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B naHHOIi craThe paccMaTpuBaeTCs TMOAXOA K MPOEKTUPOBAHUIO MaJOMOTPEOSIONIMX aHAIoro-1MdpoBbIX MpeodpasoBareneit

rnocjeaoBaresibHOro npuoskeHus. [penioxeHa peaausalus peructpa rnocienoparenbHoro npubavkenus miss ALIT ¢ makeu-

MaJIbHOM pa3psiIHOCTBIO 12 GUT 110 TexHoa0Tur 65 HM KoMranuu TSMC.
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This work examines an approach for designing low-power analog-to-digital converters with successive approximation register, as well

as offers the implementation of successive approximation register for ADC with maximal digital capacity of 12 bits using 65nm TSMC

technology.

Keywords: ADC with successive approximation register; designing low-power circuits.

BBEAEHUE

HecmoTtpst Ha coBpeMeHHBIH TpeH 1 HndPOBU3ALNU TPAKTUYECKHU BCEX
cdep uenoBeuecKoii AesiTeNbHOCTH, MEX /1Y aHAaJIOTOBBIM U LU(POBBIM
MHUPOM Bcerjaa npucyTcTByeT 6apbep. [ToaTomy aHasoro-uudposbie
npeo6pazoBatesu (ALIT) siBISIIOTCS HEOTHEMJIEMOIT YaCThIO MPAKTU-
YeCKM 10001 uppoBOIi CUCTEMBbI, B3aMMOJICUCTBYIOIIEH C OKpYKalo-
el cpenoit Mpu MOMOIIH Pa3JIMYHBIX CEHCOPOB. 3a49acTYIO JJIsT CEH-
COpOB, TAKUX KaK TeMIIepaTypHbIe TaTYUKU, He TpeOyeTcsl BhICOKAst
CKOPOCTb IpeoOpa3oBaHUsl. DTO 1aeT BO3MOXHOCTb BIOOpA apXUTEK-
Typsl ALTT n1s1 mpuMeHeHM ST B KaXXIOM KOHKPETHOM cJrydJae.

APXUTEKTYPA

B nanHoii paboTe cloxkHO-(pyHKIMOHaNbHBIN 670K ALITT siBnsieTcs
COCTaBHOI 4acTbhbiO cBepxOoblIoil nHTerpasbHoit cxembl (CBUC)
ksacca Cucrema-Ha-Kpucranne (CHK). K HeMy npenbsiBasitoTcst Tpe-
6oBaHMUSI MO0 MaKCUMaJbHOI MOTPEOIsIeMOil MOLTHOCTHU, BO3MOXHO-
cTH BbIOOpa pexuma MoTpedJeHus] U MAaKCUMaJIbHOM 3aHUMaeMoil
mtomtaau. Tak Kak He TpeOyeTcsl BBICOKHME CKOPOCTb U TOUHOCTD Mpe-
00pa3oBaHUsl, TAKUM TPEOOBAHUSIM OTBeYaeT apXUTEKTypa Ipeodpa-
30BaTeJis MOCJeI0BaTeIbHOrO MpUGIXeHust. OHa sBIsIeTCS] OHOMN
W3 CAMBIX MOMYJISIPHBIX UCITOJIB3YEMbBIX apXUTEKTYP Ha CETOMHSIITHU I
neHb. B oTimuue ot mapauienbHbIX U KOHBeliepHbix ALITT, mpeo6pa-
30BaTeJb MOCIEN0BATEILHOTO MPUOIUXKEHUSI UMEET BCETO OIMH KOM-
mapaTop, YTO OTpeAesseT 3HAUNTEIbHO MEHBIIYIO TTOTPEOIsIeMYI0
MOIITHOCTD U 00Jiee MPOCTYIO pealr3aluio Mo CPaBHEHUIO C CUTMa-
nenabra ALLIT [1].

B ocHoBe paGoThl JaHHOTO MpeoOpa3oBaTesl JEXKUT MPUHIIUIT
MOCJIeIOBATEIbHOTO CPAaBHEHU I U3MEPsSIeMOI BeJIMUUHBI ¢ 1/2, 1/4,
1/8 U T.4. OT MAKCUMAJIbHOTO 3HAYEHU I OMOPHOI0 HATIPSIKEHU .
Bt1o no3BousseT st N-paspsiaHoro ALLIT mociaenoBaTebHOIO MpU-
OJIMXKEHUSI BBITIOJIHUTH BECh Mpollecc mpeodbpazoBaHus 3a N mocie-
NMOBaTeJIbHBIX 11aroB. CTaHIapTHasI apXUTEKTypa mpeodpa3oBaTest
IMOCJIeI0BATEJIbHOTO TIPUOTMKEHM I, HA3BIBAEMOTO B JIUTEpaType

Takxe ALLIT ¢ mopa3psiiHBIM ypaBHOBELIMBAHUEM, BKJIIOUAET B CE0s

YCTPOUCTBO BBIOOPKU U XpaHEHU s, KOMIapaTop, N1 po-aHaIoro-
BbIii mpeobpaszoBatenb (LLAIT) u peructp nociaenoBaTebHOTO MPU-
OMKEHUS.

