TI TLE OF | NVENTI ON D/ A CONVERTER AND DELTA- glmaﬁ;&

CONVERTER BACKGROUND OF THE | NVENTI ONPos 3
1. Field of the Invention 5 The present invention rel atestotp a
digital -to-anal,og.("D A") converter, usedtin signal processi ng and
possi bly with audi o reproduction technol ogy, for converting a digital

signal into an anal og si gnal TITLGE B¥ ANgenmIent er nmay additionally
relate to a sw tched-capacitor converter having | ow power

consunption, and may furgj; r A@ Gﬁf PK@ verter
usi ng the sane. 10 Rcm&e SCrip |§nL kf(%ﬁ W& Eﬁ]
In the manufacture of sem conductor integrated circuits, |t |s general ly
easier to produce capacitors than ot her CIrCUIt el enents such as
resistors, diodes, and the Em&bﬂm acitor D/ A converter is
frequently used to perform 42N QJC Swi t ched-
capacitor D/ A converter generates a desired anal og signal by controlling
t he sanpling an 1dd ngfer.of electric charge. The electric charge is
tenporarily pla ed M@M’-@y of capacitors using a digital
signal, wherein the values of those capacitors are generally set at a
predeterm ned cﬁgac itance.rati | S a circuit
t

di agram of a’conven H’ﬁfemslwef“b%éﬂmﬁ"ébﬁgﬂ%rm ﬁf‘ﬂggé’(&aﬁ'&m ignal

Swi t ched- capaci protessihg’and porsibiy twith atdim}eptda&uﬁnechﬁﬂégt foocvalbertingnl diditabsignilinto
Anplifier 10 is cou Ie.d

0 have a v a ol |l ower . functio uch that
an out put termni 32 W‘&F‘?’@?‘“’Fg’%@a gﬁggﬁ%oaswﬁch SHRPRHD &?@ﬁ
i nput term nal. c&hwmw&m@nsuﬂ@u&n,wrﬁHthesrsxaemﬁd&hk-yigﬁmn&ediv&ma
pl urallty 25 of c; ‘gmtors C to G. Each of a plurality of switches SW to

SW is coupled '8"0ppB8fte ends of correspondi ng capacitors ClL to G .
A plurality f switches SWGl to SWG are connected sel ectively to one
of two dissimlgr refere 1c€ o ol.t g Vr[err] and Vr-, and also to a clock
si gnal sugply plying two kinds of clocks [err]1 and

[err] 2.
In the manufacture of semiconductor integrated circuits, it is generally easier to produce
capacitors than other circuit elements such as resistors, diodes, and the like. A switched-
1S capacitor D/A converter is frequently used to perform D/A conversion, wherein the switched-
capacitor D/A converter generates a desired analog signal by controlling the sampling and
transfer of electric charge. The electric charge is temporarily placed on a plurality of capacitors
using a digital signal, wherein the valués of those capacitors are generally setat a préiietermined
capacitance ratio.
20
Fig. 1 is acircuit diagram of a conventional switched-capacitor D/A converter. The
switched-capacitor D/A converter includes an operational amplifier 10. Amplifier 10 is coupled
to have a voltage follower function such that an output terminal of the amplifier is connected to
an inverting input terminal. The non-inverting input terminal is operably coupled to a plurality
25 of capacitors Cl to Ci. Each of a plurality of switches SW1 to SWi is coupled to opposite ends
of corresponding capacitors Cl to Ci. A plurality of switches SWG1 to SWGi are connected
selectively to one of two dissimilar reference voltages Ve+ and Vr-, and also to a clock signal

supply section 20 for supplying two kinds of clocks ¢1 and $2.



2 As shown in Fig. 3, the two kinds of clocks [err]1
and [err]2 supplied fromthe clock supply section 20 each repeat at
high and | ow voltage | evels at a predeterm ned interval. \Wen one of

the clocks is at the high level, the otRer is at the low level, so that the
high levels of the two S clocks do not overl ap. The
swtches SW to SW respectively enter a closed state when the clock [err]1
is at the hi gh | evel and otherw se enter an open state. The cl osed
state occurs during a high level of clock [err]1. Furthernore, the
switches SW@ to SWG are connected to either of two reference voltage 10
sources Vr+ or Vr-, depending on a polarity (+1 or -1) of digital data S1
to Si. Thus, when the clock [err]2 is at a high level and the polarity
of the digital data Si is "+1", the switches SWGL to SWG are
respectively connected to the reference voltage source Vr+ (shown by

| abel i "S ").. .On the ot her hand Kk 2 i t
2 hi gh Tevel and ¢H1GhBNIAFEYyBEMo IESEl Gakad 946 Aonpolied g telock Spply, e
switches SW3 set:ﬁhnfz\o@acnaépem ﬂﬁ?&ﬁd 1owa)oua mae&tagﬁtd&&mm@mreafaerwmny@ﬁ tage
15 source Vr- (sho "Sib ]2"?. Hereipafter, the suffix b

represents a WB@P&‘?&I‘S““‘M“S“feﬁ?}éh“s‘}“@ﬁ‘“‘ e low love s"‘ha“heh‘ﬂhéﬁ"ﬁlf)@‘%Wn of the

circuit sh@wnioksb ot oberld ﬁpends on the status of the clocking signals
[err]1 and [err] 2. Wen the clock [err]l is at a high level, the switches
SW to SW enter a closed state, and opposite (or bot h) term nal s of

al | the capaci t or sryelswit@eddw %%Vﬁ?&gﬁ% ﬁpen{ep%ﬂésg&'ﬁﬂewﬂm%clockﬂ is hfie Cl ock

[err]2 is at a high |evel subsequen ore) [err]1 being_ hi t he
swi t ches SW high el and otherwisgignter angpengiatey Theslosed siate opqves dyringa highylevel Cko t he

operation of "ghep Mﬁrﬁt&eﬁe %&%@J@%WC@QQ connected t@%@ﬂ%@%eﬂﬂn%lt&&' arl ty

(+1 or -1) of the digital data Sl to Si, hand term nal s of
capaci t or s10C| seuscesiVringrd/ry dappnslingen apdamm@lr%f’épm@lwsﬂa‘g@ Jhus t‘!bﬂ’dl‘e e| t her

Vr+ or Vr-. 23eek $2 is at a high level 23 the SRy th¢ &1?&[ &'ta%l fs'“bp’t ihQQwi%eseéWGi fol C
char ges occur anong the capamtorg sin sum of the

charges at a SN aprespentively Gpapestes (pcthe qef?{}ﬂ?mmge quremvnaﬂshmtlﬁbemo Bit he
$2"). On the other hand, when the clock $2 is at a high level and the polarity of the digital data

Si is “~1", the switches SWG1 to SWGi are respectively connected to the reference voltage
15 source Vr- (shown by labeling “Sib - $2”). Hereinafter, the suffix b represents a logical '

inversion,

The operation of the circuit shown in Fig. 1 depends on the status of the clocking signals
¢1 and $2. When the clock ¢l is at a high level, the switches SW1 to SWi enter a closed state,
20 and opposite (or both) terminals of all the capacitors C1 to Ci are connected to ground. When
the clock ¢2 is at a high level subsequent to (or before) $1 being high, the switches SW1 to SWi
enter an open state. At the same time, due to the operation of the switches SWG1 to SWGi, and
depending on the polarity (+1 or -1) of the digital data S1 to Si, the left-hand terminals of the
capacitors C1 to Ci are connected to the reference voltage source of either Vr+ or Vr-.
25
As a result, the distribution of electric charges occur among the capacitors, and since the

total sum of the charges at a node Va (at a non-inverting input terminal position of the



3 operational anplifier 10) becones zero according to the | aw

of charge conservation, the follow ng equation (1) is given:

(va - S vr) G +(va- Si-Il -WVvr) G-I +...+(va- Sl Ww) d =0

(1) where Vr is the absolute valud of Vr[err] or the absolute val ue
of \r-, and G is the capacitance of a correspondi ng capacitor.

I n-equation (1), if the capacitance values of the capacitors d to G are
in the binary ratio 10 (i.e., G =2 G-I, ...,C2 =2 - d), then the

foll owing equation (2) wll result: (Va-Si Vr) G- 2[err] + (Va
-Si-I vr) .G 2[err] +. ..+(Va-SI Vr) Ci1=0 2

Since the output (OUT) of- D/ A conversion becones equal to Va due to the
foll ower 15 operation of the operational anplifier 10, the voltage QUT is
given by the foll owi ng equation (3): QUT =\r (Si 2[err] +Si-1
2[err]+. ..+ Sl )opationdl)amplifier 10) becomes zero according to the law of charge conservationtR¢ 20

As expl ai ned a . i to equation (3), the sw tched-capacitor
circuit shown ?ﬁY&’“‘ﬁs&@f’g{‘P@g‘b’g"rform DY A conversion of i nunber of bits.

Typically, a parasitic capacitance Cp is present at node Va. Parasitic
capacitance is ;. .y Rerent Jd.n the manuf u d,operation of the

swi t chi ng node,(vaanﬁ‘ i\)éprs&ﬁgmab%}°lt&g gg?f"eﬂ'a&%ﬁéf'z 51'Cli‘n(?Fi g. 1. capHitance
Cp induces asterm"Va Cp" at the left side of equation (2), and a DA
hput capac i andeeoyeis by e B UE s Gpdi i e ok e 26 O o Gpeiprop s
exist. I'n the poiresporinigcsaciton in Fig. 1, the parasitic capaci tance Cp
adversely affects the operational accuracy of the D/A converter.

In equation (1), if the capacitance values of the capacitors C1 to Ci are in the binary ratio
10 (ie, Ci=2-Ci-l,..,C2 =2 - Cl), then the following equation (2) will result:

(Va-8i-Vr)-Ci- 2 +(Va-Si-1 - Vi) Ci+2"%+. . +(Va-81:Vr)-Cl=0 @

Since the output (OUT) _of D/A conversion becomes equal to Va due to the follower
15 operation of the operational amplifier 10, the voltage OUT is given by the following equation
@) |

OUT =Vr-(8i- 2" +8i-1-22+ _ +81)/ (2 -1) (3)

20 As explained above, according to equation (3), the switched-capacitor circuit shown in

Fig. 1 performs D/A conversion of i number of bits.

Typically, a parasitic capacitance Cp is present at node Va. Parasitic capacitance is
inherent in the manufacture and operation of the switching node, and is shown by the dotted line
25 inFig. 1. Capacitance Cp induces a term “Va - Cp” at the left side of equation (2), and a D/A,
conversion error will result. In practice, parasitic capacitance such as an input capacitance of
the operational amplifier 10 will certainly exist. In the prior art shown in Fig. 1, the parasitic

capacitance Cp adversely affects the operational accuracy of the D/A converter.



4 Ref erence docunents whi ch describe the sw tched
capacitor D/ A converter of this kind i ncl ude Van de Pl assche,

"I ntegrated Anal og-to-Digital and Digital-to-Anal og Converters",

Kl uwer Academi c Publishers, 1994, pp. 2#9; and, Tsividis, "A Segnented
u- 255 Law PCM 5 voi ce Encode Utilizing NMOS Technol ogy”, IEEE J, O

Solid-State Grcuits, Vol. SC 11, pp. 740 - 747, Dec. 1976.
In order to solve the problens arising in the circuit of Fig. 1, a
swi t ched- capacitor DA converter as shown in Fig. 2 may be used. The

swi t ched-capacitor D/A converter of Fig. 2 10 includes an operational
anplifier 11 having a capacitor Ctot and a switch SA2 connected

bet ween an output termnal and an inverting input term nal of the
anplifier. Aswitch SAl is connected between the capacitors O through
G and the inverting term nal of the operational anplifier 11. A

plurality of switch t hr ough Rl .are co ct ed 05|t end

correspondi ng cap Iﬂ%fmef“éw e&“ﬁ?’lﬁ&‘ﬁ‘f?‘??’“ﬂﬁé\ﬁ?@mg to SRG

are each connﬁfétuedv&ﬁie Ptaescmﬂnzeémtid/mwgusisxgnﬁi ah@mgnﬂm@w&gl coag@te&eur ces Vr+
tion 21 is _used f or supp i.ng ]E)vép%kl nds of

2Ingc?</;- [ ef\rfllo Sug‘f%? '2%“‘5”'1“"5’1994 pp- 225; andsiTsividis, [Ae$°|gT‘i“‘°§ Spdaw uppl i ed
fromthe clsoc k-oxsymbae wiiehg ANOSredRologt”, x@stwf SBK@SME hﬂ&ﬁs, Vol. SC-8ypp! i ed

fromthe clock Su'f)“ﬁcﬁ section 20 shown I n Fig. 1. Each of the swi t ches SRl
t hrough 20 Sd¥46-a subswi t ch (I abel ed [err]l) whi ch is connect ed
to a right-hand term nal of the correspondi ng one of capacitors d

through G . Subswitch [err]lenters a closed state when clock [err]l
is at a high | evellnoglstitoselyrthegrablemsarizing s thesiseyit oSfie: le wevgtclsmdicapastordih a) so

include a SUb%mJeﬁé}asshown inFi2D R Pk s fﬁ@lm\@mdcda%dcﬁor(w&%‘;&&ﬁomg 2

| eft-hand term nal of the correspondi ng one of e capacitors d to
G . Subswi ch ipcbydeyan operationdl amplifies d bhaving arcepaciioe Robang aRwit-B SAR soqnected 4 hi gh

llevel , and ot hhak odut tériiial A& aiRERing input terminal of the ampliffed €A $Witdn&ASs SRG |
to SRG are respectively connected to one of the reference volt

a
sources Vr+ arrgnngeted briwysemte ragaciters Ch deoygh Si %"E‘}h"(‘q"f’“ﬁg teomiyal Bﬁ‘hﬂ?P&F‘?‘a‘Pai dat a
Si. When the Ghiphifier[1€r A bibaliy of switches SR1 through SRi are connected to opposite ends of

corresponding capacitors Cl to Ci, and a plurality of switches SRG1 to SRGi are each connected
15  to one of two kinds of reference voltage sources Vr+and Vr-. A clock supply section 21 is used
for supplying two kinds of clocks ¢l and $2.

Clocks ¢l and $2 supplied from the clock supply section 21 do not differ from those
supplied from the clock supply section 20 shown in Fig. 1. Each of the switches SR1 through
20  SRiincludes a subswitch (labeled ¢1) which is connected to a right-hand terminal of the
corresponding one of capacitors C1 through Ci. Subswitch $lenters a closed state when clock ¢1
is at a high level, and otherwise remains open. Switches SR1 and SRi also include a subswitch
(labeled $2) which is connected to a left-hand terminal of the corresponding one of the capacitors
C1 to Ci. Subswitch ¢2 enters a closed state when clock §2 is at a high level, and otherwise

25 remains open.

