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A Fully-digital Temperature Monitor Using Ring Oscillator on FPGA

YOUSUKE MIYAKE" YASUO SATO'
SEIJI KAJIHARA

On-chip temperature monitors are used to guarantee the reliability of VLSIs. A time lag between timing of measurement at the
monitor and timing at application system is large, because the monitor using an analog circuit has long measuring time. The
authors proposed a design method that can reduce wire delay variation of ring oscillators on FPGA, and reported a temperature in
chip can be measured from frequencies of the ring oscillators. This paper proposes a temperature monitor with a temperature
calculation circuit, which calculates the temperature from the frequencies of the ring oscillator in a chip. Then, calculation
accuracy, an area, and a processing speed are evaluated in order to confirm ability as the temperature monitor. This paper also
shows feasibility as a full digital temperature monitor, which is a short time measurement and a small area, without an analog

circuit.
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FPGA LITHERK L7z RO DRAEHIZH S Z KT 57
¥, LUT OHAIE EAEE 2 FIH L7z RO MR TIE[15]%
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Al EREE 2 FH L7z RO R TIEIL, RO KT 24
D LE ORREAME L LE A LUT DAL T %A1 v 2H6E
THILICEY, LAB ° LE M, LUT NOEHREIED I
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F7z, LUT O AIEEMEE 2 FH L7z RO MR TFE%E H
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B 23 AT RE & 72 5 [21,22].
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FPGA @ RO % H\W/-iRJEE =% (TM: Temperature
Monitor)DOREEZ X 1 12RO TM 1% 3 FE3EO RO &
B LRSI, RO ORIEHIESH 7 MEDE
D H LALER I RO #IEIRIEE (TM_Controller) (2 & - T1T 5 .
RO OFRIRRFRNLFEFH RIS E 3 5728, RO DA 7 > ME
KV EEEERODZENTED. WELZRO AU b
BRI 95 Z & T RO BIRE WA TSI 5. RO
EH T X TR INDIRET =X ITEERS <, [E5
BRSNS W2 FPGA EICEEE#H T 5. BEE=
A DH Y MER BRI RS 5 0BER 3 FREO RO A
W HIRE & G920, FPGA LTk T
THBETHD.

ROCNT,_init
; y \—:‘ TM_Controller (,-=1,2,§)|m
tretsett RO-TXEe‘l' Counter1 | i l ROCNT;[n] D

count_starf Count ; '
ro_start B |[RO-Type2 Values (F1.23) W
e 8 [Fo i [
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B2 REE =Y OREFIE
3. BEFZX

23 Hi TR =21, 3TEDORO T EH
SRR SR ET =X (TM) L RO HI#HIBIHE O 728 FPGA
Rz ESh, BEFELBEIIIETITO 2 L ZRiRIC L
TWe, AN CHEWE 1T 5 %6, BRI 1C
D a7 WREICIRTET B 720, FHEALER 25 3 72 I e
DORMEL W PRETH 72, ARSCTIE, HIEHM O LE
H 0 OFEGAE L OCWERMOENREZEHT 572D, RO
DOFRBRP I OBAGT T 2L, BEEZF 7 ETEHET
LR EER LTZBEE=FICHOWTERET S, #8515
BEE =2 128607 2 MERM O BAME, TR[S]OT T =
7RI & T2 IR = & ORI ERER 100ms ¢ 1/1000 % T
HD 100pus & L. £72, Fv 7 RIGHHAHZERT S
B, FHEALBE O SRIEFIECH AR AW D AR I L -
TRET=% &L LTOMEREET L7290, FHRERECE
BRIERE, JLERREIC DWW CRRET L, BARE O =R A BT .
3.1 BRENEERROBE

BEE=2D RO B U MiZEEEICEERS 20 %
EL e, FHRERITEN S IBEOBBENLEHRTHOT
1372<, RO Ay MED DL EHHREZEHT HEEICL
7. Zhicky, HIELZ RO B vy MEEFHESRICZ T
T T, FEREERE O TICTF v THNORENFEH
"EEE R D

AKX CRETHIREHAEREZOREE=XD
i % 2 3 12RT. TM & RO FIBEIEIR I 0E k& T Hh
5. BEFEREIKIIADE LT IM THESIZ RO Y
v MEEB L ORTLE TR O - HAERORE R EOHE T
A—ZEZITRY, WMEHRERICHEEL-Xy ) 7 L—
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FPGA

ROM{HIE &

BEZHZDORONIME
RO;CNT[n] (i = 1,2,3)

REFHEER

[mH
[rm

—> AT[n]