YceTpoiicTBO BBIOOPKU U XpaHEHUsI MPaKTUUYECKU BO BCEX MOJIM-
ukanmsx conepxut 0ydep Ha OCHOBE OINEePaLlMOHHOTO YCUJIUTEN S
IUTSL TOAep>KaHM sl TOUHOrO 3HAYEHUSI CUTHaJa, KOTOPbIi BHOCUT
CBOI1 BKJIaJ B o0111ee moTpediieHue npeodbpasonareiss. OMHUM U3 CIIO-
CcO0OB CHUXEHU S TOTPEOIIeMOIt MOIIHOCTH SIBJISIETCSI UCITOJIb30Ba-
HUE CXeMBbI TP PO-aHAIOTOBOTO MPeodpa3oBaTessi CO BETPOCHHBIM
YCTPOMCTBOM BBIOOPKU UM XpaHeHUs [2]. YIpoleHHas CTPYKTypa
ALTI ¢ HATI, BBINOJHSAOWIMUM TakXe pOJib YCTPOUCTBA BBIOOPKU
¥ XpaHeHU s, ToKa3aHa Ha puc. |. B aToMm ciyuae He moTeHI AN
Boixona LIATI momraroBo nmpubauxaercs K 3HAYCHUIO COXPAHEHHOTO
BXOJHOTO MOTEHIIMAaNa, a CaM COXPaHEHHBI! MOTEHIIMA MPUOIMKa-
eTcsl K 3HAaYSHUIO MOJOBUHBI OTIOPHOTO HATIPSIXKEHU ST («BUPTYaTbHBII

HOJIb»).
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Ha nmpakrtuke, 3aHuMaemMas TJIOMIAAb
OTpeaesieTCs] CAaMbIM OOJIBIINM 2JIEMEHTOM
yCTpOliCTBa — MaTpulleil TBOMYHO-B3BE-
HIeHHBIX KOHAeHcaTopoB. Tak kak nudde-
peHLManibHasl CTPYKTypa UMeeT B IBa pasa
6oabUIyIO TJIOIIALb, YEM OJAHOMOJSIpHAas,
IUJ1s1 obecrieyeH st MUHUMaJIbHOI 3aHUMae-
MOIi nionaau Oblyia BblOpaHa UMEHHO OTHO-
MoJIsIpHAsl.

PerucTtp mociienoBaTebHOr0 MPUOIU-
xeHus (PITIT) BeinonHseT GyHKUMU yIIpaB-
JIEHWsI aHAJIOTOBBIMHU KJTIOYaMU, 00paboTKU
CUTHAJIa KoMTIapaTopa U BbIgauu udpo-
BOTO KOJIa TI0 3aBepIIeHNU UK peodpa-
30BaHUs. Tak Kak MCTONb3yeTCs] OMHOIO-
JIsSipHasi CUCTeMa MUTaHUsl, CepeInHON aua-
Ma3oHa U3MEPEHUI SIBISETCS MOJOXUTEIb-
HBIIl moTeH1Mal. B cBsI3u ¢ 3TUM, 3HAUCHUS,
MOJyYeHHbIe B «OTPUIIATEbHOII» 001acTH,
JIOJIKHBI OBITh UHBEPTUPOBaHbl. B naHHOI
paboTe perucTp NocaesoBaTeIbHOTO MPUOIHU-
JKEHU ST TIO3BOJISIET YIPABISTH YUCIOM pa3-
PSIIOB BBIXOJHOTO CJIOBA, TEM CaMBIM M3Me-
HSIST KOJIMYECTBO TAKTOB, HEOOXOIUMBIX JUJTST
ofiHOTO npeobpa3oBaHud. JJononHuTeNbHOMI
0COOEHHOCTBIO SIBIISIETCSI TAaKXe BO3MOXK-
HOCTb 3aIJaHU s IJUTETbHOCTH BBIOOPKU.