The switches SRG1 to SRGi are respectively connected to one of the reference voltage

sources Vr+ and Vr- depending an the polarity (+1 or -1) of digital data Si. When the clock ¢l is



5 at a high level and the polarity of digital data Si is "+1",
a respective switch SRG is connected to the voltage source Vr+ (this
situation is indicated by labeling Si [err]1l). Conversely, when the

clock [err]l is at the high level and ti#®e polarity of digital data Si is
"-1", switch SRG is connected to the vol tage source Vr- (this
situation is indicated by labeling Sib [err]1). Switches SAl
and SA2 enter a closed state when the clocks [err]2 and [err]1,
respectively, are at a high level, and otherwi se enter an open state.
During operation of the circuit in Fig. 2, when the clock [err]l is at
the high level, swtch SA2 and the right-hand subswi tches of switches SR
to SRi enter, the closed state, and the right-hand termnals of all the
capacitors G to G are 10 connected to ground. Furthernore, due to the

operation of t&a hpnidveias hmSRErity 6f digibdata 8 “41ef 4 respective svhamsmﬁmnaated@s t he

capacitors Cl are c ctedtot eref ence..v e Vr+ or
VIr - depe n@‘? ﬁé}aﬁﬁsWﬁﬁgﬁgﬁ‘gﬂWm’(‘iT {Gpted by la lﬁ'ﬁ & ﬁ# (Ta Heéfe f’“tq\er ough
S1. An el ectri glodkd¥Risgetht higitle@t £ tHeQblarity of digitah 8404 Sids' *)1 "Ogwilch SRGHIP ehindcted 3o Cl

to G in accordance with the reference voltage souyrce. 15 Duri ng
closure of switheyol §A‘23°Pﬁé£’6|§‘f“ﬁﬁ‘f““'f@ﬁ?ﬁﬂ&?ted(b®?§f“‘§§bb ‘®Re inverting input
t erm nal s of the operational arrpl | fier 11 are short-circuited.

Shorting the input and out[)ut termna ses the electric_charge on

the feedback capaci$vichesSs ““95“‘%@8"6%@5‘%?@‘”%5@?CI°%%“‘1‘1I¢E‘?§P‘GEY8Y'”“
[err]2 traver sggigh®va, Jﬁﬁgmerjwﬂ‘@t{teraﬁgﬁn'sﬁétDﬂﬂ@%p&ﬁfo%ﬂﬁéﬁrc%mﬂ*?@ 20ARACI tors

C to G connect to r ound sane tinme, switch SA enters the

cl osed state ath¢clople lr!ﬂjﬁlehhhhdeltséwhW@d&em&ﬂ’a@d%bﬁ%m@““mheﬁﬁm

connect to theghiyek ieRidsed %@ @ihe R%ht-@mﬁrt&hﬁxﬁﬂ%k al AP Rafch@é ClbCiare
The inverting term nal of the operational amplifier IS inayvirtually

grounded 10 conspdidtp %“ndDﬁ@*F@% fuerie the ppeagation efthraitRhes BRE b 1o KPidhe lefre

oper ati onal  anghddivrinaflokthe@Baiofs' AGK Cl £E Edndected to the Fefeéﬁ&ﬁr%ﬁa%e &&r@ xm B Wr- .
| evel, the el ectrlc charge stored on capacitors C throug

transferred todspsndingan thegolagtythored Gf‘hgfﬁh flaga 3 thrpugh |Sbn"ql %IS‘iS‘F"c '%““ﬁh‘s fiqeed (or
fol | owi ng equatiagipiedlhn the capactt(ors)d( to €i3h adebrddncSiwtth the tfarehcevoltage stursd.  Cl ) =

aUT Cot
15 During closure of switch SA2 the output terminal (OUT) and the inverting input terminal
of the operational amplifier 11 are short-circuited. Shorting the input and output terminals
causes the electric charge on the feedback capacitor Ctot to becomes zero. Next, when the clock
$2 traverses to a high level, the Ieﬁ'-hand terminals of the capacitors C1 to Ci connect to ground.
At the same time, switch SA enters the closed state and the right-hand terminals of capacitors

20 C2 to Ci connect to the inverting terminal of operational amplifier 11.

The inverting terminal of the operational amplifier 11 is in a virtually grounded
condition. Due to the negative feedback operation of the operational amplifier 11, once clock $1
traverses to a high level, the electric charge stored on capacitors C1 through Ci are transferred to

25 the capacitor Ctot. This operation results in the following equation (4):

Vr- (8i- Ci+8i-1-Ci-1 +...+81-Cl) = OUT: Ctot 4)



6 In equation (4), if the capacitance val ues of
capacitors C to G are in a binary ratio, and alsoif Ctot = C
(2[.err] - 1), the followi ng equation (5) is introduced: Vr -(Si -G
- 2[err]+ Si-l G 2lerr]+ ... 6 Sl d) =aQur -G -(2[err] - 1)
.......... (5) Furthernore, fromequation (5), the follow ng
equation (6) results: QUT =W -(Si 2[err] + Si-1 2[err] +
........... + Sl) /(2[err]-1) .......... (6) 10 As descri bed
in equation (6), it will be seen that the sw tched-capacitor circuit shown
in Fig. 2 perfornms a D) A conversion function of i bits. However,
since the inverting input term nal is always in the virtually
grounded condition, the charge stored in the parasitic capacitor when
[err]1 is at the high level is equal to that stored in the parasitic
capaci tor when [ erlppquation (%) if thp cappritesiee Valyes lof capacitors CTtoeCi are éiy ablidary stiailad i S
there | s N0 Pasirchd & ceA@RAY, b iSwaR dRMudlsf il wbdbial LI ng [ nput - 15
Equation (5) is true, however, only Ih insiances of an ideal capacitance
rati o. However, it is difficult to manufacture capacitors having an

i deal val ue og.cC i . HO LSy W an | J - capagi tance ratio. a
Ve CRPaE 1551 EN 220 1 48Rl cyy =0 epss L gﬁ

result, the rel ve inaccuracy (e.g., m'smatch capaci tance’‘rati o)

will cause’a D/A conversion error. It is further known that in

sem conduct or ggi beb S tt‘-%fsﬁﬁ Il ¥ .paceur of the capacitance
oo re, from i Z .

ratio is inversely proportiona ?t'g @ﬁégga%uaag% %@ﬁ%f t he capacitance

val ue. The greater the capacitance value, therefore, the snmaller becones
the m smatch L8 (si- 2 + P €PN Siqn.error. In the
swi t ched- capaci tor E/(i' czonvsgrl f%r s%g\i\)r{l(?ﬁ Iy g. 2, the charges st oH@d in
capacitors 25 Cl through C are transferred to the capacitor Ctot through
the virtually grouRg&gﬁ' o ooampl i f 11, re specifically, the
0 . - .
charge on capacitors db%uglﬂ gugéﬁﬁlg)’ ‘f)‘é"u?brg ziﬁgflgﬁli‘%ﬂ“fcﬁéybmpma’?g‘{fﬂg f@ﬁ‘f‘l‘%l
entirely to CFig 2ptrfdoas eB&ronvegion fimctiion\wéi tiisnHoweven dince the davpdting input tekrhinsle mai NS
at ground. isalw,pgiiﬁ hastRsdalt kel amount, . of tine is needed.to
performthe t Fansrer gﬁl’?ﬁ%?rg &ﬁ&xﬁwn, In8 charge stored in Jle paragl‘f:ic capacr&or w%en (b{
is at the high level is equal to that stored in the parasitic capacitor when $2 is at the high level.
The overall result is there is no parasitic capacitance added to the inverting input.
15
Equation (5) is true, however, oniy in instances of an ideal capacitance ratio. However, it
is difficult to manufacture capacitors having an ideal value or capacitors with an ideal
capacitance ratio. As a result, the relative inaccuracy (e.g., mismatch of the capacitance ratio)
will cause a D/A conversion error. It is further known that in semiconductor circuits, the relative
20 inaccuracy of the capacitance ratio is inversely proportional to the square root of the capacitance
value. The greater the capacitance value, therefore, the smaller becomes the mismatch and the

D/A conversion error.

In the switched-capacitor D/A converter shown in Fig. 2, the charges stored in capacitors
25 CI through Ci are transferred to the capacitor Ctot through the virtually grounded input of
amplifier 11. More specifically, the charge on capacitors C1 to Ci must be transferred in
substantial entirely to Ctot while ensuring the inverting input of amplifier 11 remains at ground.

This assumes a substantial amount of time is needed to perform the transfer and, more



7 specifically, for anplifier 11 to supply the transferred
charge to Ctot. Accordingly, if the capaci tance of capacitor Ctot is
increased in order to reduce the DA conversion error, the amount of
charge to be supplied by the operational anplifier 11 will be increased.
Since the current and/or power consunption of the operational 11 is
determ ned by this electric charge to 5 be supplied, it is difficult to
realize a D/A converter (such as that shown in Fig. 2) having | ow

power consunption and sati sfactory accuracy. Ref er ence
docunents depicting the preceding arrangenents include, for exanple, U S
Pat ent Nos. 5, 162,801; 5,008,674; 4,616,212; and 4, 384,277, as well as
Gregorian et. al., 10 "Swi tched-Capacitor Circuit Design", Proc. |EEE,

Vol . 71, pp. 941-966, Aug. 1983. Turning to Fig. 4, a
conventi onal Ispasifistlivefor weplifierrhh td supply WetranafegedphargEloAtetobpgerdingly, if the

shown. The co ] I 1 L at Al el L il ter 400,
a digital del {}X - ’i‘ag{r;fcaoqupa“grr%?ﬁ ig%agéaz%ﬂ“gb %%%%écméﬁgﬁe%i?ﬁ lnrr‘:‘;ll'!t?'c Ai ng 420, a
current node Bimoundofichatge torbe sipplied i the aperational amplifter hleillda natossed. Yincqthei ng
"dither" ther : - Dt .2 : npl i ng
rate BS i s noruli s peegpomsmpton of i bpe oy 1 6k Ao o hif deckBfirkTH

(Di n), interpdeatrpbed, itis difficultitentalize s D&ocanieater Guctiiagythatzhove ig Figl 2) havizgloWwos rat e
(oversanpling r J: out 64 fs) is output absent the
occurrence of pgﬁ%%g?%%ﬂn%ﬂa@%%%ﬁuéﬁ?g bit data at the Fos rate is

subj ected to noi se-shaping by the digital delta-sigm . nodul at or 410

and is quantized igto dat.a havi ng. i gher ,.frequency, t he s NQ
rate, as el ReBief Rty flcBeThchitreding Sbeae OB SRR ST L
i nt er pol at i on Fatent Wdas. 51062,3008,008)674046:6 1162135 and#)384,277, as weltlasl Grégoriandel Gl.ar e

i deal |y manuf g red,~it.wdl .he only n [Yq i O r{ t quanti zed
si gnal o i %w%&c%eﬁ-%ﬁaac t%'é! "g‘i"%eé'lgn b%‘é‘e%?gis?dﬁlﬁ Cgﬂ\gaeérg’t o ﬁl‘g—%’V\ever, si nce

it nearly inpossible to maintain 25 the accuracy of. 18 bits due to _
m smat ch caused durl g PRSI GBI ) o oSk ilof B dyma B Wnverteris | S
generated due to a conVetsion error.

shown. The converter of Fig. 4 includes a digital interpolation filter 400, a digital delta-sigma

'modulator 410, a dynamic element matching 420, a current mode D/A converter 430, and an -
15 adder 440 capable of adding “dither” thereto. '

When 18 bit data, at an Fs rate (sampling rate FS is normally 44.1 kHz) is input as the
digital input signal (Din), inter;;oiation- is carried out so that a digital signal at an Fos rate
(ovemamplfng rate Fos is normally at about 64 £5) is output absent the occurrence of aliasing.

20  Next, the 18 bit data at the Fos.rate is subjected to noise-shaping by the digital delta-sigma
modulator 410 and is quantized into data having a higher frequency than the samplixig rate, as
well as a lower resolution (about 4 bits). If the digital interpolation filter 400 and the delta-sigma
modulator 410 are ideally manufactured, it will be only necessary to convert the quantized signal
into an analog signal by a 4-bit D/A converter. However, since it nearly impossible to maintain

25 the accuracy of 18 bits due to mismatch caused during manufacture of the analog elements, noise

is generated due to a D/A conversion error.



8 For this reason, it is necessary to performdigital
processing in order to shift the noise generated by the m smatch of
the analog elenents to an area outside the pass band of the original
digital input which is usually DCto 20 &Hz. This will inprove the

signal -to-noise ratio ("S/N rati o") within the passband. A processing
section which perforns such digital processing is 5 cal l ed dynam c

el enent matching ("DEM'). Data output fromthe DEMis converted into an
anal og signal by a 4-bit D/A converter provided at the |last stage. In the
exanpl e shown in Fig. 4, t he output data from DEM 420 is fed to the
current node D/ A converter 430. The structure of conventional DEM
units are well known. For sake of brevity and so as not to detract froma
better understanding of the present disclosure, explanation of DEM and the
princi pl es behi nd Fo this 1BiSts, ités naresrarydsprafionm digital processing in order t¢ shifbthelagiset o

achi eve | Ower goppiis by MESHH{Ed: QPihe Ghfoh @Bhediif| G dlafouR YR ki bkt 3PundBiSgidaP o

i mpl emented with a 4-bit D/ A convert using resistors and/or current
sources and ayigitaidnpuhwhich is ugnals DE 103 kHz. e wifl iroprove thasignhlgerneissratiof(“Nr cui t
el ements such I i : : Y-
converter 430 riﬂga"%ﬁtﬁi éﬁ%‘?gﬁgibéméswhr%rg%eé gaeg& %‘0&'{@%&2‘)@% y%$3%% g&é‘g‘é
capacitors s calledvipmastic elguenppatching ({DEMIR Bameutpt Som the DEM is converted into ®EM 420
controls the ¢ p%q nyerter. n t. th er ost age by
a peri o@#%:lagc})%‘}ar I q‘s eq@é&%@'&%@%‘dﬁa&hﬁ%{r}a&%ﬁlgg? efa%"é’?ecslh‘r?‘%:nu'ﬁtl: .4,

el enents is | ahgmtput deta fomn DBMI420 B G:d tethaituneht nxde DEnavented 4300 Eesstradtuge of

undesi rabl e tones j.n anal o i, gnal re..th riodi nt r.ol
sequence neansc,"mf%i’“@iéﬁ% I‘"é’% aan”eeﬁ . nggg‘g,ﬁf bﬁ%ﬁ@%ﬁ"&s 8?)‘%?/%%’%#‘”3?0 i s
provi ded w t h tetter understqnting of the presedt dischgynre ixplavaiorcdt DEMeand ol principlestrelsingd) f
current soyfc n g_gi stors. Each segnent Is used with

;
pr edet er m ned peri'so |§:°essse ‘uence in order to use all the segnents uniformy.

25 As descri bed above, although power consunption may- be reduced
In a conventional del. -;Igma D.A converter, th LN LA} ‘{
deteriorate as ar (Ians?ﬂl?‘ too%{“tgﬁé ohes: Th ot Banércmfegcmde%hé?ogduceh?r%é e%‘hes,
it is proposedimplemsuted with hribit D comerteusipgresigbrs adiéor datenizowteyaed avoidsanat or
410. operational amplifier. The mismatch of circuit elements such as resistors which construct the .
15 current mode D/A converter 430 is potentially as large as 10 times the mismatch of capacitors

which occupy about the same area.

