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CISLICOVA KONCEPCIA SIGMA- DELTA C/A PREVODNIKA

IMPLEMENTOVANA DO FPGA

THE DIGITAL CONCEPTION OF THE SIGMA - DELTA CONVERTER

IMPLEMENTED INTO FPGA

C/A prevodniky sii technické zariadenia, ktoré umoziujii vzd-
Jjomnu komunikdciu medzi diskrétnymi a spojitymi systémami. Ich
zdkladnd funkcia je vystizne obsiahnutd vo vyroku ,C/A prevodniky
tvoria most medzi Cislicovym a analogovym svetom .

C/A prevodniky transformujii diskrétny signdl, postupnost bindr-
nych cisiel na analégovy ekvivalent. Len velmi tazko si dnes vieme
predstavit realizdciu Cislicovych riadiacich systémov a niektoré apli-
kdcie cislicového spracovania signdlov bez ich vyuZitia.

Autori prispevku predkladaju cislicovii koncepciu sigma- delta
C/A prevodnika, ktory je kompletne implementovany do programova-
telného logického obvodu typu FPGA XC 4005E. Predkladand kon-
cepcia sigma-delta C/A prevodnika vyzaduje minimdine pridavné
obvody, dolnopriepustny filter, pozostdvajiici iba z jedného rezistora
a kapacitora.

Kliicové slovi: SD C/A prevodnik, FPGA, dolnopriepustny filter,
tvarovaci obvod 0-tého rddu.

Uvod

Proces C/A prevodu je mozné opisat vztahom medzi postup-
nosfou vstupnych vzoriek diskrétneho signalu x(n) a zodpoveda-
jucim spojitym signalom x(z). Ak predpokladame, Ze poZadovany
spojity signal je frekvencéne ohraniceny frekvenciou f,,,,, potom je
ho mozZné ziskat z postupnosti vzoriek x(nT) na zaklade znamej
Shannonovej interpolacnej formuly:
sin Tl (t — nTy)
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pricom interpolacna funkcia g(¢) je v tvare:
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kde f,,.c = fs/2 = 1/2T
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D/A converters are technical means which allow mutual commu-
nication between discrete and analog systems. Then base function is
accurately comprehended in the statement “D/A converters create
bridge between digital and analog world".

D/A converter transforms the discrete signal, progression of the
binary numbers to the analog equivalent.

Nowadays it is difficult to imagine realization of the digital control
systems and some applications of the digital signal processing without
using them.

The authors of the article describe the digital conception of the
Sigma - Delta D/A converter which is completely implemented into a pro-
grammable logical device FPGA, XC 4005E. The described conception of
the Sigma -Delta D/A converter requires minimum of the external com-
ponents, only one resistor and one capacitor as a lowpass filter.

Keywords: SD D/A Converter, FPGA, Lowpass Filter, Zero Order
Hold Circuit-S/H.

Introduction

The Process of D/A conversion can be described by the
relation between the progression input samples x(n) and
corresponding analog signal x(z). If we suppose that the required
analog signal is limited by the frequency f,,,., then we take it from
the progression of the samples x(n7g) on the base of the well
known the Shannon interpolation formula:
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T
in| — (¢ — nT.
sin T( nTy)
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e ?S (t — nTy)
xX(0)= > x(nTg) g(t — nTy), (2)
whereby interpolation function g(¢) is in the form:
sin Tl t
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Ty

where f,,,. = fs/2 = 1/2T
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Proces idealneho C/A prevo-
du je mozné chapaf ako proces
filtracie, pri ktorom sa snaZime
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Process of an ideal conver-

GCF)

Ts

sion can be understood as

Fs=1,T R .
o a process of the filtering in which

potlacit vsetky frekvencné zlozky
diskrétneho signalu leziace mimo
frekvencného rozsahu —f,, .. azZ

we try to supress all frequency
components out of the frequency
range — fq. 10 fax-

Jfnax- Interpolaéna funkcia g(¢)
potom prestavuje impulznu odoz-
vu dolnopriepustného filtra s frek-
venénou charakteristikou uvede-
nou na obr. 1.