El

-5 & B

vl [l
i I TMxN
R M e [T HE/TA—SEDRE
i (PIERorsh £8)
uT
K 3 REHERKE S D IRET= X ORI

32 BEHERRICEBETSHER

IR G R E B 3517 2 3R IR B ERED ¥ v Y
T—va VLB EREH RO DRSNS, T
DI, BEFEERICEET ISy 7 L—ra Vo
FHEAEX (5), (6), (1) TR,

aln] = RO;CNTTYP(Ty) + RO,CNT[n](T,) )
B[n] = RO,CNTTY?(T,) + RO,CNT[n](T,) (6)
ylnl = ROSCNTTP(Ty) + ROSCNT[n] (To) )

n AXREE =X 2 EEBH L -GE0E=2FEFTHD.
RO;CNT[n](Ty) (i = 1,2,3) 1ZBESAENBEM & 7 2 R[]
ERE (RET,)) ODRO BV METHY, RO;CNT™P(T,) i
Typical &MEE2(E LT-E=F DRETIZEB T A I 7 b
BETH 5. anl,Bln],yniZZT L% RO OP)EIH EREO
AR (v M) HRICKAREMIEMTHS.

Wi, REHEAHICHAVWIHEXEZX 8) (&7,
AT[n] = a * a[n] x {RO,CNT[n] — RO;CNT[n](Ty)}

+b * B[n] * {RO,CNT[n] — RO,CNT[n](Ty)}
+c*y[n] * {RO3CNT[n] — ROsCNT[n](Te)}+d (8)

a,b,c,d TR O EEFSHTIC K o TEM LIRER R
KOBETHY, RO,CNT[n] (i =1,23) IFKBEEE=4T
HE Sz RO B 7> M, AT [n]iZ@)elEREOIRET, &
DFESTRESNIREFRERTHD. 4 RO OFREA
EfE a[n],Blnlylnl 8 L OCWEIHEEREO L v b E
RO;CNT[n](Ty) 1ZX (7) ®F ¥ V7 L—a VUEITRD
EAERENS. ZoFHERIZE > TRO BT MEM
bF v THNOIREEZHEHNT LI LN TES.
BEHRRXOMSEEa, b, ¢, dB LU Typical fH &R E L1=A
7 ¥ MERO;CNTTP(THVE, 1&FEHIE ORLEE CTEH S
DEBENRTA—ZTHDI=H, FPGA WERSH L < 134580
SRAM X° Flash A & U 72 KO EHE IR T 5. T LT,
WIENRE R IR B B R B B I B A iATe Z & C, RET =X
ORIBEREREZEEWMZD 2 ERLFHERTA—ZORAR
FOEENRARRE 2 D.
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SERT VH VIR TH B0, imPREEE AW CGREFE
A RS 5 2 ENTE 5.
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i Tl _7mF v U7 L— g VB CIIEEAEN 3 |
(BREL 3 [B]) AT &4, REEFHRQAB CIREE 2 12 | (O
H3E, WE3ME, #HoME) ETIND. EHESMEHW
CTHELIR 2 FEET D, FEAETIER L OEER ORI
FICE Y B EECHFEE N R D, HASE | EET
O L CERAAT S 2 L THEEZIMZ D EEFIETIE,
B TEAEIT /D & < 72 2 A EHE ORI B L TR R 2
WInd 5. £, HESRZEEEE L QULITRHATLZ &
THRAEEE 2B 2 LTI, ST 2 ARSI
el U ClRIE g 23 ¥4 % .

AT, B EEROEARE 2 HE T 571201
[E RS TAE 2 B9 2 HEFIEE AW, T, REG
BRI ICIME AR, REE, BRESSETLENL 1AT
SR EIND.

34 EEZOMEE

RS E RIS R 2 AW THEER T 5 720, IBEEE
B OVERE (EIRSERL, FHERE, FHREE) IXERERO
PEREICIRIET 5. HE OB E U CRB/ NI R E
INBURTEE DN B 5. BB/ NIUREE T IEEET754 BLkg 12 L
LTRY, HERBECHIENEREATHLI O LR
TN, FENEMC R EREESKREL 2D, —F,
[/ NEUR TR SRNE, /NG @ bit TR AT RIS E
FTHZLENTE D, LIEAR bit TR D il & FHHERE,
FHRAERR EDORIFT HOLERDH LN, RENESH TH
DIEEREO/NREENATRETH D, £, HEZROMEE
HEEHEREINL—FA 7 THDHD, BEET=XL
U CHBEARH B A MR L2 BT, VIERIERO bit K
DOEBEBERET L2 LIk, RRHEEL/NS<T52
LRATHEE 72 D
35 BEAELAONEFIE