DEM 420 controls the current mode D/A converter 430 connected at the later stage by a
periodic control sequence. When the mismatch of the circuit elements is large, the periodic
20 control sequence will generate undesirable tones in the analog signal. Here, the periodic control
sequence means, for example, when the current mode D/A converter 430 is provided with a
plurality of segments. which are combinations of current sources and or resistors. Each segment

is used with predetermined periodic sequence in order to use all the segments uniformly.

25 As described above, although power consumption may be reduced in a conventional
delta-sigma D/A converter, the S/N ratio will deteriorate as a result of the tones. Inorderto
reduce the tones, it is proposed to add dither to the output of the delta-sigma modulator 410.



Dither is a essentially quasi-random signal such as an maxi num peri od
sequence signal which is added via adder 440 so that the signal having
the periodicity is random zed. Since addition of dither is
equi val ent to addi ng noise, a problemarg@ses in that although 5 the tone
is elimnated, the SSNratio wll be deteriorated. Al so, addition of dither
w || increase t he manufacturing cost. Thus, a conventional delta-sigm
DY A converter enploying the current node D/ A converter may fail to
achi eve both | ow power consunption and high S/ N rati o.

Ref erence docunents related to the above-nentioned delta sigma DA

converters include: |10 Baird et. al., "Linearity Enhancenent of Miulti-Bit
Delta-Signma A/D and D/ A Converters Using Dat a Wi ght ed Averagi ng",

| EEE Trans. On Cir. and Sys., 11 Vol. 42, No.12, pp. 753-762. Dec.

1995; and, Hamasaki et. al., "A 3V, 22nmWMilti-Bit Current Mde Delta Sigm
DAC Wi t h Doy s appgssetislly qursimedom sigraipclygs an graxigym pgdadisgguanceisigeal hish is\/o| |
31., No. 12, PPadadPitBadiBUdo sdBs the signal havilg he plriodicity is randomized. AS S€t forth
above, and shown in Fig. 1, D/A conversion error becones |arge due to the

i nfluence of the parasitic capacitance. Even if the effect of parasitic

capaci tance can be since addifsh bFUilédsuifsien: B43lhg Adiseld flobiéh AR BRPURBIgH | ar ge
power or current consunption nmay result 2 The circuit shown in
Fig. 4 is ppoptssaneisslimisiated thethdN mbio vl hedetedianatedd Alsooasidition of dither will ingsgseer |
the addition o i i : I 1 e gld tO
the addition O@&&l{ﬁ@}%@g@gﬁﬁ;@%ﬁ&% gbgﬁ“‘?%ﬁ%gongér}gr%nﬁl%at ed, &Ié/ N
rati o suffers. modeD/A converter may fi{ t¢ aphiekehotiow ipbwercensnmptios ard-highi¥ ratiee cur r ent
node D/ A converter, which constitutes the 25 delta-signma D/A converter, is
generally sensitive to jitter of the control clock.

10 Reference documents related to the above-mentioned delta sigma D/A converters include:

10 Baird et. al., “Linearity Enhancement of Multi-Bit Delta-Sigma A/D and D/A Converters Using
Data Weighted Averaging”, [EEE Trans. On Cir. and Sys., 11 Vol. 42, No.12, pp. 753-762. Dec. .
1995; and, Hamasaki et. al., “A 3V, 22mW Multi-Bit Current Mode Delta Sigma DAC with
100dB Dynamic Range", IEEE Jr. of Solid-State Circuits, Vol. 31,, No.12, pp. 1888-1894, Dec.

1996. |

15

As set forth above, and shown in Fig. I, D/A conversion error becomes large due to the
influence of the parasitic capacitance. Even if the effect of parasitic capacitance can be

eliminated as taught in Fig. 2, unacceptably large power or current consumption may resuit.

20 The circuit shown in Fig. 4 is proposed to solve the above-mentioned problems.
However, the addition of dither increases manufacturing costs and is equivalent to the addition of

noise. Thus, even though tones are eliminated, S/N ratio suffers.

A further problem remains in that the current mode D/A converter, which constitutes the

25  delta-sigma D/A converter, is generally sensitive to jitter of the control clock.



SUMVARY OF THE | NVENTI ON The present invention is introduced
to solve many of the problens set forth in the prior art. A principa
obj.ective hereof is to provide a D/A converter which perfornms a DA
conversion 5 without being effected byl®he parasitic capacitance. The

I nproved D/ A converter also beneficially consunes | ess power or
cur-rent and achi eves a higher S/N ratio. In order to arrive
at the above-nentioned objectives, a first aspect of the invention

i nvolves a D) A converter which converts a given digital signal into an
anal og signal. The DA 10 converter includes a plurality of capacitors for
storing (depending on the digital signal) a charge corresponding to a
predeterm ned reference voltage during a first period. A switch section may

al so be included for connecting, during a second period, each of the
plurality of capacitors in pﬁ%@&ﬂﬂﬂmmt ween an input
termnal and an output term nal of an operati onal anplifier. 15
According to a secaond aspect qf th nvention, the D/ A converter includes a

first plurality ew%&&a&mw@mww 1@ sobyei hagy pHbsRIPRIsmigei Rt Meheprigs ¢ o

signal) a chargg, ﬁ%ﬁ&ﬂ&?&ih%e&@f isito provzde aWI&g&ﬁ&feWﬁ &ﬁﬁﬂa@ﬁ@or\@ifsfoﬁge
during a first period. Afirst switch section_may al so % I ncl uded

for connect |5ng,W‘@B‘Ft|bﬁ‘§3 affegled byt fhe presitio eppacitance. Be impravediVA copypiabse ty of
capacitors in %Qneﬁcﬁ@f&hiuﬂes&Qp@@&o@&ﬁ%ﬂ%d&ﬁfe%?ﬂtg@é%/ﬁ%ﬁ&t' ng i nput

term nal and a non-inverting output term nal of an operati onal

a{rpl ifier. A szagondﬂ&l urali tvi/gt;féjdcapatgitors mfy aI;ﬁiﬁbe I ncl uded fEr t
storing epe r ing to a
predet er m ned referenggg$gp%ageh bibe 3ﬁ&kgg@<%wg rs?g%g%?%5ﬁ§§ﬁ@ a second
SW tcg cht i% ontmml‘;;f;tbﬁﬁe@plﬁgr Wm@!}gni% :mlfesdwﬂdlgpdmkbﬁﬂ analog signab @R DX t he
second plurgli ARAE

non-inverting |érél|5ut er§5 ter%&rﬁa 5k“:gtgl&ar]ﬁ f|8n'¢§5‘;er g I|c))ut£‘til il a%Parﬁe
oper at i onal anpiorespending to a predetermined feferen%dmaﬂwggeﬁfsbpmm rl’dsva@pwtwwn he

| nvention and, i vR5RAaetid SheWik Uukili febdn bert tachiet 88 Hhurality of cAHAARASR

descri bed |m"red| ately above, capacitance values of pluralit
capacitors (i. éyarallplItngeanother between an input terminal and an output terminal of an operatxonal

amplifier.

15

According to a second aspect of the invention, the D/A converter includes a first plurality

of capacitors for storing (depending on the digital signal) a charge corresponding to a
predetermined reference voltage during a first period. A first switch section may also be
included for connecting, during a second period, each of the first plurality of capacitors in

20  parallel to one another between an inverting input terminal and a non-inverting output terminal of
an operational amplifier. A second plurality of capacitors may also be included for storing
(depending on the digital signal) a charge corresponding to a predetermined reference voltage
during the first period, and a second switch section for connecting, during the second period,
each of the second plurality of capacitors in parallel to one another between a non-inverting input

25  terminal and an inverting output terminal of the operational amplifier.

According to a third aspect of the invention and, in association with the first and second

aspects described immediately above, capacitance values of the plurality of capacitors (i.e., first



and/ or second plurality of capacitors) are respectively set, froma snall
value to a | arge val ue sequentially in a binary multiple manner.
According to a fourth aspect of the invention and, in association with the
first and second 5 aspects descri bed ddove, capacitance val ues of the

plurality of capacitors are respectively set to have t he sane val ue.
According to a fifth aspect of the invention, a capacitor is provided
bet ween an out put termnal and an input term nal of the operational

anplifier in order to inplenent a | ow pass 10 function.

According to a sixth aspect of the invention, a delta sigma D/ A converter
is provided for converting a digital signal sanpled at a predeterm ned
sanpling frequency into an anal og signal. The delta sigma DA
converter includes a digital interpolation filter for converting the
digital 15 siapdéer secondplusalityad eaperitaiskyirg taspedtivefy sit, figm agsmiallevglye toalarge yaluer  t han
the sanpling fLeRGYn PHnary multiplt RRMEPO! ating the digital si-gnal. A digital

del t a- si gma nodul at of then converts the second digital signal into a
third digital signal by noise shapi ng_'t he second digital signal. A DA
converter UL ERERED aRiih QJIPE@ gﬂh&h%&h&éaﬂﬂ,%é&&ﬁﬁ&%&ﬂﬂé N hnd RSkt e
third digital signal usinhg a plurality o capacitors, the nunber of

whi ch depenéls eppedtsdescri oVgi qgbacitancesy f the phuelity-nf sappaitorsgresespeativelysep

el ectric char gﬁ\avgg{ersgﬁmgg‘i ng to a predeterm ned reference voltage during a
first period. swtch section is used to connect each of the
plurality of capacitors in parallel to one another bet ween an i nput

term nal and an output .term | o opet.ati onal.. amli.fi.er in second
ooriod 25 ARidiralyf oW R ol oFle BRGHAL » SR QAT Bl etbl elhole €0
del t a- si gna D/ feroipaiaed 4ndnput Brmpnab of theegperational anfplifier gomdee totimplgmentdilayr pasd  si gnal

sanpl ed at B ph&%fok_erm ned sanpling frequency into an anal og si gnal .
The delta sigm converter includes a digital interpolation filter for

converting the digital signal into a second digital signal at a

]:ereq uency higher t hﬁ&onidﬂg tosaasm zlsﬂagt & trie Gilehtiol, a%élta sigma D/A converter is provided for

converting a digital signal sampled at a predetermined sampling frequency into an analog signal.
The delta sigma D/A converter includes a digital interpolation filter for converting the digital -

15 signal into a second digital signal at a frequency higher than the sampling frequency by
interpolating the digital signal. A digital delta-sigma modulator then converts the second digital
signal into a third digital signal by noise shaping the second digital signal. A D/A converter
thereafter performs digital-to-analog conversion upon the third digital signal using a plurality of
capacitors, the number of which depends on the third digital signal. The capacitors store an

20  electric charge corresponding to a predetermined reference voltage during a first period. A
switch section is used to connect each of the plurality of capacitors in parallel to one another
between an input terminal and an output terminal of an operational amplifier during a second

period.

25 According to a seventh aspect of the invention, a delta-sigma D/A converter is provided
for converting a digital signal sampled at a predetermined sampling frequency into an analog
signal. The delta sigma D/A converter includes a digital interpolation filter for converting the

digital signal into a second digital signal at a frequency higher than the sampling frequency by



interpolating the digital signal. A digital delta-signma nodul ator then
converts the second digital signal into a third digital signal by
noi.se shaping the second digital signal. A D/A converter t hereafter
performs digital-to-anal og conversion upgé the third digital signal using a
first plurality of capacitors which store an electric charge dependent
on-the third digital signal. The 5 first plurality of capacitors store an
el ectric charge corresponding to a predeterm ned reference vol t age
during a first period. Afirst switch section is used to connect each of
the first plurality of capacitors in parallel to one another between
an inverting input termnal and a non-inverting out put term nal of an
operational anplifier during a second period. The D/ A converter also

i ncludes a second plurality of capacitors which store an electric charge
dependent “on dinfefpalatify thédigiai fenklala cBg'x@nElta-stJﬂEmB@iw&dr Ehedltc@idrd the SécgRPdigitad Of

o G al i £y of _cAfpALPB R el e ok pitebanil heprget BB depb ARAPROTE
plurality of c r

pr edet er mi ned thereafter ﬁeiﬁmmdigﬁalxmhiaag eozﬁersifoﬂ g;;]dnhl& tﬁztdrdsgitalmghﬂafing fﬁﬁtecond
switch section,is,.us t 0 t each of the se ua

capacitors in Piurplity ngap‘lc °I5W@r&hﬁi Hsteciis chases fependerhon ‘ﬁvg'ﬂ ‘iPﬁ‘Ej‘ i .

t er mi nal s mxmm Wat:udﬁgstm&m&m‘b Chdigetatrespinding aQﬂﬂEt&hiuﬂB?dfer%?' ifier
during the sec

According to th t of
the invention gﬂﬁg&fj"ﬁnﬁg%@f‘%"ﬂr Srfirghsyitehysprtion %W ‘é\?ﬁ’g“e“t cach °f§’é%§ﬂi’lﬂ‘“§8§gct s,
a unit which pespmemn lskwnana Sne QUL Bdtwebh afs (hivEtEing ﬁpup{eemaqiﬂﬂ aWBA-HO&Eng e

del t a- tor and the D/ A converter. Accordi ng
to a ninth as p% “‘bﬁ"“{“ﬁé 2 Rperatione) amplifier dyring asecond periods ﬂ'hG\P{WYFé‘%ﬁl% h,
seventh, mamdesalsaiaﬁdw@aﬁﬁatcspacaoh@wmm hPdNeSic uﬁkgdagpememtdaa folr al i ty

Fenth asped?  ofel el Diefoioh A e 526 serorie:play i ok of vt gl Sgsbent
ei ghth, and ni Thdsetshi Plutatity oflcapSR6HD 6 ah S8R Ofhalzh ConeRPbhding b DpredetiReinbat Or has
? 39 ain larger t rilere:m:e voltage]aunng the first period. A second switch section is used to connect each of the

second plurality of capacitors in paralle! to one another between a non-inverting input terminal

and an inverting output terminal of the operational amplifier during the second period.

15
According to an eighth aspect of the invention and, in association with the sixth and
seventh aspects, a unit which performs dynamic element matching is provided between the delta-

sigma modulator and the D/A converter.

20 According to a ninth aspect of the invention and, in association with the sixth, seventh,

and eighth aspects, the capacitance values of the plurality of capacitors are set to the same value.