-Fs,2

Poznamenajme, Ze v uvede-

. . o
nom pripade sa stretavame s ne- | o L

kauzalnym IIR filtrom, ktorého
priama realizacia nie je mozna.
V praktickych aplikacidach sa
preto pri realizacii C/A prevodni-
kov stretavame s jednoduchsimi
pristupmi. NajcastejSie sa pouzi-
vajii C/A prevodniky s tvarovacom 0-tého radu. Vystup tvarova-
cieho obvodu (S/H) je dalej upraveny dolnopriepustnym filtrom.
Struktira C/A prevodnika je uvedena na obr. 2.

V uvedenom pripade je mozné impulzni odozvu tvarovacieho
obvodu vyjadrit nasledovne:

1 0=:<T

D=0 inak )

Frekvenéni odozvu tvarovacieho Clena je mozné uréit
z impulznej odozvy aplikovanim Fourierovej transformacie:

sinFTg oIS

G(F) = Lx, (e 7™ dr = Ty e

(5)
Amplitudova frekvenéna charakteristika je znazornena na
obr. 3

Z obrazka je zrejmé, Ze roz-
diel medzi frekvencnou charakte-
ristikou idealneho C/A prevodni-
ka-obr. 1aC/A prevodnika reali-
zovaného na baze tvarovacieho
obvodu O-tého radu je pomerne
znacny. Pritomnost vysSich nezia-

Obr. 1 Frekvencnd charakteristika idedlneho dolnopriepustného filtra
Fig. 1 Frequency characteristic of the ideal low pass filter

v(t)

Obr. 2 Struktiira C/A prevodnika
Fig.2 Structure of the D/A converter

Interpolation function g(t)
then represents the impulse
response of the lowpass filter with
frequency characteristic depicted
in Fig. 1.

Fs,2 F

In this case we use a non
causal IIR filter whose direct rea-
lization is impossible. In the
design and realization of the
D/A converters we have more
simple approaches to the practi-
cal application. D/A converters
with a zero order hold circuit
(S/H) are frequently used. Output of the S/H is further formed by
the lowpass filter. The structure of the D/A converter is depicted
in Fig.2.

\\\\\‘

x(t)

It is possible to express the impulse response of the S/H by
the following:

1 when0=t<T

g0 = 0  other )

It is possible to determine the frequency response of the
S/H from the impulse response by the application of Fourier
transformation:

sinmlFTg oIS

wFT ©)

GF) = | g™ di = T
The amplitude frequency characteristic is depicted in Fig. 3.

The difference between the
frequency characteristic of an
ideal D/A converter (Fig. 1) and
a D/A converter realized on the
base of the S/H is quite signifi-
cant.

The presence of the higher

IG(FOI
Is

ducich frekvenénych zloziek v spo-
jitom signale je dana zvlnenim
frekvencnej charakteristiky v ne-
priepustnom pasme (F > 1/2T).
Tieto neZiaduce frekvenéné zloz-
ky je mozné potlaif pomocou analogového dolnopriepustného
filtra.

Pri navrhu a realizacii C/A prevodnikov na baze tvarovacich
Clenov sa vyuZivaju i tvarovace vyssich radov, ktoré vSak neprina-
$ajli podstatné zlepsenie vlastnosti C/A prevodnikov. Jednym zo
zaujimavych pristupov k realizacii C/A prevodnikov je prevodnik,
ktory vyuZiva princip sigma-delta modulacie.

0

Obr. 3 Amplitidovd frekvencnd charakteristika tvarovaca 0-tého rdadu
Fig. 3 Amplitude frequency characteristic of the S/H.

frequency components contained
in the analog signal is given by the
ripple of the frequency characte-
ristic above the frequency F>
1/2T (stop band). These undesir-
able higher frequency components can be eliminated by an analog
lowpass filter.

In the design and realization of the D/A converters on the
base of the S/H , higher order hold circuits are used, but without
a remarkable improvement of the qualities of the D/A converters.

One interesting approach to the design and realization of the
D/A converters is a converter which uses the principle of the
sigma - delta modulation.