BaxxHO mpenocTaBUTh MOJb30BATEIIO
BO3MOXHOCTH YHpaBJIeHUS pexXumMamMu
pabotel. CHK noskHa 061anaTh THOKOCTbIO
B HacTpoiikax aHepronorpedaeHus. Haunbo-
Jiee paclipoCTpaHEHHBIMU METOIaM U, MI03BO-
JISIIOIIMMHU COKPATUTh MOTpebieHne, sIBIsI-
IOTCST METOJIbI CTPOOUPOBAHUSI CHHXPOCHT-
HaJja ¥ MMOCTPOEHUE CUCTEMBbI OTKJTIOYaeMBbIX
noMmeHoB nuTaHus. Heodbxonumo mpeaycma-
TPUBATh HECKOJbKO PEXUMOB pabOTHI KaX-
noro 6;10ka B CHK 1151 HaX0XAeHU I KOMIIPO-
MUCCa MEXy COKOHOMJIEHHBIMU MUKPOBAT-
TaMU U BpEMEHEM BKJIIOUEH U SI/OTKIIOUESHU ST

INTRODUCTION

Despite modern digitalization trend in almost
all the spheres of human activity, there always
exists a certain barrier between analogue and
digital worlds. That is why analog-to-digi-
tal converters (ADC) constitute integral part
of virtually any digital system, interacting with
environment by means of different sensors.
Frequently such sensors like temperature-
sensitive element do not require high conver-
sion rate. This enables one to select convenient
ADC architecture for application in each spe-
cific case.

ARCHITECTURE
In this work complex functional ADC block

is a constituent part of a very large scale
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Fig. 2. Results of modelling

integration circuit (VLSI) belonging to Sys-
tem-on-Crystal (SoC) class. Requirements
for maximum admissible power consump-
tion, capability to select a mode of power
consumption and maximum admissible
occupied area have been imposed on this
block. Since high rate and accuracy of con-
version are not required, those require-
ments are met by the converter architec-
ture with successive approximation. It is one
of the most popular architectures used today.
As opposed to flash and pipelined ADCs, the
converter with successive approximation has
only one parameter, which results in signifi-
cantly less power consumption and simpler
implementation as compared with sigma-
delta ADC converter [1].

L0
tm {urs)
ala
i
i |
| el
5000 75.0 100.0 125.0 1500
time s
6|b

Its operation is based on sequential com-
parison of measured value with 1/2, 1/4, 1/8
etc. parts of maximum reference voltage value.
This enables N-bit ADC with successive
approximation to perform the whole conver-
sion process in N successive steps. The stan-
dard architecture of converter with successive
approximation register, also called as ADC
with bitwise balancing, comprises a sam-
pling and holding device, comparator, digi-
tal-to-analog converter (DAC) and successive
approximation register.

The sampling and holding device virtually
in all modifications contains a buffer based
on operational amplifier for maintaining accu-
rate signal value, which contributes to the con-
verter total power consumption. One of the




06J10k0B. Bo Bcex cOBpeMEHHBIX YCTPOUCTBAX METO/L CTPOOUPOBAHUS

CUHXPOCUTHAJIA TPUMEHSIETCS TIO YMOJIYAHUIO.
OTkJII0YeHNe TUTAaHWS He3anefiCTBOBAHHBIX OJOKOB KpaiiHe
3(peKTUBHBINI CTOCOO CHUXEHUSI MOTPeOJeHU s KaK CTaTU4YeCKOI,
TaK U ITMHAMMYECKOl MOLIHOCTU. B cucTeMe co3naioTcst AOMOTHU-
TeJbHble BHYTPEHHUE IMIMHBI MATAHUS U 3eMJIU. MeX1y BHYTpPEH-
HUMM U BHEIIHUMU LIMHAMU BCTABJISIOTCS BbIKJIOYaTe . Takum
00pa3oM, 10 CUTHaIy BHYTPEHHHUE IMHBI OTCOEAUHSIIOTCS U MUTAaHUE
1o 60ka He noxonut. Ecim 670K HyXeH B paboyeM COCTOSIHUM, €ro
MUTaHWEe BO3BpalllaeTcs CHITUEM CUTHaJa ¢ BhikJodartess [3]. KoH-
crpykiiuu Common Power Format, B 0ocCHOBEe KOTOPBIX JIEKUT CHH-
Takcuc s13pika TCL, MO3BOJISIIOT OMUCATh MHOTOIOMEHHBIE CICTEMBI C
Pa3TUYHBIMU HATIPSXKEHUSIMY TUTAHUST U PEXXMUMaMU PabOTHI.
JlanHblit mpeoOpa3oBaTeab pa3padoTaH 1151 padOTHI B IBYX JOMEHAX
nuTtanus: 3,3 B nist aHanorosbix 6;10koB U 1,2 B muist iudpoBeix, ¢ TpeMs
pexxumMaMu paboThl: HOMUHAJIbHBII pabo4nii, OTKII0YeHHE LI(PPOBOro
MUTAHUS, PEXUM CHa (MOJHOE OTKJIIOYEHUE MUTaHUsI). B MOMEHTHI,