According to a tenth aspect of the invention and, in association with the sixth, seventh,
eighth, and ninth aspects, a feedback loop of the delta-sigma modulator has a gain larger than
25 1.0



BRI EF DESCRI PTI ON OF THE DRAW NGS O her objects and

advant ages of the invention will become apparent upon reading the

followi ng detail ed description and upon reference to the acconpanyi ng

drawi ngs in which: Fig. 118s a circuit diagramof a
conventional swtched capacitor D/ A converter; Fig. 2is a
citcuit diagram of another conventional sw tched- capacitor D/ A converter;
10 Fig. 3is atimng diagramof a clock supplied to the DA
converter; Fig. 4 is a block diagramof a conventi onal
delta-sigma D/ A converter; Fig. 5is acircuit diagramof a
D) A converter according to one enbodi nent of the present 15 invention;

Fig. 6 as a circuit diagramof a DA converter according to anot her

enbodi nent of the present invention; 20 Fig. 7 is a block
di agram of a delta-sigm D A GRIEEDESCRIFTIONGE THE HDRAWINGS | nt erpol ation
filter, a delta-sigma nodul ator, a DEM and a D/ A converter, according to
one enbodi nent of the present invention; and Fig. 8is
a bl ock di agram of Othetlghicecr arsi agmmgasdﬂﬂxahmmx&cwmmehoﬂg apparefuPoerehding thent  at
the 25 prese i nv ention

nodi fi ed and héﬁe ?éal’lﬁngg“?“ﬁf‘%’é"°“§e&éﬁ°‘f %"‘éﬁ’ﬁ&‘ﬁ?“ﬁ’@ﬁg’g"""gs mwﬁ%er eof are
shown by way of exanple in the drawings and will herein be described in
detail. It

Fig. 1 is a circuit diagram of a conventional switched capacitor D/A converter;

Fig. 2 is a circuit diagram of another conventional switched-capacitor D/A converter;
10 Fig. 3 is a timing diagram of a clock supplied to the D/A converter;

Fig. 4 is a block diagram of a copventional delta-sigma D/A converter;

Fig. 5 is a circuit diagram of a D/A converter according to one embodiment of the present

15 invention;

Fig. 6 as a circuit diagram of a D/A converter according to another embodiment of the
present invention;

20 Fig. 7 is a block diagram of a delta-sigma D/A converter, including a digital interpolation
filter, a delta-sigma modulator, a DEM and a D/A converter, according to one embodiment of the

present invention; and

Fig. 8 is a block diagram of a delta-sigma modulator according to one embodiment at the

25  present invention.

While the invention may be modified and have altemative forms, specific embodiments

thereof are shown by way of example in the drawings and will herein be described in detail. It



14 shoul d be understood, however, that the draw ngs and

detail ed description thereto are not intended to limt the invention to
the particular formdisclosed, but on the contrary, the intention isto
cover all nodifications, equivalents and4alternatives falling within the
spirit and scope of the present invention as defined by the appended
clainms. 5 15
DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS Enbodi ment s of

the present invention will be described with reference to the draw ngs.
Turning to Fig. 5, is circuit diagramof a DA converter is shown according
to one enbodinent 5 or the present invention. The D/ A
converter includes an operational anplifier 100 havi ng an out put term nal
and

should be understood, however, that the drawings and detailed description thereto are not

intended to Iimit the invention to the particular form disclosed, but on the contrary, the intention

is to cover all modifications, equivalents and alternatives falling within the spirit and scope of the

present invention as defined by the appended claims.



an inverting input termnal, connected by a capacitor Cfb. A non-inverting
| nput term nal of anplifier 100 is connected to ground. A switch SB is
connected between the plurality of 10 capacitors C to G and the
inverting input term nal of the operatiopgl anplifier 100. A plurality

of switches SU to SU are connected to respective right-hand term nals of
the-plurality of capacitors C to C. Another plurality of swtches
SUG to SUG are connected to sel ect one of two kinds of reference
vol tage sources Vr+ and Vr- for placenent upon |eft-hand term nals of
capacitors G to G . Yet another plurality of switches SYl to SYi are
respectively connected 15 between the left-hand termnals of capacitors
Cl to G and the output term nal of operational anplifier 100.

A cl ock supply section 200 is coupled to supply two kinds of clocks [err]1
and [err]2 to the D) A DETAILED PESCRIPTAON OFPREFOIRRED EMBUDIMENTY he
plurality of switches. Each of the two kinds of clocks [errJI 20 and
[err]2 supplied fromthe clock supply section 200 repeat at |ow and high

|l ogic levels at a predeterm ned interval-. Wen one clock is at the
high level, the ot B@podimestsief the prasentrinyentionwill badescrives with referemcnmthc mwmtgh

| evel s of the Kk Qvel SUI to
SUi enter a cllf)“\gée?%gcés,? %f§ ‘sd?mﬁ 1gr ff@f“r’ fqnverer i tsm}“f‘?éc‘i‘ﬁd&g % %‘\751“5” 25
ot herw se eﬂtakﬂﬁmm@aﬁmwaiﬁme. Switches SUG to SUG are connected to
either the reference

16 vol t age source Vr+ or Vr- depending on a polarity (+1 or
-1) of digital dat connect reference

vol tage source Vr +ﬁ’ %,9 'ﬁ%‘?ﬁ’éé‘i"f aE %%P’E’if‘m@ﬁe’f ngg‘% Rutpi teapipal and

an inverting input terminal, connected by a capacitor Cfb. A non-inverting input terminal of

amplifier 100 is connected to ground. A switch SB is connected between the plurality of

10 capacitors Cl to Ci and the inverting input terminal of the operational amplifier 100. A plurality
of switches SU1 to SUi are corinected to respective right-hand terminals of the plurality of
capacitors Cl to Ci. Another plurality of switches SUG! to SUG are connected to select one of
two kinds of reference voltage sources Vr+ and Vr- for placement upon left-hand terminals of |
capacitors C1 to Ci. Yet another plurality of switches SYI to SYi are respectively connected

15 between the left-hand terminals of capacitors C1 to Ci and the output terminal of operational
amplifier 100,

A clock supply section 200 is coupled to supply two kinds of clocks ¢1 and $2 to the D/A
converter and, more specifically to the plurality of switches. Each of the two kinds of clocks ¢1
20 and ¢2 supplied from the cIo_ck supply section 200 repeat at low and high logic levels ata
predetermined interval. When one clock is at the high level, the other clock is at the low level so

that the high levels of the two clocks do not overlap.

The switches SU1 to SUi enter a closed state when clock $1 is at the high level, and

25  otherwise enter an open state. Switches SUG1 to SUG are connected to either the reference



Is at the high level and the polarity of Si is "+1" (labeled Si [err]1).

Conversely, the swtches SUd to SUG@ connect reference voltage source
Vr-. to a respective capacitor d to G when [err]1 5 is at the high | evel
and the polarity of Si is "-I" (labeled ®b - [err]1l). Switch SB and

swi tches SYI to SYi enter a closed state when [err]2 is at a high

| evel, and ot herwi se enter an open state. Qperation of the
DA nodulator in Fig. 5 is controlled by the timng of [err]1 and [err]2.
When [err]1l is at a high level, switches SU to SU enter the closed

state and the right-hand termnals of 10 the capacitors O to G are
connected to ground. Depending on the polarity (+1 or -1) of digital
data S1 to Si, switches SUJ to SUG connect the left-hand term nals of the

capacitors C | to G to the reference vol tage source Vr+ or Vr-.
Capacitors togm respectjively store an electric char
correspondi ng Y ‘i"ff@“‘F‘eY’éPéﬁEé‘%f“ﬁ&@é%‘@?‘lé@tlmél)9@38*@6@9Sl!h eUil\ches 15

Wien [err] 2 iss@ Io%@ld“b&hecl x%féﬁhcev B angVFL{!o aréd %bi c%l%%rcg I{'oe%ﬁ; en g tate

at the sane tinme when swtc er

the closed st aiset thélkigtslewhartlai® pblwdty 6E§) &CH1'Ollbeled Si - §1). ConvielElp, Wk Iwitkhe§ O be
connected in ﬁ&gl | el to one another between an output term nal (output
vol tage OUT) aPdClRSUG samect rsrense yoltage souree Vi to & fespertive saratitar Chioddi whempbli f i er

capaci tor's O 24 B HBLEI Rcp g besi 1.6 badd o 15 95 88 0 Bn R

accor dance wi t fo SYient@raicheddpta whed ¢2&§&6M h@ev@lhﬁaﬁgﬁxcﬁ@s@iﬁér\é%ge%me vr
(S G + Si-I -1 +... +8 G) = CUI‘F

(7) According to equation (7), if the capaci tance vaI ues of
capacitors d to G na ratd.o,. .25 '
C2 =2 d", then th OPE'Eﬁ?"!&?m“‘%DPA Blufaros . Hig 5 if DupEby 2 iming 41354 §3. Whea

17 $1 is at a high level, switches SUI to SUi enter the closed state and the right-hand terminals of

10  the capacitors C! to Ci are connected to ground. Depending on the polarity (+1 or -1) of digital
data S1 to Si, switches SUG! to SUGi connect the left-hand terminals of the capacitors C1 to Ci
to the reference voltage source Vr+ or Vr-, Capacitors C1 to Ci respectively store an electric _

charge corresponding to the reference voltage selectively placed thereon.

15 When §2 is at the high level, switches SU1 to SUi enter the open state at the same time
when switch SB and the switches SY1 to SYi enter the closed state. This causes the capacitors
Cl through Ci to be connected in parallel to one another between an output terminal (output
voltage OUT) and the inverting input terminal of the operational amplifier 100. Then the
distribution of the electric charges occurs among capacitors C1 to Ci, and the following equation

20 (7)is given in accordance with the principles of electric charge conservation:

V- (Si- Ci+Si-l-Ci-l +...+8i- Ci) = OUT - (Ci + Ci-1 +... + Cl) Q)

According to equation (7), if the capacitance values of capacitors C1 to Ciare in 2 binary ratio,

25 thatisif“Ci=2-Ci-1,..,,C2=2-CI", then the following equation (8) results:



Vr (Si d -2[err]+Si-I C1L 2[err]+...+ Sl d)=0QUT d (2[err]- 1)

(8) The voltage OUT delivered at the output termnal is expressed by
the follow ng equation (9): 5 QUT =W - (Si - 2[err] + Si-lI 2[err]+
+ Sl)/(2[err]-1) (97 According to equation (9),

the switched-capacitor circuit showmn Fig. 5is ani bit binary DA
converter. |If the capacitance values of the capacitors C1 to G are equal
then, according to 10 equation (7). OUT becomes OQUT = Vr (Si + Si-1 + ...

+ S1) /i, torealize ani bit linear |evel D/ A converter.
Capacitor Cfb connected between the output termnal and the inverting input
term nal of the operational anplifier 100 holds the result of the

| ast D/ A conversion, while [err]1 is at the high 15 |evel. This hel ps

mai ntain a norrmal operation range for operational anplifier 100 throughout
t he various clock signals. Thus, Cfb hel ps prevent the operational
anplifier 100 from generating an out put of an unpredictabl e val ue,
so that the opargiicn-2f+5he Cparat esalcipaptirt cer2L0§ remai ns @8 wthin
its normal operation range. O additional benefit 1s capacitor Cfb

provi ding a | ow pass characteristic to the sw tched-capacitor

circuit, as wJl d ribed,later, The.smaller the 2 capacij.t apce val ue
of capacitor éﬁv&%ﬁﬁsﬁgr‘i éhvf Tegft%ﬁqufpugmg%ﬁpﬁ?s Str‘}Y/glf‘ 8?“8‘{{1“6%%“?8{% istic

in a high frequency region. Yet, presence of capacitor Cfb does not
affect the accuracy of the DA conver si on. Accor di ng
to this enmbodi @&Fhe Vit (8- 2°bF Selni2Hg-.atiSBn(hgds are offered. First, thé)
switched- 25 capacitor D/A converter is arranged such that the
capacitors for sanpling the voltage of the

18 According to equation (9), the switched-capacitor circuit shown Fig. S is an i bit binary D/A
converter. If the capacitance values of the capacitors C1 to Ci are equal then, according to
10 equation (7), OUT becomes OUT = Vr - (Si + Si-1 + ... + S1) fi, to realize an i bit linear level
D/A converter.

Capacitor Cfb connected between the output terminal and the inverting input terminal of

the operﬁtional amplifier 100 holds the result of the last D/A conversion, while $1 is at the high

15 level. This helps maintain a normal operation range for operational amplifier 100 throughout the
various clock signals. Thus, Cfb helps prevent the operational amplifier 100 from generating an
output of an unpredictable value, so that the operation of the operational amplifier 100 remains
within its normal operation range. Of additional benefit is capacitor Cfb providing a low-pass
characteristic to the switched-capacitor circuit, as will be described later. The smaller the

20 capacitance value of capacitor Cfb, the more flat will be the D/A conversion characteristic ina
high frequency region. Yet, presence of capacitor Cfb does not affect the accuracy of the D/A

conversion.

. According to this embodiment, the following advantages are offered. First, the switched-

25-  capacitor D/A converter is arranged such that the capacitors for sampling the voltage of the



ref erence voltage source and capacitors for formng a negative feedback

| oop between the input termnal and the output term nal of the
operational anplifier are commonly used. Thus, there is no need to
transfer the electric charge fromthe capgcitors ClL through G to the
capacitor Cfb as in the conventional technique shown in Fig. 2, so the

supply operation of the operational 5 anplifier is not required.
I nstead, the D/A converter output is generated by charge distribution
anong the capacitors passively without requiring any assistance fromthe

anplifier. Therefore, the present circuit and specifically the
operational anplifier consunes a | esser anobunt of current and/ or.
power. Whatever power is consumed is a mninmmanount sufficient to neet

t he specification of thermal noise of the operational amplifier. This

allows for a YA converter with |0 snmall current and/or power consunption
to be real i zedeference voltage source and capgacitpesfor forming 4 negatiMefesdhpck dosp berwespribsinput o
capaci tance val ues, of, .t Cif: . o] h ' chis
etuced and ¢ N RLe 1 PP RIS oPleton! amping] BECRERE el A6

i mprove the aGlyedny tritstel HSelbdtrl BAEYRInSIhe Eapktitods T ERAEH Qo iitRagadiRACK ANCE
val ues of the 15 capacitors. In this case, since the operational anmplifier

does not per f dnthetcoryentional technique oy én Fig. 2, so thesupplit gperfiaraftheoperdtiosd when t he
capaci tance val u Qf the .cgpacitors._are increased, it | ossik.hl.e . to
realize a DA 811 28t TR ﬁ‘?‘ﬁﬂe‘_ﬁ“’ OPYIFISURAS %enfrétﬁct%! ‘ﬁﬁ(g? éfg'“ e Pent

consunption. the capacitors passively Wthcut RERAGY zﬂg %Eistaﬁck%&ﬂﬁ%ht?ﬁﬁer.m%ré,s the

cause of the detogF| oration “of tf’{e S/Nratio ' ched- capaci t or

in the sw
circuit can bethe preseatnitenii dnh gpetificalig the apsratignal lreplifier cossumesaieserapouns of cultbrd

KT/ C noi se is generate the thermal noise of the switch, and since its
magni t ude is i%@@f%dWE%V“IﬁWBﬁBWFWQFSWBnWaﬁ‘ﬁﬂgé‘f‘.{i"’éﬂ%g"\‘/eﬁﬁ es of the
capaci tors, 1t NgeliAktlGl oftidfindt ARSI e bpefationt Smpiifer. This allowsForal D/RcodvekéwRa t he
KT/ C noi se. Thus, according to this enbodinent, it is possible to reduce

t he 1 T/ Snaticusent sidfon peyer consumption tode tehlizedur r ent consunpti on of the
operational anplifier. 25

As described in the foregoing, when the capacitance values of the capacitors are _
increased, the mismatch is reduced and the accuracy is improved. Thus, it becomes possible to
improve the accuracy of the D/A conversion by increasing the capacitance values of the

15 capacitors. In this case, since the operational amplifier does not perform the electric charge
supply operation even when the capacitance values of the capacitors are increased, it is possible

to realize a D/A converter with higher S/N ratio while reducing the current consumption.