1,Ts 2,/Ts F
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C/A prevodnik na principe Sigma-Delta Modulatora

Sigma-delta modulator transformuje postupnost vzoriek
{y(m)} na dvojhodnotovy signal z(¢). Dvojhodnotovy signal z(¢) je
privedeny na analogovy dolnopriepustny filter, ktory potlaca vplyv
neziaducich frekvencnych zloziek. Princip ¢innosti je znazorneny
na obr. 4.

SD C/A prevodnik obsahuje: x(n), Fx
- blok interpolacie I
- Cislicovy dolnopriepustny filter ‘

LPF1

D/A Converter on the base of the S-D modulatro

Sigma - delta modulator transforms progression of the samples
{y(m)} into bi-level signal z(¢). The bi-level signal z(¢) goes through
an analog lowpass filter which eliminates the influence of
undesirable frequency components. The principle of the function
is depicted in Fig. 4.

Fy SD D/A converter contains:

- block of interpolation I

- digital lowpass filter LPF1

- sigma-delta modulator SDM

- sigma-delta modulator SDM
- analogovy dolnopriepustny fil-
ter LPF2.

Blok interpolacie realizuje I-
nasobné zvySenie vzorkovacej
frekvencie. Transformuje vstupnu
postupnost {x(n)} na postupnost
{v(m)} tak, Ze medzi dve po sebe
iduce vzorky x(n) a x(n+1)
doplni /—1 nulovych hodnét
podla vztahu:

Fy = L.Fx; I =6

ylmd, Fy z(t)
SOM

x(n/l)y m=0,=*[ *2I ...

vm) = 0 inak (6)

Postupnost {v(m)} vstupuje do Cislicového dolnopriepustného
filtra LPF1, ktory potlaci frekvenéné zlozky nad frekvenciou /1.
Vystup z dolnopriepustného filtra, postupnost {y(m)}, je spraco-
vana v sigma-delta modulatore na dvojhodnotovy casovo spojity
signal z(z). Signal z(¢) je upraveny prostrednictvom analogového
dolnopriepustného filtra LPF2 na spojity ekvivalent diskrétneho
signalu x(n). Poznamenajme, Ze Cislicovy dolnopriepustny filter
pracuje so vzorkovacou frekvenciou I-nasobne vysSou nez je vzor-
kovacia frekvencia vstupného diskrétneho signalu x(n). Z dévodov
technickej realizovatelnosti sa preto snazime o ¢o najjednoduch-
Siu implementaciu uvedeného filtra. V nasledujucej Casti je uve-
dené riesenie C/A SD prevodnika, v ktorom interpolaény filter je
realizovany ako tvarovac 0-tého radu.

Architektira ¢islicového sigma-delta C/A prevodnika

Prezentovany SD C/A prevodnik je navrhnuty ako &islicovy
systém implementovany do reprogramovatelného obvodu FPGA
XC 4005E. Blokova schéma je uvedena na obr. 5.

Vstupné a vystupné signaly:
DAC gyt - vystupny signal, sled impulzov, ktory je spracovavany
dolnopriepustnym filtrom

DAC,N - vstupna bindrna zbernica.

CLK - vstupny taktovaci signal. Jeho nabeZnou hranou je
riadeny pracovny cyklus prevodnika

Reset - inicializaCny signal

Obr. 4 Struktiira C/A SD prevodnika
Fig. 4 Structure of the SD D/A converter

- analog lowpass filter LPF2

Block of the interpolation
realizes I-times raising of the sam-
pling frequency. It transforms
input progression {x(#)} to output
progression {v(m)} by loading
I—1 zeroes between two success-
ive samples x(n) a x(n+1) accord-
ing to the formula:

x(n/l) m=0,=*l *£2], ...

vm) = 0 other

(6)

Progression {v(m)} inputs into digital lowpass filter LPF1
which eliminates frequency components above the frequency /1.
The output signal of the lowpass filter, progression {y(m)}, is
modulated by the sigma-delta modulator to the bi-level time con-
tinuous signal z(¢). The signal z(¢) is being modified by the analog
lowpass filter LPF2 to the form of the continuous equivalent of
the discrete signal x(n). We notice that a digital lowpass filter
works with I-times higher the sampling frequency than is sampling
frequency of the discrete input signal x(n). We endeavour to find
the most simple implementation of the filter because of having in
mind the technical realization.