R B R [A B 2 F O 2 IR E 2R O B TIE % LU
[haa e

Stepl : FHHE/NT A —FFiAH LALHE

Step2 : RO FEHE #1402

Step3 : W 7 MEFEAH LALER

Stepd : ¥ ¥ U7 L— 3 VAL

Step5 : i LB
Stepl 1Z4ME80> SRAM <° Flash A € U 72 EIT{RFE L75HHA
N A= B R EAHRERKICHEAE LI TH Y, WIE
TERC— 721 AT &% . Step2 (X RO OFRIEHIH %247 9
WETHY, BHE=F 2B L BB s E=4
EHE (b LIt =42BE) T20HE5Tr. Step3
ITHEELEZE=FND RO BT v Z IR S Nl 2R
FHARE IS TUE TH D, Stepd 1ZHIEIHERFIZHE
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HHLIZRO IV Y MaEH N TRy VT L—va vV EE
1T 2B TH S, Steps 1TFAM LI RO AT MA L F
YU T b —va VRO RERNTT vy THROIRE A
BT DB TH 5. Stepl & Step2 1TETDE =X i@ DAL
PIHH CTH Y, Step3 7D Steps 1LE = HBDMBRIHA &
5.
4. FHESRER
4.1 SEERMRIE
A THU D FPGA 1T Altera #1: CyclonelV (60nm 7' =
t2), Ml — KX DE2-115, BE%Y —/ 1% Quartusll,
v = L —# ¥ ModelSim, EiRA# I Espec SU-241 TH 5.
BEET=%TM)E LTHHAL RO #EE UL TIZRT.
RO1: 4 A7 NAND-5 B, LUT-A [&7E
RO2: 4 A Jj NAND-5 B¢, LUT-B &
RO3: 4 A7) NAND-5 B¢, LUT-C [E &
RO Ofa#ix 3 ffHE b 4 AJINAND @ 5 Bt ThH Y, 2.2
i Tk ~7- RO MR FiE 2 VT, AFETLAB & LE OF
BENEOBEER L O LUT DAST VA OREETT-72.
RO L XTI D5 RO I T v H D bit 1% 20bit THEAL L 7=,

Hh{EA M SOMHz 12551) % RO FEIRMFIIE 10.24us TH 5.

ZOEET =4 % FPGA kIZ 10 fil5EHE L2

HEIROFREHEE LT, HAEREZ | FET28HH LT
BRFAT 52 & CHEMx 2 k25, FIFT5
AR ONFEEGR, RTHELS, BRESR %, FEXKS
732 32bit DFF B+ & [ 2/ NEUR L (755 1bit, #E%L 20bit,
ANC1biY) AW BEANUREE O bit 181X RO I U
v B D bit I8 TdH 5 20bit (B DY TH D, Fik
L7ZEARROFREE (LA 7)) iZ2nei, MER
B 4suvr, RERS 7uy s, BRER3B 7uvs
Thod.

42 FERBEFE

ARSI EREROMRIERTET D, RERTHOW
32bit DFF AT & EE/NEIOREA (FF 5 1bit, 5 20bit, /)
HO11bit) DA, BEEBIIA 20bit TH D2, ol
B ORBFFEA L -1048576 ~ +1048576 L 72%. & L T/h
B INECER 4y D J5e/IMIE T 2711 (0.00048828125) & 72 5.

BB/ NEUREE & BB NEUR R O GRS GHRRRE)
T 5720, EIRMOEEZ T,+10°C & L7546 Ol
ERO AU MELVIRENEZITo7-. HEREDFEM
ICOWTIT 45 Tk~ 5.

FICEE/INEE & B NS R K 2 IREE O
FERB L OHERBEIC OV TORT. BEE/NEAEE O 5
WRREFHEFEKIC L W RDIETH Y, BEVNURER D
FERITE M TR EETH D, AHE LTHWEIE
W C7208, B/ NGRERE 2 AV IERE X 9.011°C & 72
D, ERENESEE A O EIERE T 9.017°C LB,
L72A o C, TREERHR BB HSH L7z B/ MU E RT3
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B/ USRI IS, BERSFIZ 0.006°COFEBRENE
UaZENbnd. Fio, BEENUEEIZBT 5 HER
FEOREBRZET 0989°CTH Y, ZORERZEITITHEL
OFRBENE END.