In this embodiment, “kT/C noise” which is the cause of the deterioration of the S/N ratio
20  in the switched-capacitor circuit can be reduced without increasing the current consumption. The
KT/C noise is generated by the thermal noise of the switch, and since its magnitude is inversely
proportional to the capacitance values of the capacitors, the larger the capacitor values the
smaller becomes the kKT/C noise. Thus, according to this embodiment, it is possible to reduce the
kT/C noise without increasing the current consumption of the operational amplifier.

25



19 Furthernore, according to this enbodi ment, since
the inverting input termnal of the operational anplifier enters the
virtually grounded condition, the inverting input termnal is

mai nt ai ned al ways at a constant voltage,21%nd it is not affected by the
parasitic capacitance. 5 Referring to Fig. 6, a DA converter is
shown according to anot her enbodi nent. This enbodi nent is
characterized in that a fully differential type operational anplifier is
used. The circuit showmn in Fig. 5 illustrates a DA converter

enpl oying a so-called single ended (one side") type operational
anplifier. In practice, in order to realize a sem conductor integrated
circuit containing a digital circuit and an analog circuit mxed as in the
delta-sigma DDA 10 converter, it is necessary to renove what is referred
to as "common node jse'". In orden.to, . renpv.e conmmon node ise, a
circuit arr angerrentﬂgkmf‘?{% afcﬁf#'ifq%j{hfsfaé‘?%%ﬁnélsm?cy eem‘fegmﬁéngﬁté' Eﬂmml e
Further, i nst eggkrdlibnall el Tied ddfersthe Vivhially JrBGidéd cOndittn)1Ré InGeirtindSnpubwetiindl 38 Fi 9. 5,
in order to use the dynami c el enent matching, sonetinmes a linear

| evel type D/ Amaintrined alwayshatadongiantiyoltegpand it isimt affocted)bit the parasitia edpaditancei s used.
Accordingly, an exanple of realizing the linear |evel type DA

converter will be expl ai ned. The circuit of Fig. 6 is a
fully differential fef@ngtbFigl, h D/& BANEHels SHwR adcbdding & hnbtBt@Inbodih & aThis -

| evel type D/ A converter that 'includes an operational anplifier 110 having
a non-invert i ngmbodimpent is cR@actetizadrin thatla fglPldifleyentiat ¢ypaoperational dmphifferiswsed. Ther m nal
connected by a capacitaor Cfb (e.g.,_equal to 30 . c),, an vi ng an

i nverting out pGireUtshaTHA Fig  illystptes,f B/ Aconsrericmployipg w-ﬁa%tnsm%‘@m
connect ed by a L@Re bi¥ratbhd arh§liflr. In HAURL, i Rded realifd @ semithifinlbinEQRYE" t €T

al so includes fifteen capacitors Cl at the non-inverting out put

si de (| ef t - handirsiitdbentaining I digithl aivauit gid anfandidgedenitanipales indiesielta-sigma D/ACI at t he

inverting output side (right-hand side.in_the draw n swi,t ch SCl :
connect eq bl neamenepil ordtiar Hor e eried o i SR BB PRy AR i de
and the invertifgove@btHhod B6dnBiSY, a Bifcult Bangement of the fully differential type is needed.

Further, instead of using the binary type D/A converter as shown in Fig. S, in order to use
the dynamic element matching, sometimes a linear level type D/A converter having an equal
15 weight for each bit is used. Accordingly, an example of realizing the linear level type D/A

converter will be explained.

The circuit of Fig. 6 is a fully differential type circuit, shown with a fifteen level, linear
level type D/A converter that includes an operational amplifier 110 having a non-inverting output
20 terminal (OUT+) and an inverting input terminal connected by a capacitor Cfb (e.g., equal to 30 -
C1), and having an inverting output terminal (OUT-) and a non-inverting input terminal
connected by a capacitor Cfb {e.g., equal to 30 - C1). The D/A converter also includes fifteen
capacitors C! at the non-inverting output side (left-hand side in the drawing), fifteen capacitors
C1 at the inverting output side (right-hand side in the drawing), a switch SC1I connected between

25  the capacitors Cl at the non-inverting output side and the inverting input terminal of the



20 operational anplifier 110, a switch SC2 connected between
the capacitors O at the inverting out put side and the non-inverting

i nput termnal at the operational anplifier 110, switches SVI to SV15
respectively connected to right-hand ter2®nals of the capacitors O at the
non-inverting out put side, switches SXI to SX15 respectively connected
to-left-hand termnals of the capacitors 5 Cl at the inverting out put
side, switches SVGL to SVGlL5 connected to select one of two kinds of

ref erence vol tage sources Vr+ and Vr-, switches SZI to-SZ15 respectively
connect ed between | eft-hand termnals at the capacitors C at the
non-inverting output side and the non-inverting output termnal at the
operational anplifier 110, switches SXGL to SXGL5 connected to sel ect

one of two kinds of reference voltage sources Vr+ and Vr-, switches SD1 to
SD15 respectively to connected between right-hand term nals of the
capacitors C apecatidnel amplifiar il 10)gsvaleh POL connedied Betalech ke capacnorsi m\aetht: invertingIt put

term nal of the ope nal Jifier 110, and a cl ock supp section 210
Tl o SRS B tagP s oo e el b L 9T

The two Kinds $3J15‘}J: g%ﬁ&é‘{&ﬁﬁi%dt@’ﬁgt&[h J:l&ﬁ#%?&{e@a bR ® LR x?on91?eve pply

section 210, as sho respectively repeat a and a

high | evel at cutgnesidboiveichss ISKdtOISXlG ke¢pektiveBtdnnsktedto left-hand teriiRlsQIf i léagaGitond  t he
hi gh | evel, the other is at the low |l evel so that the h|?h | evel s of the

two clocks 5  Clatths inysging,output sigle, switches SVGI to SVG1S CW‘E‘QSH@ %\Rﬂe%‘“@‘kﬂﬂs afhd

switches SX1 t hi gh
| evel , and ot h‘gtr.ev% gloe%% ?ng%ﬁ%%gﬁggt at he%é\fﬁ?]%#l‘é % %f ﬁpgxfeg ggﬂi’é"*f’abel

[err]l. left-hand termmaﬂam&lﬁﬁacﬁlﬁl dt Che AV nVeripgup RN MR GhEe AdR-ifvekth@r t he
ref erence voltage source Vr+ or Vr- depending on a polarity (+1 or

-1) of digital ouippt tgripal (“i‘hﬂpifa‘!%alrsl)ﬂlﬁev\h&lsvf@hqs]sxmSPﬁﬁﬁlﬁhmtgho select |
and the pol ari %ﬁeé o?IwquuQ& Lﬁl-.ferg&% gollafe sotTr%es’VrLan Vo swi(f\crl-{es%D%\/Gg'DltS respec xve?y are

connected to t
10 connected between right-hand terminals of the capacitors C1 at the inverting output side and the

inverting output terminal of the operational amplifier 110, and a clock supply section 210 for
supplying two kinds of clocks $1 and §2.

The two kinds of clocks ¢1 and $2 supplied from the clock supply section 210, as shown
15 inFig. 3, respectively repeat a low level and a high level at a predetermined interval, and when
one clock is at the high level, the other is at the low level so that the high levels of the two clocks

do not overlap.

Switches SV1 to SV15 and switches SX1 to SX15 enter a closed state when $1 is at the

26 high level, and otherwise enter an open state as indicated by reference label $1.

Switches SVG1 to SVG15 are connected to either the reference voltage source Vr+ or Vr-
depending on a polarity (+1 or -1) of digital data Si (i = 1 to 15). When $1 is at the high level

and the polarity of digital data is “+1", the switches SVG1 to SVGIS5 are connected to the



21 ref erence voltage source Vr+ (labeled Si [err]1l). On the,

ot her hand, when [err]l1l is at the high |evel and the polarity of
digital data Si"-1", the switches SVA@ to SVGL5 are connected to the
reference voltage source Vr- (labeled SiZd [err]1). 5 Li kew se,

the switches SXGL to, SXGL5 are connected to either the reference voltage
source, Vr+ or Vr- depending on a polarity (+1 or -1) of digital data Si (i
= 1to 15). Wien [err]l is at the high level and the polarity of
digital data Si is "+l" the switches SX3 to SXA5 are connected to
the reference voltage source Vr+ (labeled Si [err]1). On the other hand,
when [err]1 is at the high level at the polarity of digital data Si is
"-1", the switches SVA to SVGL5 are 10 connected to the reference voltage
source Vr- (labeled Sib [err]l). The switches SCi, 802 and
the switches SZ1 to.Sz15, SD1 to SD15 enter a closed state

[err]2 is at trﬁferemegﬂlt%%we Vaﬁbbﬂﬁdrﬁerw)s@ném%ber baadgyheméLis atthe b(lsh#@l

situation is ' grﬂy ?fyda%tal'__data stapelyeng: Qs@\}(t%)m SV(%& are connected to the = ThE

operation of t 6 depends on ate o cks [err]1l

and [err] 1. Flréfaxtencevonagesoumbeﬂ(lh&wa]sib ig3).at the high level, the switches
SVI to SVI15 and SX1 to SX15 enter the cl osed state, and the
ri ght-hand term nal s of the capacitors Cl at the non i nverting out put si de,

and | eft-hapd na itaors aver out put
side, are cgnnect e&“‘?‘?‘g&h Wi )édtﬂi %%ggﬁgmfﬂmc d{ gei hﬁrhfehr@mﬁ m|%on of
the switches Sirke, v+ stial de ﬁtﬁh on @ patdity ¢hes -5V xta@d i1 to 15). wuzls endi ng
op the polarity (+1 or -1) pgf t%leg ? daltsas S1 theleft Eand
term nal s of tdtthehigh level@mp&cpdiamsof@igxtattdahﬁexsﬁtﬁ’ ﬁ\ﬂmtcheis Sng)mSj(ﬁngrede and
the right-hand ter DAl S eRiend Moitas e RAGE Y Fabsted si - 41). On the other hand, when $1 is at

the high level at the polarity of digital data Si is “-1”, the sthches SVGI to SVG15 are

10 connected to the reference voltage source Vr- (labeled Sib - $1).

The switches SCI, SC2 and the switches SZ1 to SZ15, SD1 to SD15 enter a closed state
when $2 is at the high level, and otherwise enter an open state (this situation is indicated by
labeling $2).

15

The operation of the circuit in Fig. 6 depends on the state of clocks ¢1 and $1. First,
when $1 is at the high level, the switches SV1 to SVI15 and SX1 to SX15 enter the closed state,
and the right-hand terminals of the capacitors Cl at the non-inverting output side, and left-hand
terminals of the capacitors Cl at the inverting output side, are connected to ground. Furthermore,

20  due to the operation of the switches SVG1 to SVG1S and the switches SXGI to SXGIS,
depending op the polarity (+1 or -1) of the digital data S1 to S15, the left-hand terminals of the
capacitors Cl1 at the non-inverting output side, and the right-hand terminals of the capacitors C2
at the inverting output side, are connected to the reference voltage source Vr+ or Vr-, and each of

the capacitors Cl stores an electric charge corresponding to the reference voltage.
25



at the inverting output side, are connected to the reference voltage source

Vr+ or Vr-, and each of the capacitors O stores an electric charge
corresponding to the reference voltage. 25

22 Next, when [err]222s at the high level, the swtches
SVE@ to SVGL5, SXA@ to SXG15, SVi to SV15, SX1 to SX15 enter the open
state, and at the same tine, the switches SCl, SC2, SZ1 to Sz15 and
SDI to SD15 enter the closed state, and each of the capacitor C at the
non-inverting out put side is connected in parallel to one another

bet ween the non-inverting output term nal and 5 the inverting input
termnal of the operational anplifier 110. At the sane tinme, each of the
capacitors ClL at the inverting output side is connected in parallel to one

anot her between the inverting output term nal and the non-inverting
i nput terminal of tNfh Whwddds s thehichleynliteq switches BVGI to SVG1S, SXGI to SXGIS, SVI

Di stribution of SVIG sstxessms:en&hmqgss@ecau&&@macxm&ek%ﬂempé@ﬂ SZ1to
capacitors d, ance with t law of electric charg

10
conservation a ﬁg psf g ﬁ% {?LEQ[%% gtﬁér (heylosadigiste; ﬂdl%°ﬁ@¢ capacitore} ah the @PP‘{“IG‘)IHS s
derived. Usingomutaid BRodnéoted iSphRileSH Bk shétfdr bbthiEentiR nse.ﬂ@é‘rhﬁ ugflgxﬁ Pal
or I'n

have the sane capacitance. Wen negl ecting the capaci
swi t ched- cafacthediverting inpyttenpinal ofe operationfbamplifierilp, Aghmmaame.sm@,f thehe

fC;)l | OV&J‘T’% eq Uatcigﬁ&tofsj(ﬁ)at {he iR R BEGHE side 1s]c§nnec1¥& 8§p§%§el folohe é"no&!]:rdbegeﬁﬁ" the: * SI.

equation (10), “t"ﬁ@%ﬂt‘%l"%‘ anddhe nonsinverting inpus teslingl ot ofecationahanplifier l:1|0ng
out put terminal is given by the follow ng equation (11): 20 QuUT+
= Vr (S15 + S14 +... + S1)/15 (11)

Distribution of the electric charges occurs among parallel-coupled capacitors C1, and in
10 accordance with the law of electric charge conservation and from equation (7), the following
equation (10) is derived. Using equation (7), supposing that the 15 capacitors C! to C15 have
the same capacitance. When neglecting the capacitor Cfb in the switched-capacitor circuit at the

non-inverting output side, the following equation (10) is produced:
15 Vr-(S15-Cl+814-Cl+..+S1-Ch=0UT+ - C1-15 (10)

From equation (10), the output voltage OUT+ delivered from the non-inverting output

terminal is given by the following equation (11):

20 OUT+=Vr-(SI5+S14 +...+51)/15 (11)

This means that the 15 level, linear level type, D/A conversion operation is realized.
Furthermore, as shown in Fig. 6, since the digital data which controls the switching of the
capacitors at the inverting output side has the opposite polarity to that of the non-inverting output

25 side, similar to equation (11), the output voltage OUT- delivered from the inverting output

terminal is obtained from the following equation (12):



This nmeans that the 15 level, linear |evel type, D/ A conversion operation
is realized. Furthernore, as shown in Fig. 6, since the digital data
which controls the switching of the capacitors at the inverting

out put side has the opposite polarity t@3xhat of the non-inverting output
25 side, simlar to equation (11), the output voltage OUT- delivered from

the inverting output termnal is obtained fromthe follow ng
equation (12): : 23
QUT- =-Vr (S15 + S14 +... + 8l)/I5

(12) In a fully differential circuit, a difference
(differential output) between the voltage delivered fromthe

non-inverting output termnal and the voltage delivered fromthe inverting
5 output termnal is the output signal of interest. The differenti al

out put by OUT OGT-ex{¥reSs2HSHsst ...+ St)/Isol | ows: our (OUJr+) - (Quzy) =2vr
(S15 + S14 + ... + S1)/15 (13) 10 When
conparing the outp it Se. i | de r.cul guat i on
(11) and equa Ton ’H@ gnngltc W ﬁ‘?@g é‘ﬁﬁ l°u??u§htw enh%v cfggf erenti al
circuit, a si gitaberarfpim thumba-m&rtmgrmnms:aﬁﬁnalandthbyolﬁg@ﬁalwe@dnfmgr theamtemng, t he

he S N ratt o TP PER gl SF S Piiee by eRES R ?v”%?fr@%%vfg%fﬁ%t. on can

-ﬁ

-9

the S/ N rat
be reduced to follows: hal f whrle mai ntaining the S/N ratio.
It is also possible to realize a bi nary type DA converter by setting the

and at the i nvebErAgUEt-Blm e RRA SRS 5 sl T O e

the output |Is expressed (Si, 2[err] . Si-1 2[err] + ...
S1)/(2[err]'® 1). W%“mmﬂw °“‘WH‘§P%‘F@“°$£°“H%§'§F‘?°B%‘£%‘&I)@{“Dr?@d

sW t ched- capaceduationdl2), iCWill\be scethataC .0 Rullkly AFfetentidl Biccuit, a signal amplitude is increased
by 6 db. Owing to this, the influence of the thermal noise generated by the operation amplifier
on the S/N ratio is improved 6 dB. In other words, the current consumption can be reduced to
half while maintaining the S/N ratio.
15

It is also possible to realize a binary type D/A converter by setting the capacitance values
of the capacitors at the non-inverting output side and at the inverting output side in a binary ratio.