The solving of the SD D/A converter is described in the fol-
lowing part of the article. The SD D/A converter is designed and
implemented as a pure digital system with a zero order hold
circuit.

Architecture of the digital sigma - delta D/A converter

The herein presented SD D/A converter is designed as
a digital system implemented in a reprogrammable logic device,
Field Programmable Gate Array (FPGA) XC 4005E. The block
scheme of the implemented system with interface signals is depict-
ed in Fig. 5.

where:
DAC 7 -output signal, pulse string, that drives the external
lowpass filter

DAC,y - digital input bus
CLK - system input clocks
Reset - initializes system
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Cislicova koncepcia SD C/A
prevodnika podstatne eliminuje

FPGA

The digital conception of the
SD A/D converter significantly

teplotné vplyvy na jeho funkciu.  oac,ro s-DAC
Blokova §truktura SD C/A

prevodnika je uvedena na obr. 6. "'

MODULE

eliminates the influence of tempe-
rature on its function. The struc-
ture of the SD A/D converter is
depicted in Fig. 6.

Jadro SD C/A prevodnika
vytvaraji sumator Sigma Adder
a register Sigma Latch, ktoré
v uvedenom funkénom spojeni predstavuju systém priame;j Cisli-
covej frekvencnej syntézy DDFS (Direct Digital Frequency
Synthesis). Jej vSeobecna blokova schéma je uvedena na obr. 7

DELTA ADDER

SIGMA ADDER

SIGMA LATCH

10 K80l K]
o a D a
1

DELTAB

— InT CLR

1
{K[3]K9].0,000.000.0}

Obr:. 6 Blokovd struktiira SD C/A prevodnika
Fig. 6 Structure of te Sigma- Delta D/A converter

Ako je zrejmé z obr. 7, systém priame;j Cislicovej frekvencénej
syntézy je realizovany akumulatorom.

Frekvencia vystupného signalu (bitu MSB registra) systému
priamej Cislicovej syntézy je urCovana binarnou hodnotou kon-
stanty N, ktora je privedena na jeden zo vstupov sumatora
podla nasledovného vztahu (7):

N
Four = Forx ? @)

kde &  je pocet bitov spatnovezbovej zbernice
N jeriadiaca binarna konStanta na vstupe sumatora
F¢; x je frekvencia taktovacich hodin systému

Ako je zo vztahu (7), zrejmé frekvenciu vystupného signalu je
mozné menit s krokom 2%,

Frekvencné obmedzenie vystupného signalu je urcené vzta-
hom (8):

F,
CLK (8)

Four<
our 2

Funkéné parametre ¢islicového SD C/A prevodnika

Opisovany SD C/A prevodnik je komplexne navrhnuty ako
Cislicovy systém a implementovany do reprogramovatelného
obvodu typu FPGA bez pouZitia pridavnych externych diskrét-
nych suciastok. Tym je zabezpeCena znacna tepelna stabilita SD
C/A prevodnika a odpadaju problémy s presnostou diskrétnych
suciastok a stalosfou ich parametrov.

Obr. 5 Blokovd schéma SD C/A prevodnika
Fig. 5 Block scheme of the SD D/A converter

The core of the SD D/A con-
verter consists of the Sigma Adder
and Sigma Latch register, which,
in the described function connection works as a Direct Digital
Frequency Synthesis (DDFS). Its common block diagram is depict-
ed in Fig. 7.

