequency andepbithe
output provided by the DAC. To this aim, the authbave
stated that the reference signal have to be egtidobm the
signal generated by the DAC itself.

With specific regard to the signal to be adoptedhia
test, it has to be a sinusoidal waveform; such gmadi
presents, in fact, two main advantagés$: the signal is
characterized by an evolution versus time completel
defined in analytical way, andii) reference waveform
characterized by high level of spectral purity che
generated thanks to a proper filter bank.

a sinusoidal signal whose amplitude and phase are, As stated above, the basic idea consists of diggiz

DAC

Residual
e

External
Source

Fig. 2. Scheme of the proposal in [9] for

dynamic characterization of DACs.
respectively, equal and opposite to those geneiayethe
DAC. The signals are connected to the input of ddea
circuit whose output is the residual voltage thas o be
digitized through the ADC.

For both the previous solutions, some practicaldss
have necessarily to be taken into account for delvkare
implementation of the method. A critical point ietuse of
an auxiliary source as reference voltage, commoather
solutions already presented in literature [10-Tiifferently
from the static characterization, when the outpltage of
the DAC is variable versus time, it is, in factcaessary to
suitably synchronize the source with the DAC urtdst. To
this aim, a phase-locked circuit has to be adotitaticould
introduce distortions on the reference signal ptesiby the
external source. In these paper, moreover, no sisaby the
effects of either amplitude or phase differencesvben

Conditioning and
Acquisition

Bandpass
Filter

|
|
|
|
ADC | |
|
|
|
|

through the ADC the amplified difference betweere th
sinusoidal output voltage of the DAC and the rafese
sinusoidal signal, also referred in the following \&amg
signal; two possible solutions, respectively shawrFig.4
and Fig.5, can be adopted to the purpose.

With regard to the first solution (Fig.4), the <n
generated by the DAC passes through the cascaaleath
filter and an amplifier characterized by a gainada Gg; as
for the second solution, it exploits a bandpaderfiand a
differential amplifier that provides the differentetween
the DAC and filter output signal. From a theordtjpaint of
view, both solutions are equivalent, but they hygtifffer if
practical implementation issues are considered.

Both notch and bandpass filter modify their inpighal. To

this aim, three features would desirable in filesign: high
roll-off, linear phase shift and constant gain e versus
frequency. Unfortunately, it is not possible to ieghk all the

features simultaneously.

If a notch filter is adopted, a non-linear phasit sind
variable attenuation of the different frequency poments
has to be expected according to the specific chenatics
of the implemented filter [12]. The error signaltbtE DAC
acquired by the ADC is, thus, affected by the digia
introduced by the filter. On the contrary, if theluion

Numerical Processing

Estimated
DAC Output

Vdac=f(Vf Vampl Gd CMRR

‘ Sinfit ‘

Fig. 3. Block diagram of the proposed test method.
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based on bandpass filter and instrumentation aiepli§ Their effect on the amplified voltaggyp is the presence
adopted, the output of the filter mainly consistacsingle of a sinusoidal component superimposed to the error
component, the frequency of which is equal to theacquired by the ADC, that does not contain inforomat
fundamental frequency of the DAC output signal. sThi about the DAC errors. The sinusoidal component tiue
component may be characterized by phase shift arghin and/or phase error of the filter does not cffine
attenuation with respect to the filter input sigrialt those reconstruction process of DAC output, that is basaed

Vdac equation (1) applied on the instantaneous valugse T
DAC £ Vamel 4 e -
Ve contribution due to the amplifier finite CMRR, iesd,
_ cannot be recognized and removed; hence the entploye
amplifier and operating conditions should assuréMRR
Bandpass as higher as possible.

Filter It is worth noting that the digital processing alk to
reconstruct the DAC output, regardless of the aotf
affecting the amplifier output, but it is, howeveecessary

Fig. 4. Conditioning scheme with bandpass filter.

‘ Vampl to implement the measurement station in such a teay

pAC %< Notch K reduce their impact. The presence of a high sicasoi
Filter ‘ voltage affecting the output signal of the amplifieuld, in