In this case, the output Is expressed by OUT =2 - Vr- (Si- 27+ 8i-1 -2+ . +S1)/(2*- 1).

20 Furthermore, as described above, the switched-ca;;acitor D/A converter according to the
present invention has a low-pass characteristic. The feedback capacitor Cfb in the circuit of Fig.
- 5 is assumed to have a capacitance value of 30 - C1 in Fig. 6. When rewriting equation (10) in
the fully differential type as in equation (13) to include the influence of the feedback capacitor,

the following equation (14) is obtained:
25

OUT [n-1]-30C1 +2Vr-(SIS+S14+...+S1) -C1=0UT{n]-(30C1 +15Cl)  (14)



present invention has a | ow pass characteristic. The feedback capacitor Cfb
inthe circuit of Fig. 5 is assuned to have a capacitance val ue of 30
Clin Fig. 6. Wen rewiting equation (10) in the fully differenti al
type as in equation (13) to include the2é&nfluence of the feedback

capaci tor, the follow ng equation (14) is obtained: 25 QUT n-
1]1.30 d +2Vr(S15 + S14+...4Sl) d= QUT[n](30C + 15C1) (14)

24 Here, OQUT [n - 1] indicates the conversion result of
the | ast period of the D/ A conversion which is performed periodically.
In equation (14), when expressing in Z- transformnotation.as QUT [n -
1] = AJT Zferr], and solving a Z function, the foll ow ng equation (15) is
obtained: 5 QUT =2wr ((S15 + S14 +... + Sl) / 15) (1/ (3 - 2 Z[err]))
(15) It will be seen that the result of D/A conversion of
equation (13) is ngrb,iQIJ’lT[edIbgdutahethbwmrswnres\ﬂxofthé&stpeﬂadoZ[hle.fl}.):anWﬁ'bmh has

the | ow pass ¢ p iLn f ARA

hold the DA coﬁc\?elré&%%é? F‘?&‘%T fnteﬁuaﬁfmg g?ﬁegﬁggﬁgiﬁlé possrhb‘fogg{’o obt a| n
t he | ow pass OUT {mﬁ&xﬁ@&ﬂeZl sind plvidgorZ mml the folloppippsiurtipn (15ats oblaised anpl i ng
frequency of the sw tched-capacitor D) A converter is 44.1 kHz 64 =

charact ot < ORboAG GHLBFE P IBIAR AL Bl P T

cut-off frequency is determned in the fol |l owi ng rranner Specifically, the

TN e R e T S LA I e

equation (16) BB(3f- Q- ZYyywliich has the low-pass cRaratlegiktic] By provxdmg the feedback capacitor Ctb
(10) | o2 ap R IR S el ST Y PRI R0 BOAL o (36) to
characteristic. For example, supposing that the sampling frequency of the switched-capacitor

D/A converter is 44.1 kHz - 64 =2.8224 MHz, equation (15) represents a first-order low-pass
filter characteristic having a cut-off frequency of 150 kHz.

The cut-off frequency is determined in the following manner. Specifically, the cut-off
15  frequency Fc of the low pass characteristic of the term 1/(3 - 2 - Z" ) in equation (15) is given by
obtaining a solution to equation (16) as follows:

3. 2.7 " (16)

20 Furthermore, Fs is determined by approximating equation (16) to formulate equation (17) as

follows:
Z=1+5s/Fos $¥)]
25, where Fos is an oversampling frequency. Since, according to equation (18), as follows:

s=Fos/3 (18)



Z |+ s /Fos

(17) 25 , Where Fos is an oversanpling frequency. Since, according to
equation (18), as follows: s = Fos/ 3

(18) 25 25

equations (16) and (17) can be reduced to Fc = s /(2 [err]) = Fos/ (2 [err]
3), where [err] is used in the conventional sense to represent "pi",
which is approximtely 3.14159265 . When substituting, Fos = 2.8244
MHz, then Fc = 149.7 kHz is obtained. Furthernore, since the

delta-sigma D/ A converter perforns oversanpling, this | ow pass
characteristic does not affect the frequency band in which the signal

processing is carried out. In further accordance with the present
enbodi nent, in order to elimnate quantization noise, it is possi bl e
to utilize this | ow pass characteristic by increasing the capacitance val ue
of the feedback 1Q capacjt.or In so d0|ng current_caonsunption i s not

i ncreased. equations (16) and Q@)‘&“ bemdmsd toFie 18 dRc &) T BoskR % - 3), vts 7S used in the
del t [ t
expl i neq. i o ouyelRnlRNEG kfedlol B woroum PR IN PR Wt Binaine,

according to omesenfsnmmnﬂumnimelﬂalmamsbgm,D/A converter conprises a
digital interpolation 15 filter 700 for converting a digital signal

sanpl ed at a predete rntned sanpl | gr ency intq a di gj.t al signal
at a frequency hi g8 ef’ﬂ%fﬁ"’t“@%‘%ﬁ%?*@ﬁr"@'&%@ forgs ?LWSF‘B‘?}@&%W&W S"del ta

si gna MO Qbdrinckepistic/dblels xfome:rzte&'ret;mcyl bakdsh Micﬂ'ﬁﬁ@tgﬂdl gtot:ea&mgss eﬂ&h olitOIna
noi se shaped | ower bit  nunb, | evel gi taI S{??‘ M 720
enpl oyi ng t he eLACHAAnEH T ‘§° EW‘PPSWPEH‘ ‘tﬂtfr ierpimiate giAtiaation M*S&f“ is

nmodul at or 710, paadﬂao kﬁhﬂemﬁbw@m Elﬁh&&tsﬁ&ﬁﬁﬁtr&ﬁfng Etle/aapaaau@rvw of tid@eddback

coupled to the out
P capac Cﬂ)2 qn 50 domg, current consumption is not increased.

Next, with reference to Figs.7 and 8, a delta-sigma type D/A converter in another
embodiment will be explained. Fig. 7 shows a block diagram of the delta-sigma D/A converter
according to one embodiment. The delta-sigma D/A converter comprises a digital interpolation

15 filter 700 for converting a digital signal sampled at a predetermined sampling frequency into a
digital signal at a frequency higher than the sampling frequency. A 15-level digital delta sigma
modulator 710 converts the interpolated digital signal to a noise shaped lower bit sumber (15
level) digital signal. A DEM 720 employing the DWA algorithm is shown coupled to the output
of modulator 710, and a 15-level switched-capacitor D/A converter 730 is coupled to the outpttt

20 of DEM 720.

The 15-level switched capacitor D/A converter 730 may be implemented as shown in Fig.
6 or as shown in Fig. § (with capacitors C1 to Ci are made equal to C1). In the present delta-
sigma D/A converter, the digital interpolation filter 700 interpolates the digital signal, and
25  converts that signal into a second digital signal at a frequency higher than the sampling

frequency. The 15- level digital delta-sigma modulator 710 performs noise shaping of the



The 15-1evel switched capacitor DA converter 730 may be inplenented as
shown in Fig. 6 or as shown in Fig. 5 (with capacitors  to G are
made equal to d). In the present delta- signma D/ A converter, the
digital interpolation filter 700 interpd@tes the digital signal, and 25
converts that signal into a second digital signal at a frequency higher
than the sanpling frequency. The 15- level digital delta-sigm
nodul at or 710 perforns noi se shapi ng of the

26 second digital signal to convert the second digital signal
into a third digital signal of a |ower bit nunber. The digital signal
which is processed by the DWA al gorithm dynam c el enent mat chi ng 720
is DIA converted by the 15-1evel sw tched-capacitor D/ A converter 730. 5
In the case where the D/A converter shown in Fig. 5is a 15-1evel

sW t ched- capacid.gid didithl signal to @o%mﬁetsecroniaata( Bg}mﬁm ra,thutdl'&?gnﬂ%&ﬁﬂ lof AI3%6r bital Ues

of all the capacitors C to (i 15) are nmade he sane val ue), a
plurality of coymsteitThedigl Stgml@hlcléwlpemi{eéby]hgnvékdgomhmdgmicsb@#ntand

dependi ng on a re an el ectric_char r espondi ng
to a predeter n{“ﬁ'é}éf%gdrog?‘éﬁ‘c‘i? gﬁl&ls’\ﬁ‘@l SB’Ft"hed‘capa‘i}‘PrDF ‘%“f%%] 2 is at a

hi gh | evel, the swtches SYl to SYi and the switch SB are cl osed, and each
| O of the capacitors C to G is connected in parallel to one another
bet ween t hesi nput tlatlwicmhvha-ndxeDlAconvdntershmrﬁuE‘ig; étsrailﬁ-aﬁvelcsvvitcthed-cqpmitatwanal
anplifier 100. At this

oper at i onal arrﬁ‘l"}"F“‘iS? ol(gﬂ”ﬁ"%” %)?a%ieféit“\ggi‘ fgaﬁt&%gppb‘éﬁqlﬁf’g?gg s on yat e
delta-sigm e gadl Giide 99@&&@%&9&%&&%&&@ (Rer JRGJM&] lewwgﬁmﬁﬁé'k{x?{ ter

whi ch has snal | power coOn accu
digital signal} store an eiectnc charge corresponding to a predetermined reference voltage, Vr+or

Vr-. When $2 is at a high level, the switches SY1 to SYi and the switch SB are closed, and each
10 of the capacitors Cl to Ci is connected in parallel to one another between the input terminal and
the output terminal of the operational amplifier 100. At this time, since the charge supply
operation by the aperational amplifier 100 is not performed, it is possible to realize a delta-sigma
D/A converter constituted by including the D/A converter which has small power eonsmnptio'r;
and, high accuracy.
15 .

In the case where the D/A converter shown in Fig. 6 is a 15-level switched-capacitor D/A.
converter 730, the capacitors C1 at the non-inverting output side and at the inverting output side
{when §1 is at a high level and depending on a digital signal) store an electric charge
corresponding to a predetermined reference voltage Vr+ or Vr-. When ¢2 is at a high level, the

20 switches SC1, SC2, and SZ1 to SZ15 and SD1 to SD15 are closed, and each of the capacitors C1
at the non-inverting output side is connected in parallel to one another between the inverting
input terminal and the non-inverting output terminal of the operational amplifier 110. At the
same time, each of the capacitors C1 at the inverting output side is connected in parallel to one
another between the non-inverting input terminal and the inverting output terminal of the

25  operational amplifier 110, During this time, the electric charge supply operation by the



In the case where the D/ A converter shown in Fig. 6 is a 15-1evel

sw t ched-capacitor DA converter 730, the capacitors d at the
non-inverting output side and at the inverting output side (when
[err]1 is at a high level and depending2/h a digital signal) store an

el ectric charge corresponding to a predeterm ned reference voltage
Vr+ or Vr- When [err]2 is at a high level, the 20 sw tches SCl, SC2, and
SZ] to SzZ15 and SD1 to SDIS are cl osed, and each of the capacitors d

at the non-inverting output side is connected in parallel to one another

bet ween the inverting i nput term nal and the non-inverting out put
terminal of the operational anplifier 110. At the sane tinme, each of
the capacitors O at the inverting output side is connected in parallel to
one anot her between the non-inverting input termnal and the

i nverting out peperatignaiamglifienifl0 istwet p2formedamd tieetcumeand tonsumpltiod is emalll AAditibhally,Ng
this tine, thehel tr.ic.chareg su&gé’?{ 8,%aration by the _ . C

27 t eé&fa&? o1 {dd ﬁ*ﬂ“? ly diffgrential pperatings  Thys, itdspossiile to pralizedy r ent
consunpt i on. | 4aiRtdma AR darvtrP@iliingludes a DI Bnviield el dut cIRLPVED due to
the fully differential operation. %'chus, I't 1S possible to reallze a

del ta-si gma D/ AorsomptiontimprovddiSMhraticwdd tiigk accaraéy. A converter which has smal |

current consunption, inproved S/N ratio and high accuracy.
Fig. 8 shows an exanple of an arrangenent of the 15-1evel digital

del ta- si gna nodul at@gg g s & ' - | giLb.ak delta-si gna

nmodul ator 710 is dee%ecf ?awstaﬂi x}@p ‘8?@8?"%‘%8’!“ %){8 %%ips?lle%ﬁéfgﬁ?d&gé%ﬁg'rniog"g%mra

t hi rd-order | ogpo.fThis iSHewBlldgitaldelbsigreiidultepTiotis deemedAflird-Gter SodiMiTiodp, Ak at 15
| evel s, and an adder 840 for adding a feedback value by a f eedback

| oop i ncl udi ng “eFRfiFs R thishorder lasp filtey 310, g hlevel neenitizen§29 Mrquantizingatil Sdevelspgpdt . | n
the loop filter W%‘%r 0 n 03 . re tively,
designate int ef;“rx gcgdgrraé,b%?ﬁe uner%fl§9%2§a§eﬁé’ag%§%p “‘defgc?e%@ﬁ‘g@&-

mul tipli ersioof amplificatbuncfhctdr)oind & ispubl In thdlloopAiter 848, thexitchedald 80 1) B0ALA 803308

desi gnates an adder.. L Gain 830 is indispensable in the

del ta- si gma mdﬁ?ﬁf‘ﬁ?‘y’ﬂmmﬁg‘ﬁtﬂﬁr‘h‘ Brgers $AbJat.i80@ Spdesignateamitinliensgbp, and
is used To prewasicianadi, hEORS, hd dd ke kol BosUesiiARY Ll daBig, | ar ge anpl i t udes.