£ 1 EEAINEOREE & B IO O FHROR

EREDRE . = ;
Teoe | BRMARE | BRASREN | #
AIERE [°C) 9.011 9.017 0.006
BIERE [C) 0.989 0.983 0.006
4.3 ETEFTM

FPGA B %% — /b Quartus IT 2 W 72 3 BR A 8 L OVEL &
BRI L0, REEFHE A O AR O IR A 2 1T - 7.
AEIBICHEH SN2 LUT 8 LR Z & 2 1TRT.

2 OMELY, BEFHFERERICEMRSNLS LUT #u
1496 i, LI 2AZEITE N1 MTHLHZ enbhrd. £,
RO & 17> %@ LUT $id 153 i, LA 2 %0d 93 il &
INEWV. UL, THEEKIC AV 2 RS 0 w000
RMSLRAMCLAIFFICRE W NERERD 52.6 3,
FRERD 3.9 f5). REBRITHEAISRZ | FET BT 2%
HETH L7, HESROHBENEZ D Z LI1XR2 00,
TR 2 AR U CRP RS 2B 3 5 F2 s ik Cik
FRAZ OB IER L TR OPT & 722 5 rIREMEA mW
IR EARIL TR R D /N CTH D Z LN EEND 2D
FRE A EREE L2 HEFIEORFNNLE L 705,

# 2 AR R
E=4EETM RO BE | BEs | (MREEMRUER
(ROX3,7177%x3) | HI{EEI 3% | ST EER | HIEERR | nemes e (rhes
LUT# 153 143 1496 4563 66 906 | 3472
L2458 93 106 921 179 32 64 64

4.4 il BB R ET A

IREEE =& ORERK 27 E3 2 729, 3.5 filsd~7
AALPRIE H OB 2 3R 5. IREFE RIS ST
UHNVLETH D12, FPGA DO BYERE I 5k & A& ALEL
i ay VI VRERMERDD Z LN TED, £ 3
{Z ModelSim % W CROZIBEET =& O LR NEEE O
ALPRIE[] A 773, RO FEIRHIE O AL BRIRF [ X RR G HRFICFR 8
L7z RO EIRFFM & Lz, R3I DRIV, LEFEF DA
FHX 2033us THBZ ENSMD. F L TAHRF O A
NREE =% OWPERR & 700, F700BH B LA o L
BRI lus L F Th o772, BET =4 1 fOREHR
WK 21ps &7 5. Fio, FEANT A—FEEAH LALE & X
¥ U7 b=y VRBRIFRIEERICIHAT T A HE ThH D
7e®, WIED 2 B BHBATORERFIER 18us & 72 5. B
DE=HF BT L6, T =X EICAEET 5 IRFM 2SS
2720, F=% 10 MOFEHEIERFIZA 106ps, 2 FIH
TTORERRENIR 77us & 725
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£ 3 EET=ZOWNEEER (50MHz Sh{ERF)

FENEIEE ARIREFFE [us]
HE/ASA—SFEHH LR 0.62
ROF AR Hil e A28 10.24
ho U MEGRAH LR 1.79
F)IL—av g 2.69
SREEHENE 4.99
&t 20.33

45 BEMNEER

FPGA (CH## L7ZIRET =4 10 MMOIREHIEEFT 5. Al
LR & LT, 1EIRM A VT FPGA ([T B IR E 2 25 L
SH, RO OA Yy MELIREOBGRERESTS. HWEL
RET =4 1 #(ITM[0])? RO 1 7 > M4 Typical fifl &
REL, BEEYRSHT LY FAELELEH TS, Fr VT L—
Toa VABITIRE 70°CIT 3T B IE RS 5 A w1 E R &
RELTCEITTA., TLTF v 7 RICBHLI-EE=40D
RO B U v MENGIREFHEZIT .

X 4(a)IIBEE =42 1 #(TM[0]) DR R TR B4R
Z ORERER % Typical & L7=. & =& BIRIZEIT HIEE
HIE DRIERRZE FRAEDIEHERE) 1X140CTH S, X 4(b)
WIREE =% 10 ORERER RERT. £=X 10D
HIERZEIT 2.75CTH 5.
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FEHLZ 0.006°COFREEENE L D Z L MR L7, FPGA
W LEET =2 1 0PI EE o8 E R 1
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R72) 1L 140CTH 5. ZOfERLY, 7/ EEKE
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HERE 0.1 °C DIRET =X ITH, BELFREE=
Z03, MEREEITZ D5 2 D30 1000 £5 2L Lo @Eid k23 fA
DL ENbND. A%OMWEE LT, EIREEILAEER

©2015 Information Processing Society of Japan

DAS2015
2015/8/28

OB CH D Z L BEER DT, BEEHEARE <
BB AMH LRV FROER R ENET LN,
SE XM

[11 J. S. Lee, K. Skadron, and S. W. Chung, "Predictive
temperature-aware DVFS," IEEE Trans. on Computers, Vol. 59, No.
1, pp. 127-133, 2010.