Four

K 1
ADD D Q 7

MSBIK-1]

1

Fo +

Obr. 7 Blokovd schéma priamej Cislicovej frekvencnej syntézy
Fig. 7 The block diagram of the DDFS

As we can see in Fig. 7 the system DDEFS is, in fact, an
accumulator. The frequency of the output signal (bit MSB of the
Sigma Latch register) of the system DDEFS is controlled by the
value of the binary constant N placed on one of the inputs of the
summator. The frequency FOUT is given by the following
equation:

N
Four= Ferx ? @)

where & is a number of bits of the feedback bus
N s a control binary constant in the input of the
summator
Fq; ¢ is frequency of the systems clock

The frequency of the output signal can be changed with
a resolution step 2%

There is a limitation of the frequency of the output signal
according to the following equation (8):

Fog
8
) (3)

FOUT<

Functional parameters of the digital SD D/A converter

The described SD D/A converter is completely designed as
a digital system and is implemented in FPGA XC 4005E. The
advantages of using FPGA are: no dependence on temperature,
voltage or aging and accuracy of the external analog components.

~
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Wstupné napdtie SD C/A prevodnika
Pre implementovanu &islicovi struktiru SD C/A prevodnika
podla obr. 6 je mozné vystupné napdtie prevodnika vyjadrit ako
funkciu hodnoty vstupnej bindrnej vzorky prevodnika (DACy)
podla nasledujuceho vztahu
_ (DAC)

Vour = QMSBI +1 '

Vo V1 9
kde Vyyr je vystupné napitie za dolnopriepustnym filtrom,
analogovy ekvivalent binarnej hodnoty vstupnej
vzorky prevodnika

(DAC}y) binarna hodnota vstupnej vzorky prevodnika
MSBI  najvyssi vahovy bit vstupnej vzorky

Interval prevodu
Interval prevodu SD C/A prevodnika je v tomto pripade
uréeny vztahom

T,= OMSBI + 1, Terx (10)

kde T i perioda taktovacich hodin systému
V pripade 8-bitovej vstupnej vzorky a taktovacej frekvencie 50
MHz je v naSom pripade ¢as prevodu 5,12 us.

Uvedeny &islicovy SD C/A prevodnik ma univerzalne pouzi-
tie v oblastiach, v ktorych vyhovuje s hladiska rychlosti prevodu.
Mozu to byt napriklad nasledovné aplikacie:
programovatelny generator napatia
generator periodickych priebehov
generator zvuku
RGB generator

Zaver

Popisany Sigma Delta C/A prevodnik je jednym z prikladov
efektivneho vyuzitia programovatel'nych logickych obvodov typu
FPGA v oblastiach, ktoré boli donedavna doménou analégovych
obvodov. Hustota integracie a rychlost dnesnych FPGA obvodov
dovoluje implementaciu velmi rozsiahlych cislicovych Struktur
pracujucich frekvenciou az 350 MHz. NezanedbateInym aspek-
tom uvedenej koncepcie SD C/A prevodnika je minimalizacia
poctu stavebnych komponentov s pozitivnymi doésledkami na zvy-
Senie spolahlivosti systému.

Recenzenti: J. Mintal, M. Hrianka

Literatura - References

The output voltage of the SD D/A converter

For the implementation in Fig. 6, the output voltage V- as
a function of the SD D/A converter input may be expressed as
follows:

(DAC,y)
Vour = 2Msg1lf1 Voo [V] )]
where: V- is an output voltage on the lowpass filter output,

analog equivalent of the binary value of the input
sample

(DAC,y) contents of the input bus

MSBI the most significant bit of the input sample

The time of the conversion
The time of the conversion of the SD D/A converter is in this
case expressed as follows:

T, = QMSBI + 1, Terx (10)

Where T, is a period of the system clock.
In the case of an 8-bit input sample and CLK frequency
50 MHz is a time of the conversion 5.12 us.

The presented SD D/A converter has universal applications
in the areas where it satisfies the criteria of the conversion speed.
The following applications can be introduced:

e Programmable Voltage Generator
o Waveform Generator

e Sound Generator

o RGB Color Generator

Conclusion

Digital Sigma -Delta D/A converter is one of the examples
how the reprogrammable logic devices FPGAs can be effectively
used in applications, where analog circuits dominated until
recently. The density and speed of today’s FPGAs circuits make
them ideal for implementation of a wide range of very vast digital
systems working on the frequency up to 350MHz. The
unneglectible aspect of the introduced conception of the SD
D/A converter is a reduction of the system components with
direct consequences on the raising of the system reliability.

Reviewed by: J. Mintal, M. Hrianka
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