Gain 830 is indispensable in the delta-sigma modulator having a third order negative
Is  feedback loop, and is used to prevent oscillation at the time of inputting large amplitudes.
Insertion of feedback gain “G" will provide input scaling of equivalently “1/G". Acc;)rdingly,
if the value of “1/G” is adjusted so that, for example, the gain of the feedback loop is larger than
1.0, the output amplitude of the 15-level switched-capacitor D/A converter 730 at the last stage

can be attenuated, and the oscillation at the time of inputting a large amplitude can also be

20  prevented,

The switched-capacitor D/A converter, in the embodiment shown in Figs. 5 and 6, is
arranged so that the capacitors which sample the reference voltage from the reference voltage
source are also used as capacitors which constitute the feedback loop. For this reason, the gain of

25  the switched-capacitor D/A converter itself is fixed to one. When adjusting the output level of

the D/A converter, it is necessary to adjust a signal amplitude at any stages preceding the



I nsertion of feedback gain "G'" will provide input scaling of equivalently
"1/ G'. Accordingly, if the value of "I/G'" is adjusted so that, for
exanple, the gain of the feedback loop is larger than 1.0, the out put
anplitude of the 15-1evel sw tched-capa@Btor D/ A converter 730 at the |ast
st age can be attenuated, and the oscillation at the tine of inputting
a large anplitude can al so be 20 prevent ed. - The

swi t ched- capacitor D/ A converter, in the enbodi nent shown in Figs. 5 and 6,
IS arranged so that the capacitors which sanple the reference voltage
fromthe reference voltage source are al so used as capacitors which
constitute the feedback | oop. For this reason, the gain of 25 the

sw t ched-capacitor D/ A converter itself is fixed to one. Wen adjusting the
out put | evel of the D/ A converter, it is necessary to adjust a signal
anpl i tude at @ﬁ,gﬂ cadl - : R

28 _ asqgt\?\ﬁic e mgg%acgﬂeg? 7%?23 ycag“r‘lj\s/t:an ¢ tﬂgrval%?{gmlgys%lgj%gég itf)nbgec qtnheé val ue
of gain 830 i rforaxgmplg eqyal \9origiger; than one, pugi by dakinginte consigderation the ogsillation ger t han

one, and by takijag:d j 1 1 i i s j f the
y ion'3f Be fﬂlrargél %%E bt Q‘F;“g %8812%;' P18hrddE signal g%_%m@&dtﬂﬂ)&

15-1evel digital delta-si Ddul at.-o ) the signal "gai n of the
entire DIA  copyerteteitisaossibleto pdfusithessignl amplitydeiwitheyt addinga agwawgwit- anpl i t ude
wi t hout adding a new circuit. In this respect, such a

digital delta-sigm nodulator 710 itself is described in, for
exanple, Welland et. al. Stereo |6bit Delta-Si g{orra A/ D Converter for Digital
Audi 0", Vol ., 37, Inthisrespsst, suelgdigitabdeltssigma moduatorchiQ itselfis descriped ip,dore| j eved a

e e o Wl . S S PR T 57
al gorit hm enpl gy &7k-488, X\ 98P, Ctc] ThudA6ie bdlidad aldBtailed deschiitioh 6f iGimodalbtor 710
"Linearity Enhgpr;g%‘r’r:;\;d th%flik}: EtSnol\tA!Jltlacgsis;rEi t Delta-Signma A/D and DY A Converter
10
The data weighted averaging (“DWA”) algorithm employed in DEM 720 is described in
Baird et. al., “Linearity Enhancement of the Multi-Bit Delta-Sigma A/D and D/A Converter
Using Data Weighted Averaging”, IEEE Tran. on Cir. and Sys. - 11 Vol. 42, No. 12, pp. 753-.
762, Dec. 1995, etc.
15
The DWA algorithm is a system for linear noise shaping the noise components generated
due -to mismatching of analog elements. DWA algorithm uses equally weighted analog elements
(specifically, capacitors C1 to Ci) cyclically in sequence. DWA is generally well know as is
omitted for sake of brevity.
20
Even when the DWA algorithm is employed, if there are elements mismatching of 1% or
more, tones will be generated as a result of the D/A conversion and the SN ratio will be

deteriorated. In the present invention, since it is possible to use the D/A converter having small

current consumption and small element mismatching by utilizing increased capacitance values,



Usi ng Data Wi ghted Averaging", IEEE Tran. on Cir. and Sys. - |l Vol. 42,

No. 12, pp. 753- 762, Dec. 1995, etc. 15 The DWA
algorithmis a systemfor |inear noise shaping the noise conponents

gener at ed due to m smatching of 2®al og el enents. DWA al gorithm uses
equal |y wei ghted anal og el enents (specifically, capacitors d to G)
cyclically in sequence. DM is generally well know as is omtted for
sake of brevity. 20 Even when the DWA al gorithmis enpl oyed,
if there are elenents m smatching of 1% or nore, tones wll be

generated as a result of the DJA conversion and the SN ratio will be
deteriorated. In the present invention, since it is possible to use the DA

converter having small - current consunption and snall el ement
m smat ching by utilizing increased capacitance val ues,
29 the deteriogration of the S Nratio due to fhe tones does

not occur. MNorgdesrioratipnof the SN rafig dne Lo the tones does gapgecys. Mareayep gincg hetopesaee o
need to add a ghibhRtated, there is po need to add a SfBBET @l Iy, the swi tched- capacitor
circuit operates wth satis?actory accuracy if its signal 5 settles
Wi thin an acceptabl e range before the sanpling edge of a control clock

whi ch control s the Generallysthe $wiloked-caagiae titanit operatesiith satisfactorly BecaratycifiBssignakeven
when the control, cl od“.k i nvVo As a

o th . | ntl
oot £t hoderies uRfien Bt ks el B e Rientons poienl et PSP BRESI T c he
capaci tor D A s«intiel-dapacitaricirauitg Bek tisRas0a] iedh vien the eontrblutudk heslves giftert, eregis esent

nventi on exhibi s o aihe.ehatAClerl SIACS of | o RO, SORSHAPLASRs MO0

capacitor D/A converter arranged according to the embodiment of the present invention exhibits

the characteristics of low power consumption, high S/N ratio, and non-susceptibility to clock
10 jitter.

_ In the first aspect of the invehtion, since the plurality of capacitors store an electric charge
correéponding to a predetermined reference voltage during a first period depending on a digital
signal, and the switch section connects each of the plurality of capacitors between the input

15  terminal and the output terminal of the operational amplifier during a second period, the electric
charge supply operation by the operational amplifier is not pecformed. This makes it possible to
realize a D/A converter with small power consumption and high accuracy. '

In the second aspect of the inve;xtion, since the first and second plurality of capacitors '

20  store an electric charge corresponding to a predetermined reference voltage during a first period
depending on a digital signal, the first switch section connects each of the first plurality of
capacitors between the inverting input terminal and the non-inverting output terminal of the
operational amplifier during a second period. At the same time, the second switched section
connects each of the second plurality of capacitors between the non-inverting output terminal and

25 the inverting output terminal of the operational amplifier during the second period. The electric
charge supply operation by the operational amplifier is not performed, and it becomes possible to

realize a D/A converter with small power consumption and with high accuracy, and at the same



10 jitter. In the first aspect of the invention, since the

plurality of capacitors store an electric charge corresponding to a
predeterm ned reference voltage during a first period depending on a
digital signal, and the switch sectB0n connects each of the plurality
of capacitors between the input 15 termnal and the output term nal of the
operational anplifier during a second period, the electric char ge
supply operation by the operational anplifier is not performed. This nakes
it possible to realize a DA converter with small power consunption
and hi gh accuracy. In the second aspect of the invention,

since the first and second plurality of capacitors 20 store an electric
charge corresponding to a predeterm ned reference voltage during a first
peri od depending on a digital signal, the first switch section

conn ec_t S eac h Qiineg i'i‘ﬁ_pgisfbﬁtlo ﬂlva@-lh'e 3.5 tgtio owing to the %El?%f?eﬂ:ﬁéal ﬁf‘e&*@g Be tf:@ €
inverting input term nal and'the non-inverting output term nal of the

oper ational amSPsntosl amglifierg a second period. At the sanme time, the second
swi t ched section connects each of the second plurality of capacitors
bet ween the non-inverting output termnal and 25 the inverting output

termnal of the ope i,00 Lifier. during. the second perio e

el ectric char fg"gﬁés‘ﬁiﬁgﬂé%éhfé‘%%ﬁ“ l?/a‘{& a g"ptger ’2?’?"&4& aﬁ%ﬁﬂﬁ ‘I:'r'gra"‘f s _not
perforned, and sh&n@%éﬁ@%inﬁ&ﬁééaﬁ&cﬁgnt:@values of the'PRAALIY Y cababof 2RV EInt @6 sddif D
smal | power consunption and with high accuracy, and at the sane

30 valup toethe Jaxge valuesenusitiollowitho Ginapr retics it ispossidldNo reatizea binaiyrtgpetDiAt he
fully differential operation of the operational anplifier.

In the third asB®¢M™0of the invention (in addition to the advantage in any
of the first and 5 second aspects), since the capacitance values of the

plurality .of capacitors are set fromthe snall value to the large
val ue sequenti al | y Iithhfourthyspeatof thedrtvergion (ib addgiop oohd ddvantagoinraeydfi trecfirst alsd nar y
type DA conyert

I | . . .
10 sécon aspec?s), since the capacitance values of the plurality of capacitors are set to be the same

value, it is possible to realize a linear-level type D/A converter.

In the fifth aspect of the invention (in addition to the advantage in any of the first, second,
third, and fourth aspects), since a capacitor is provided between the output terminal and the input

is  terminal of the operational, it is possible to realize a D/A converter having a low-pass

charactetistic.

In the sixth aspect of the invention, since the digital interpolation converts a digital signal
into a second digital signal at a frequency higher than the sampling frequency, and the digital
20  delta-sigma modulator performs noise shaping of the second digital signal to convert into a third
digital signal having a lower bi.t number and further, at D/A conversion by the D/A converter, the
plurality of capacitors store an electric charge corresponding to a predetermined reference
voltage depending on the third digital signal during the first period. The switch section connects
each of the plurality of capacitors between the input terminal and the output terminal of the

25  operational amplifier during the second period. The electric charge supply operation by the



In the fourth aspect of the invention (in addition to the advantage in any
of the first and 10 second aspects), since the capacitance values of the

plurality of capacitors are set to be the sane value, it is possible
to realize a linear-level type DDA convé&tter. In the fifth
aspect of the invention (in addition to the advantage in any of the first,
second, third, and fourth aspects), since a capacitor is provided

between the output termnal and the input 15 term nal of the operational,
it is possible to realize a DJA converter having a | ow pass

characteristic. In the sixth aspect of the invention, since
the digital interpolation converts a digital signal into a second
digital signal at a frequency higher than the sanpling frequency, and the
digital 20 del t a- si gma nodul at or perforns noi se shapi ng of the second
digital signal to convert into a third digital signal having a | ower

bi t nunber and obéthidiiampfier bt RAEHHEY, S OPbeBYinds BBssiBlodo RABY BRI Isigria Dea
plurality of capacitors store an electric charge corresponding to a

predet er m ned rcefvertengenstituted by inclyding theye/Accopwsrietiwhichdias low gowdn congunefitigi and|
signal during EF% first period. The switch section connects each of
the plurality Of"®&PHE{tors between the input terninal and the output
termnal of the 25 operational anplifier during the second period. The
el ectric charge supply operation by the

31 5 _ 0pBrthe seuanthl aspentaf the inventios, since thepdigifabinteepdlaticnfiter ¢onirsts e me s
Do € L e atebs B B bt o g B R B oy o1,
accuracy. the digital delta-sigma modulator performs noise shaping of the second digital signal to convert
into a third digital signal having a lower bit number and further, at D/A conversion by the D/A
converter, the first and second plurality of capacitors store an electric charge corresponding to a
10 predetermined reference voltage depending on the digital signal during the first period, and the
first switch section connects each of the first plurality of capacitors between the inverting input
terminal and the non-inverting output terminal of the operational amplifier during the second -
period. The second switch section connects each of the second plurality of capacitors between
the non-inverting input terminal and the inverting output of the operational amplifier during the
15 second period. The electric charge supply operation by the operational amplifier is not
performed, and it becomes possible to realize the D/A converter with low power consumption
and high accuracy. At the same time, it is possible to realize a digital delta-sigma D/A converter
constituted by including the D/A converter which has improved S/N ratio by the fully differential

operation of the operational amplifier.
20

In the eighth aspect of the invention (in addition to the advantage of any of the sixth and
seventh aspects), since the dynamic element matching is provided between the delta-sigma
modulator and the D/A converter, the S/N ratio can be improved.

25



5 In the seventh aspect of the invention, since the digita
interpolation filter converts a digital signal into a second digital
signal at a frequency higher than the sanpling frequency, and t he
digital delta-sigm nodul ator perforns n®2se shaping of the second digital
signal to convert into a third digital signal having a | ower bit
nurber and further, at D/ A conversion by the DA converter, the first
and second plurality of capacitors store an electric charge correspondi ng
to a 10 predeterm ned reference voltage depending on the digital signal

during the first period, and the first swtch section connects each of
the first plurality of capacitors between the inverting input term nal
and the non-inverting output termnal of the operational anplifier during

t he second perlp 8’6 ninthpspectof the pveripa imthe additiop i thendyratagaofany of thysixth

second pl ural i savedif, abPRghdH dspics), isde citance vald€ of Y LhrRMP SelchABitdrd 1B bk to be
termnal and tp‘g i nveth e operational anplifier during the

i.ng oquut of tl !
e} 18 pessibl tospalizealinegr deyrl tyRs UM senvestsr BpctioRe  oper at i onal

15 second per FGF™me¥R
anplifier is not performed, and it beconmes possible to realize the
D/ A converter with | ow power consunption and hi gh accuracy. At the

same time, Bt is pdsdietrnth aspectof the inventian (i giditimh todhd adventageefmanyfthecsintyer t er
constituted by ci.aghyd 0 i s Jinproved atio by
the fully differenti gé?‘mg““wﬁ"h?‘p%%? f%"%g%?&f‘%gf‘ %E%@Z’ﬁ%% ‘3“3‘%?‘*?(4}’]%?“? 220
In the ei ghth geipiaeger ban aniagt is passible tomeveatitheasidliationin tHedeltahsignminginkbagemdat  any

of the sixth a : v, S since the dynam c el enent
matching is pr (%isﬁuéﬁjh%%ifdagteﬁ%aﬁe&%g? %Et}snlveg o nodul at or and the D/ A

converter, the S/INratio can be inproved. 25
32 In the ninth aspect of the invention (in the
addition to the advantage of any of the sixth, :



seventh, and eighth aspects), since the capacitance value of the plurality
of capacitors is set_to he the sane value, it is possible to realize a
i near |evel t ile D) A converter function. 5 In the tenth aspect

of the |”uu ﬂlu ﬂm&ﬂmt' on to the ad88ntage of any of the sixth,
sevent h

h aspects), since the feedback | oop of the

del t a- S|gna no ulator has a gain larger than one, it is possible to
prevent the oscillation in the delta-signm nodul ator and at t he sane
time adjust the gain of the DA conversion

VWHAT IS CLAI MED | S: 1. A D/ A converter for converting a digital
signal into an anal og signal, conprising: 5 a plurality of
capacitors for storing, depending on the digital signal, a charge

corresponding to a@ﬁﬂ%%ﬁ%ﬁpﬂﬁﬂlé eference voltage during a first period,;
and a switc or connecting each of the plurality of

capacitors in parallel to one another bet ween an i nput

term nal and ap out I [

during a secong per’?g}é&W&rw%&tﬂlﬁgﬁgﬁgg%ﬁﬁver{ Fs{gﬂg ‘lcl] 8 o claim
1, wherein capacitance values of the plurality of capa0|tors are
respectively set fro se eat | ue n n a binary
mul tiple t manne p“'%'@'&scapmm?%' g ‘ﬁ"%%’ﬁ@sf%qﬁb@ ‘%% c\“ﬁtigng to claim
1, wherein capacitance mieapemdn@ftoiisredephﬂhai refeignddfvoltage during afisipetiod; andar e

substantlally equal . . The D/ A converter according to claim1,
further conprising a capaC|tor i's provided

a switch for connecting each of the plurality of capacitors in parallel to one another
between an input terminal and an output terminal of an operational amplifier

10 during a second period.