Fig. 5. Conditioning scheme with notch filter. fact, saturate the ADC; it would be so needed tluce the

parameters can be estimated because the outpal §)gis  gain of the amplifier, thus causing a degradatioh o
undistorted andii) it is a waveform that can be analytically measurement resolution.
expressed (a sinewave), therefore a numerical dfit lbe

applied. 4. HARDWARE IMPLEMENTATION
In conclusion, the method of Fig.5 requires a high
performance filter, which should exhibit linear peaand The achievable resolution for the DAC characteiirat

flat gain among a wide range frequency. Methotjepends on different factors associated with theCDA
performance being equal, thus, the operating cardlipn  number of bits, the CMRR of the differential amiglif the
shown in Fig.4 proves to be less expensive andstifeen range and the number of bits of the exploited ADC|[14]
adopted for the implementation of the measurentetibs.  the analytical relationship among the desired tg&ni and
these parameters has been deeply investigated fend t
The output voltages of the DA@pac, and filter,v, are  specifications required to the devices employedtlie
connected to the inputs of the differential amepfifithat measurement station have been determined. Thisetfies

provides the output voltaggmp given by: study allowed to define the measurement statiolizesafor
Vpac t Vs the preliminary tests, shown in Fig. 6.
Vampl = Gy (VDAC ~ Vs )+G°(T] ) The DAC under test is a waveform generator Agilent
33220A, which makes use of a 14 bits converter lzasl a

where G4 is the amplifier differential gain an6. is the range tunable from 100mVpp up to 20Vpp.

common mode gain, attainable from the amplifier QMR The bandpass filter is a Wavetek 716, whose main
Equation (1) suggests that @; and G; are known and if naracteristics are:

Vampl @NdV; are acquired, the DAC output can be estimated. . 1 Hz to 100 kHz Frequency Range
A two-channel ADC, thus, is employed with the aimh o = 115 dB/Octave Rolloff

sampling and converting the filter and amplifiertputs. » Passband Ripple: 0.8 dB

Obviously,vpac andv; have to be digitized with a resolution »  Stopband Attenuation: 80 dB min

lower than the DAC LSB. At this aim,. The filter tput, = The mainframe contains a7 order elliptic

acquired according to the ADC number of bits, is low-pass filter and a7 order elliptic high-pass
interpolated by means of a sine-fit algorithm [1i8],order filter. that can be connected in cascade for
to reconstrucy; with a much higher resolution. As regards obtaining a narrow-bandwidth band-pass filter. In
Vamps this signal is an amplified version of the DAGaer order to reduce the pass-band attenuation of the
that can be digitized by an ADC with a resolutiowér than band-pass filter, the cut-off frequency of the low-
that of the DAC under test. _ pass filter is slightly higher than the nominal one
Once the Vamp signal has been acquired, the and the cut-off frequency of the high-pass filter i
corresponding samples have to be processed in doder slightly lower than the nominal one.
remove some artifacts introduced by the conditigribtock. The differential amplifier is realized with an
In particular, the following problems have to beed: instrumentation amplifier ADA400A by Tektronix, wbe
1. different amplitude between the signal generated bynaracteristics are:
the DAC and the filter output = Programmable gain from 0.1 to 100
2. phase shift b_etween the signal generated by the . Eor a differential gain equal to 100, t@MRR
DAC and the filter output _ _ evolution, versus frequency, is shown in Fig. 6: it
3. finite value of the CMRR of the differential reaches 100dB within the range 10-10000 Hz, but it
amplifier, whose input signals —exhibit high get worse as the frequency of the generated signal
common mode voltages. increases.
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Fig. 6. Scheme of the implemented hardware tesbsta

As stated above, gain and phase errors due tdltérechuse Only two channels are exploited in this setup. Tifst
a sinusoidal component, affecting the amplifierpotit that one acquires the bandpass filter output; the sanplat
determines the increase of ADC range and, conséguan have been quantized according to the ADC resoludic)
lack of resolution. In order to minimize the sinigd  successively interpolated by means of a sinegiv@thm, in
component, these solution have been performed: such a way that the analytical formula of the refiee signal

« atunable attenuator between DAC and differentials obtained. The second channel, instead, hasquiracthe

amplifier, capable of granting that a signalvoltagev.mp at the output of the differential amplifier. The
gathered samples are, then, combined according to

- Typical Gain = 10, 100 expression (1) in order to gain an estimate of DAGput.

D ! IS T 5. EXPERIMENTAL RESULTS

80 4 Specified Gain = 10

701 Typical Gain = 1 In this section the preliminary results obtained in
\" experimental tests conducted through the measutemen

— station described in the previous section are ptede All

CMRR (dB)

60

50 + Typical Gain = 01

10 | tests have been executed by means of a sinusogtell,s
10 100 1000 10,000 100,000 whose amplitude has been set equal tg 8 V
Common Mode Frequency (Hz) In the generator memory it has been stored a codes

Fig. 7. CMRR evolution of ADA400A versus frequency.  sequence of 65536 samples representing the digitalon
amplitude as close as possible to the filter outputof one period of a sinusoidal waveform. In ordestimulate
in particular, a high precision potentiometer with all the DAC codes, in fact, the lengibac of the codes
linearity of 0.25% has been employed. sequence has to satisfy the inequality:

« the frequency of the DAC output signal has to be Npac = 772 =51472 (2)

tuned in such a way that its frequency does not \joreover, for reducing the number of acquisitioeded

undergo phase shift through the band-pass filter. the test signal frequency has been selected in ausiay

The potentiometer resistance and the signal fremuen that, in each period, all the DAC codes are tesBéuce the
are tuned according to a proper algorithm aiming abaC employs a Direct Digital Synthesis algorithmr fo

minimizing the root mean square of the amplifietpati  yarying with high resolution the frequency of thengrated

voltage. waveform, the stimulus of all the codes is assufdtl is
satisfied the relationship:
As the reference ADC has been used the Tektronix N f

digital scope, model TDS5034B, whose main charesties —DAC — <1 3)

are summarized as follows: fq
= 8 bits resolution ADC wheref is the signal frequency ariglis the generation rate.
= 4 vertical channels with voltage ranges tunabléAgilent 33220A exhibits a generation frequency 0Viz;

from 1mV/div up to 10V/div since Npac is equal to 65536, equation (3) provides the

= Acquisition memory depth of 2 MS maximum signal frequency, which is: 762.9 Hz.
=  Maximum sampling frequency up to 5GS/s Consequently, the test signal frequency has bhesen

equal to 100Hz.
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The full scale amplitude of the two input chanrafishe
DSO, referred to as CH1 and CH2, have been se0td 1

and 20 mV. The sampling frequency is 5MS/s and $00k

per channel have been recorded. Fig.8 shows thaalsig

0.0.

0.005

Vampl [V]

-0.005

-0.04, 0.005 0.01 0.015

0.02
Time [s]

Fig. 9.Vamp Signal after amplitude and frequency
correction.

acquired on CH2, accounting for the voltagg, provided
by the differential amplifier before the adjustmeat
amplitude with potentiometer and frequency and,sthu
affected by a severe sinusoidal component. On dh&rary,

in Fig.9 the same signal is plotted after the adioa of
amplitude and frequency. The cancellation of timeisbidal
component due to filter attenuation and phase aigphent
allows to switch the CH2 range from 20mV to 10mig
gaining an improvement by two in terms of resoluatio

The obtained signal is, obviously, still characed by
the noise introduced by the differential amplifi€he noise
introduced by the differential amplifier has beamited by
averaging the samples obtained from repeated atiqoss
Fig.10, as an example, shows the amplifier outjftetr ahe

15

1

0.5
|

-0.5

Averaged Vampl [mV]

-1

1% 0.005

0.01 0.015
Time [s]
Fig. 10. Averaged,np Signal.
averaging on 30 acquisitions.
The final step is the combination, according toagiqun

(1) of the signal obtained as the sum(dfthe sinusoidal

0.02

voltage acquired on CH1 and interpolated through a

standard three parameters sin-fit, gyl the noise signal
gained as in previous step; it can, practically,erbe
considered as the “true” voltage signal generatgdthe
DAC.

6. CONCLUDING REMARKS

In the paper a method for the dynamic charactioiza

of high resolution digital-to-analog converters hasen
proposed. It is based on the employment of a I@elution
ADC for the acquisition of the error signal obtainey the
difference between the voltage generated by the A€ a
reference signal. Choosing the test signal as assidal
waveform, the reference signal has been attainechdsns
of a narrow passband filter. A differential amgifi then,
expands the difference between the DAC output dmed t
reference signal.
The paper is mainly focused on the issues relatethe
hardware implementation of the measurement stalfidras
been performed, in fact, a complete survey of thecoved
non idealities of the employed devices, their imipat the
measurement accuracy and the solutions adoptexiar o
maintain the needed resolution.

The experimental results gained through the desdri
measurement station proves that the DAC outputbless
retrieved with a very high resolution. The errogril, in
fact, has been digitized by means of an ADC witiumber
of bits equal to 8, whose range has been set toV10m
achieving a resolution equal to 3@\2 The LSB used by
the DAC, which has the use of 14 bits and is gdimgya
signal whose amplitude is equal to 8Vpp, is eqoa&8.V.
The DAC output, hence has been gained with a résolu
twelve times lower than DAC LSB. The measurement
method, thus, is equivalent to a scheme where th€ D
voltage is acquired by means of an ADC with a ramigéV
and a number of bits equal to:

N :|Og L
e 2\ 392V

The presented measurement method allows gaining the
time evolution of the DAC output voltage. For obfap the
DAC characteristic it is necessary to know the Dédiles
associated to the acquired voltage samples. Ataiinis the
ongoing activity is focused on the identificatiohaoproper
timing association procedure able to correlate En&C
voltages to the codes at DAC input.
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