I/I3AEAI/IH MHUKPOSAEKTPOHUKH OBIIEIO N
CITETUAAN3HNPOBAHHOI'O HASHAYEHUA

KOrJ/ia MuTaHue 0JIOKOB OTCYTCTBYET, CUTHAJIBI Ha BBIXO/IAX 3TUX OJIOKOB
HAaXO[ISITCSI B HEOIPEICIEHHOM COCTOSTHI U, TO3TOMY B MOMEHT OTKJTIO-
YeHUsI TUTAHUST HEOOX0MMMO 3a(pUKCUPOBATh KAaKOE-TN00 3HAUeHUE
C TIOMOMIbIO U30JISIIUOHHBIX sueek. TakuM 06pa3oM, Mpoliecc OTKI0-
YEeHUsI TTUTaHUSI BKIKOYAET B cebsl Claeayloliue Mocaea0BaTe1bHbie
[IaTU: OCTAHOBKA TAKTUPOBaHUsI, (PUKCALIMS BBIXOJHBIX IIUH OTKJIIO-
yaeMbIX OJIOKOB (HaIrpuMep, BCceX B COCTOsIHUE «0») U30JIUPYIOLIMMU
siuefiKaM¥ ¥ OTKJIIOUYeHUE BHYTPEHHUX IIWH MUTaHWsI JoMeHOB. Heo0-
XOIUMO TaKXe IMPU MIAHUPOBAHUU CTPOOUPOBAHUSI CHHXPOCUTHAIA
TIPUMEHSITh €T0 U ISl TAKTUPYEMBIX aHAJIOTOBBIX 6;10KOB. [1pu ncmoib-
30BaHMM JaHHOTO METO/a COKpAIlEHUE TIOTPEOICHMSI MOXET COCTaBUTh
110 95 % MOIIHOCTH B HEAKTUBHOM pekume [4].

MOAEANPOBAHMUE

IMony4yeHHBIE B XOA€ MOACIMPOBAHUS MaHHBIC MPEACTaBICHBI
Ha puc. 2—3. Ha puc. 2a BUIHO, KaK BbIXOJTHOE HAIPSI>KEHUE MaTPHUIIbI
KOHJIEHCATOPOB MPUOIUKACTCS K MOJOBMHE OMOPHOTO HAaMpsike-
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Fig. 3. Diagram of stage by stage power domains disconnection

ways of power consumption reduction is appli-
cation of digital-to-analog converter circuit
with embedded sampling and holding device
[2]. Fig. 1 shows the simplified ADC structure
with DAC, also performing functions of sam-
pling and holding device. In this case not DAC
output potential approaches the stored input
potential step by step, but the stored potential
approaches half of the reference voltage value
(“virtual zero”).

In practice, the occupied area is deter-
mined by the device biggest element, in our
case it is binary weighted capacitor array.
As differential structure has twice as large area
compared to single pole area, the single pole
area has been chosen for providing minimal
possible occupied area.

The successive approximation register
(SAR) performs control functions (using ana-
logue switches), processes comparator signal
and issues digital code upon converting the
cycle termination. As single pole power supply
is used, a positive potential is the middle point
of the measuring range. So the values obtained
in the “negative” range have to be inverted.
In this research the successive approxima-
tion register enables controlling the bits num-
ber in output words, thus changing the num-
ber of cycles necessary for one conversion.
An additional peculiarity is a possibility of set-
ting the duration of sampling.

It is important to provide the user with
opportunity to control the mode of opera-
tion. The SoC must possess versatility in power

Hus. [TosTanHoe OTKIIOYEHUE MUTAHUS
npeacraBjieHo Ha puc. 3. CHavajia OTKJIIO-
yaeTcs LMdpoBoe NUTaHUE, 3aTeM MUTaHUe
aHaJIOTOBBIX OJIOKOB. B MOMEHT OoTKIII0UE-
HUST TUOPOBOro MUTAHUS BO3HUKAET CKa-
YyoK Ha rpaduke MoTpedseMOil MOLIHO-
ctu 1o 100 HBT, 1719 60JIee HATJISIAHOTO OTO-
OpaskeHUs OCTaTbHOU YacTu rpacduka 3ToT
MUK o6pe3aH. Pe3ynbraTel MomeTupoBaHU s
HATJISIIHO AEMOHCTPUPYIOT BO3ZMOXHOCTH
METOZ0B CHUKEHU S MOTPebIsieMOii MOLITHO-
ctu. B 1aHHOM ciiyyae motpebsieMast MOIII-
HocTb LHATT cokpanaercst Ha 3 opsiika (¢ =
1,2 Mx Bt no = 8 HBT), uudposoii toruku —
B 5—7 pa3 (¢ = 6,8 HBT no = 1,1 HBT).