2. The D/A converter according to claim 1, wherein capacitance values of the plurality of
capacitors are respectively set from a lesser to greater value sequentially in a binary multiple
manner.

15
3. The D/A converter according to claim 1, wherein capacitance values of the plurality of
capacitors are substantially equal.

4, The D/A converter according to claim 1, further comprising a capacitor is provided
20 between the output terminal and the input terminal of the operational amplifier to implement a
low-pass function.

5. A D/A converter for converting a digital signal into an analog signal, comprising:

25 a first plurality of capacitors for storing, depending on the digital signal, a charge

corresponding to a predetermined reference voltage during a first period;



20 between the output termnal and the input term nal of the operational
anplifier to inplenent a | ow- pass function. 5. A DA
converter for converting a digital signal into an anal og signal,

corrprl llm ll muu'l ml a flrst plur@4ty of capacitors for storing,
dependi | signal, a charge

cotrespondl ng to a predeterm ned reference voltage during a first period;
a first switch section for connecting each of the first plurality of

capacitors in parallel to one anot her between an
inverting input termnal and a non-inverting out put
term nal of an operational anplifier during a second period, 5

a second plurality of capacitors for storing, depending on the di gital
signal, a charge a first switch section for connecting each opbe fistpiprality of cappeigestie paralichig
reference vol tage duri nge bldhef tefwbn Qﬁﬁ\}eﬁﬂ ird@erminal and a non-inverting dup@C ONd
switch section for connecting each e second plurality of capacitors in
paral l el to one anot hertewinalgfamonerational amplifier duriag 3 ss¢p0d periedini nal and an
inverting 10 output term nal of the operational anplifier
during the second peri od. 6. The D/ A converter according to claim
5, wherein 8apaci t asesgndpitrality offcapacitdoefof storing, dependiag prithe digital signhl, sehgeasi t or s
and the second pluralit sser
fo aroater  Fvalue sbnpefRRRrlelchaRbs LRERESHEERL ol AL oh

The D/ A converter accordi ng to claimb5, wherein capacitance val ues of the

first plurality ﬁ rs and. the,s | ur % acitors
are substantially equa ésvﬁéf?@%non 9 connie 'f’ﬁeaCB/ag« %:%e%{/ng ftder accgg)c |%§pt o claim
5, further conprising apaalplicpteanotimr batvebnc nboeinwertny input terminal and an inverting

10 output terminal of the operational amplifier during the second period.

'1

6. The D/A converter according to claim S, wherein capacitance values for the first plurality
of capacitors and the second plurality of capacitors are respectively set from a lesser to greater
value sequentially in a binary multiple manner.

Is
7. The D/A converter according to claim 5, wherein capacitance values of the first plurality

of capacitors and the second plurality of capacitors are substantially equal.

8. The D/A converter according to claim 5, further comprising a capacitor provided between
20  the inverting input terminal and the non-inverting output terminal of the operational amplifier as
well as between the non-inverting input terminal and the inverting output terminal of the

operational amplifier to implement a low-pass function.

9. A delta-sigma D/A converter for sampling a digital signal at a predetermined sampling

25  frequency and converting the digital signal into an analog signal, comprising:



20 the inverting input termnal and the non-inverting output term nal of
t he operati onaI anplifier as wel | as between the non-inverting input

term naI mm“u g output term nal of the oper at i onal
arpl i fi e ‘ ow pass funct3%n. 9. A delta-sigma DA
converter orc sarrpT‘l ng a digital signal at a predeterm ned sanpling 25
frequency and converting the digital signal into an anal og signal,

conpri si ng: a digital interpolation filter
coupled to convert the digital signal into a second digital

signal at a frequency greater than the sanpling frequency by interpolating
t he digital signal; 5 a delta-signa

nodul at or coupl ed to convert the second di gital signal into a third digital

signal of a |ower hidigialineQslaty ilQ@icapled l&a@hﬂgt tﬁ&'@gtﬁﬁﬁ@ﬁdntdhﬁﬁ:ﬁl] d.@iagnal

and a DAc ny rter coup Qrm.a ita analog
conversi on upon the th| Ferat ﬁfq&fncygr"at ma“thes’”gﬁmg ‘equencggb k WpePein t he
D) A converter includes ai@italsxgnal a plurality of capacitors

for selectively storing an electric charge corresponding to
a predetermned reference voltage during a first period, and

a switch segtion foddeﬁﬁlﬁﬁm?ﬁ:bdﬁ&toe&ﬁﬂe@ﬁ) chiVert BleYécahd dzgitapy‘lgnmaﬁae tHird idFgithln
parallel to 15 ne anot her bet ween nﬁg ;]put term nal
and an out put term nal atgna(ljﬁ)falowerbntnumberbynoxseshapmgtheseco 153

anplifier during a second period. 10. The del ta si gma D/A
converter according to claim9, wherein dynam c el enen mat ching is
provi ded between the @e‘f@‘a‘n%’c@‘ﬂfdﬁﬁm{fwmﬁﬂ’g‘&h@'@ﬂégEP)@’%‘E‘H‘P@P%K’“"*E'@‘“

11. The del ta-si gma Disipndt Ghveih HRD/A 60k BEli@ Cl ai m 9, wherein the
capaci tance vaI ues of

a plurality of capacitors for selectively storing an electric charge corresponding to

a predetermined reference voltage during a first period, and

a switch section for connecting each of the plurality of capacitors in parallel to
15 one another between an input terminal and an output terminal of an

operational amplifier during a second period.

10.  The delta-sigma D/A converter according to claim 9, wherein a dynamic element
matching is provided between the delta-sigma modulator and the D/A converter.

20
11.  The delta-sigma D/A converter according to claim 9, wherein the capacitance values of

the plurality of capacitors are substantially equal.

12.  The delta-sigma D/A converter according to claim 9, wherein a feedback loop of the

25  delta-sigma modulator has a gain greater than 1.

13. A delta-sigma D/A converter for sampling a digital signal at a predetermined sampling

frequency and converting the digital signal into an analog signal, comprising:



the plurality of capacitors are substantially equal. 12. The

del t a- s”mmmm according to claim9, wherein a feedback | oop of
t he 25 H‘@ul ator has a gain greater than 1. 13. A
del t a- si gmef DA éonv r for sanpling &6digital signal at a predeterm ned
sanpl i ng frequency and converting the digital signal into an anal og
signal, conprising: a digital interpolation
filter coupled to convert the digital signal into a second digital

signal at a frequency greater than the sanpling frequency by interpolating
t he digital signal; 5 a delta-sigm
nodul at or coupl ed to convert the second digital signal into a third digital
signal of a |ower bit nunber by noise shaping the second digital signal;

and alog
conver si on upon ¢ hd S ARARIN B huplello i e MeRl ool ot UghE
i ncl udes signal ata frequencagrpamgm phe wanepling frequéncy bypintsipolating theyr

selectively storing an char ge
corresponding to a pred@%gfﬁéﬁgd reference voltage during a first period,

15 5 a first switch section for connecting each of the first

plurality of c apaC| tcﬁftassx%r& modnlator %ou?led to convr.rt the gfcond di cghtal agR:ﬁ En% i ﬁlrd Il'gmﬁ' ne

anot her between an i nver

inverting output term nagnabrff aéaweolpemaﬂ:erchuabxswmwngﬂheesacoddldagmsxmakembnd

peri od, a second plurality of capacitors for

sel ectively storing an electric charge 20

correspondi ng to a giD/adetercrifopefatmeinhgs digitd-tosahlbg craveltion upgn thiathirfl digtsl peri od,

10 signal, wherein the D/A converter includes

a first plurality of capacitors for selectively storing an electric charge

corresponding to a predetermined reference voltage during a first period,

15 a first switch section for connecting each of the first plurality of capacitorsin
parallel to one another between an inverting input terminal and a non-

inverting output terminal of an operational amplifier during a second period,

a second plurality of capacitors for selectively storing an electric charge
20 corresponding to a predetermined reference voltage during the first period,

and

a second switch section for connecting each of the second plurality of capacitors
in parallel to one another between a non-inverting input terminal and an
25 inverting output terminal of the operational amplifier during the second

period.



and a second switch section for connecting each of
the second plurality of capacitors I n parallel
to o ﬂmgcﬂﬂ ,mmmnﬂ n a non-inverting input termnal and an 25

i nve nal of the operati3¥hal anplifier during the second
peri od 14. The delta-sigma D/ A converter according
to.claim 13, wherein a dynam c el enent mat ching i s provi ded between
the delta-si gma nodul ator and the D/ A converter. 15. The
delta-sigma D) A converter according to claim 13, wherein the capacitance
val ues of 5 the first plurality of capacitors are set to have the sane
val ue. The delta-sigma D/ A converter according to claim13,
wherein a feedﬁack'n}‘(ﬁiﬁlha tgmara converter greorling & dakm LAwthsreiaadynamielensghi n
greater than Inatching® provided beb&eﬂﬂkh&ﬂ-sfgﬁfanﬁaﬂl\iﬁf drld 3 DA Bdriédept! Signal into
an anal og signal, conpri sing: sel ectively supplying a

ref erence voltage to a plurality of capacitors during a first tine

period; and 15  The den&@amwc&g,eﬁaﬁao%gwamm 19! MetelnthdtapL RRRCYaIMRE §F | N

par al | el between an | nput “term nal and out put
term nal of$ aﬁhﬂﬁéw&?ﬂwlcapaﬁ‘ﬁﬁlmsetﬁohﬂ#ﬂﬁga@ wieond tine period.
18. The nmethod as recited in claim17, wherein said supplying conprises

chargi ng the Igl urality of capacitors, and wherein said connecting
16 bu

conpri ses di st erslteigmad/Aamieter atrording to claim i3awherejn aftedbasislaopofithe and a
f eedback Capacﬁe&ﬁ&gﬂ&&uﬁ%ﬂﬁ%&ﬁﬂg&&&%ﬂ.the I nput term nal and t he

out put term na

16 17. A method for converting a digital signal into an analog signal, comprising:

selectively supplying a reference voltage to a plurality of capacitors during a first time
period; and

15 connecting each of the plurality of capacitors in parallel between an input terminal and an
output terminal of an operational amplifier during a second time period.
18.  The method as recited in claim 17, wherein said supplying comprises charging the
plurality of capacitors, and wherein said connecting comprises distributing charge among the
20  plurality of capacitors and a feedback capacitor also connected between the input terminal and
the output terminal.

19.  The method as recited in claim 17, wherein said supplying comprises providing at jeast
two dissimilar reference voltages at dissimilar times to the plurality of capacitors.

25
20.  The method as recited in claim 17, wherein said second time period is subsequent to said

first time period.

21. A method for converting a digital signal into an analog signal, comprising:
30



19. The nethod as recited in claim17, wherein said supplying conprises

provi di ng at | east two dissimlar reference voltages at dissimlar
times e plurality of capacitors. 25 20. The nethod as recited

i clai second tinme p@8iod is subsequent to said

first tmﬂmumm\mmﬂw A nmethod for converting a digital signal
into an anal®%g 'si §naf, corrprl SI ng: 30

selectlvely supplying a reference voltage to a first plurality of

capacitors during a first time period; and

connecting each of the first plurality of capacitors in parallel between an
Il nverting i nput termnal and a non-inverting output
term nal of an operational anplifier during a second

tinme period. gﬁwelésu Hg}e?&rst l&g%%&ﬁrgtﬂltpzlﬁ)lﬁ" {Baglgor dmﬂi sai d

suppl yi ng conprlses Ity of capacitors, and
wherei n said connecti ngme@wppcl,s& di stributing charge anong the 10
plurality of capacitors and a feedback capacitor also connected between the
i nverting input term nal and the non-inverting output term nal.

23. The met hod asopneetingearhiofithe firest plurglity of cepacitdrmin paralie! betinsh 9o inveriéngrignut ses

provi di ng at. | east “H@“gg?ﬁl gggﬁ r
times to thté first plurall 8%%@%%@&%@%@%_ ?ﬁ?&eﬁ%@ gg
recited in claim 21, V\hmdrtmsaambdsecond time period is subsequent to said
first tinme period. 25. The method as recited in claim21, further
conpri si ng:

22.  The method as recited in claim 21, wherein said supplying comprises charging the first

plurality of capacitors, and wherein said connecting comprises distributing charge among the
10 plurality of capacitors and a feedback capacitor also connected between the inverting input
terminal and the non-inverting output terminal.

23.  The method as recited in claim 21, wherein said supplying comprises providing at least
two dissimilar reference voltages at dissimilar times to the first plurality of capacitors.

15
24.  The method as recited in claim 21, wherein said second time period is subsequent to said
first time period.

25.  The method as recited in claim-21, further comprising:

20
selectively supplying a reference voltage to a second plurality of capacitors during the
first time period; and
connecting each of the second plurality of capacitors in parallel between a non-inverting
25 input terminal and an inverting output terminal of an operational amplifier during

the second time period.



20 selectively supplying a reference voltage to a second

pl ur al i-ty—ef—capaci t or ring the first time period;
and “\“ﬁgﬁ“ ng each of the second plurality of capacitors
in paral I\%“é“w\\m MOR-i nverting 25 39 i nput term nal and
an invert outpbut® term nal of an operational anplifier during

the second tine period.

39 26. The nethod as recited in claim?25, wherein said supplying
conprises charging the second plurality of capacitors, and wherein said

connecting cordri 5T mktisxdmas tociteil ingplairh 25, gbersinoaidjsuppiging compoisas charging thefecond
it i . A "
capaci tors an ciahﬁalff@t‘w;?a&ﬁeé; W@%ﬁ@ %ﬁxﬂelec?igé)%rﬁﬁl%g dx@tﬁﬁ%ﬁ? @l{‘% Gmong the c

non-inverting’ rnp out pu rmonal .
27. The et baaliy of copacitarsienid  fesdbacknapaSitornlse camngrted hetwreanirriopHinygrtinpinputi ses

provi di ng at ltﬁ%ﬁ&almdtheiﬁ%%n@%ﬁﬁit%iﬂ{l. reference voltages at dissimlar
[ 0

tinmes to the second plura capaci tors. 28. The net hod as
recited in £laim25 wherein said second tinme period is subsequent to said
10 first tinme v 9‘9& method as recited in claim 25, wherein said supplying comprises providing at least

two dissimilar reference voltages at dissimilar times to the second plurality of capacitors.

28.  The method as recited in claim 25, wherein said second time period is subsequent to said

10 first time period.

15