3AKAIOYEHUWE

B xome maHHOI paGOTHI OB CIIPOEKTUPO-
BaH PETUCTP MOCIEN0BATEIBHOTO MPUOIKE-
Hus pius ALUTT ¢ makcuManbHO#M pa3psiaiHO-
CTBIO 12 OUT IO TEXHOJIOTHH 65 HM KOMITAHU U
TSMC. INpoBeneHo MOEIMPOBAHKME HA TPaH-
3UCTOPHOM ypoBHe. CpenHsist noTpebdisemas

consumption settings. Most commonly used
methods for reducing power consumption are
gating techniques for clock signal and building
the system of disconnecting power domains.
It is necessary to provide several modes for
each block operation within SoC to reveal
trade-off between saved power and time neces-
sary for switching on and off respective blocks.
Gating technique for clock signal is used in all
modern devices by default.

Another efficient way to reduce power con-
sumption for static and dynamic power is shut-
ting down power supply to spare blocks. Addi-
tional internal power and ground buses are
created in the system. A connection between
internal and external buses is provided through

switches. In such a way, upon receiving signal
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PETUCTPOM M KOHEYHBIM aBTOMAaTOM MOIIHOCTbL B AKTUBHOM PEXUME 2.

cocraBiseT 4,5 MKBT.
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internal buses become disconnected and power
supply does not reach the respective block.
If this block is required in operating condi-
tion, its power supply returns back by signal
removal from the respective switch [3]. Struc-
tures Common Power Format based on TCL
language syntax enables describing multi-
domain systems with various supply voltages
and modes of operation.

This converter has been developed for oper-
ating in two power domains: 3.3V for analogue
blocks and 1.2V for digital blocks with three
modes of operation: nominal operative mode,
shutting down digital block of power supply,
sleep mode (full power supply shutting down).
At the moments when the blocks power sup-
ply is switched off, output signals of these
blocks reside in undefined state, because at the
moment of power supply being switched off
it is necessary to fixate some value by means
of insulating cells. So, the process of switch-
ing off power includes the following steps: the
locking is stopped, output buses of switched
off blocks (for example, all in “zero” state) are
fixed using insulating cells and shutting down
internal buses supplying power to domains.
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While planning the clock signal gating it is also
necessary to use clock signal for gating ana-
logue blocks. Due to this technique, the reduc-
tion of power consumption may attain 95 %
of power value in inactive mode [4].

MODELLING

Figures 2—3 show the data obtained by mod-
elling. In Fig. 2a one can see how the output
voltage of capacitors array comes closer to half
of the reference voltage value. Fig. 3 shows the
process of stage by stage switching power sup-
ply off. First of all, digital blocks power supply
is switched off, and then power supply of ana-
logue blocks is switched off. When power supply
of digital blocks is switched off, there is a jump
attaining 100nW on the diagram of consumed
power, but for better visualization of the rest
of the diagram this spike has been truncated.
The results of modelling clearly demonstrate
the opportunities of methods for reducing
power consumption. In the considered case
power consumed by DAC is reduced by 3 orders
of magnitude (from = 1.2microW down to =
8nW), digital logic is reduced by a factor of 5—7
(from = 6.8nW down to = 1.InW).

CJ/TYYAWHBIE JAHHBIE:

CTPYKTYPA U AHAJIU3

m— B. N. XumeHko

MOJTY4AIOLLMXCS PE3YIIbTATOB.
B KHUre Jal0TCS ONMCaHye U AETaNbHbIN aHaNM3 CTPYKTYPbI HaubOsee BAXHBIX C TOHKW 3PEHMSI MPUIIOXEHIIA MOJENE BPEMEHHBIX PSIOB,

LleHa 1188 py6.

CONCLUSION

The research deals with developing the succes-
sive approximation register for ADC with max-
imal digital capacity 12 bit using 65nm TSMC
technology, as well as modelling at transistor
level. Average power consumed by the register
and finite state machine in active mode consti-
tutes 4.5microW.
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