[2] S. Reda, R. J. Cochran, A. N. Nowroz, "Improved thermal tracking
for processors using hard and soft sensor allocation techniques,"
IEEE Trans. on Computers, Vol. 60, No. 6, pp. 814-851, 2011.

[3] Y. Sato, S. Kajihara, T. Yoneda, K. Hatayama, M. Inoue, Y. Miura, S.
Ohtake, T. Hasegawa, M. Sato, and K. Shimamura, "DART:
Dependable VLSI Test Architecture and Its Implementation," Proc
IEEE Int’l Test Conf., pp.1-10, 2012.

[4] P. Chen, C. C Chen, C. C. Tsai, and W. F. Lu, "A
time-to-digital-converter-based CMOS smart temperature sensor,"
IEEE J. Solid-State Circuits, Vol.40, No.8, pp.1642-1648, Aug.
2005.

[5] M. A. P. Pertijs, K. A. Makinwa, and J. H. Huijsing, "A CMOS
smart temperature sensor with a 3¢ inaccuracy of £0.1 °C from
-55 °C to 125 °C," IEEE J. Solid-State Circuits, Vol.40, No.12,
pp-2805-2815, Dec. 2005.

[6] F. Sebastiano, L. J. Breems, K. A. A. Makinwa, S. Drago, D. M. W.
Leenaerts, and B. Nauta, "A 1.2V 10uW NPN-Based Temperature
Sensor in 65nm CMOS with an inaccuracy of £0.2°C (30) from
=70°C to 125°C," [EEE Int'l Solid-State Circuits Conf., pp.
312-313, 2010.

[7] Altera, Altera Temperature Sensor IP Core User Guide, 2013.
http://www.altera.com/en_US/pdfs/literature/ug/ug_alttemp_sense.p
df

[8] Xilinx, Virtex-5 FPGA System Monitor User Guide UG192, 2011.
http://www.xilinx.com/support/documentation/user_guides/ugl192.p
df

[9] Z. Abuhamdeh, V. D’Alassandro, R. Pico, D. Montrone, A.
Crouch, and A. Tracy, "Separating Temperature Effects from
Ring-Oscillator Readings to Measure True IR-Drop on a Chip,"
Proc. IEEE Int'l Test Conf., pp. 1-10, Oct. 2007.

[10]K. M. Zick and J. P. Hayes, "Low-cost sensing with ring oscillator
arrays for healthier reconfigurable systems," ACM Trans. on
Reconfigurable Technology and Systems, Vol. 5, No. 1, Article 1,
March 2012.

[11]Boemo, Eduardo, and Sergio Lépez-Buedo. "Thermal monitoring
on FPGAs using ring-oscillators." Field-Programmable Logic and
Applications. Springer Berlin Heidelberg, pp. 69-78, 1997.

[12]Franco, John J. Ledn, et al. "Ring oscillators as thermal sensors in
FPGAs: Experiments in low voltage." IEEE Programmable Logic
Conf., pp. 133-137, 2010.

[13]Y. Miura, Y. Sato, Y. Miyake and S. Kajihara, "On-chip Temperature
and Voltage measurement for Field Testing,” Proc. [EEE European
Test Symp., p.1,2012.

[14]Y. Miyake, Y. Sato, S. Kajihara, and Y. Miura, "Temperature and
Voltage Estimation Using Ring-Oscillator-Based Monitor for Field
Test," Proc. IEEE Asian Test Symp., pp. 156-161, 2014

[15]1=EfEE, MBEIESX, EERR, 12EHE], "FPGA 2B 58
BORWEFEEZRRTH7200) 74y L—ZRERIED
a7 248 #, Vol.113, No.321, DC2013-50, pp.165-170,
2013-11.

(6] =&, Fepkbix, FREMF, "FPGA DY > VA v L—5 %
R L7 =2." [F7#, Vol. 114, No. 384, DC2014-68,
pp. 7-12,2014-12.

[17]S. Brown, "FPGA architectural research: a survey." IEEE Design &
Test of Computers, Vol.13, Issue 4, pp.9-15, 1996.

[18]L. Kuon, R. Tessier, and J. Rose. "FPGA architecture: Survey and
challenges." Foundations and Trends in Electronic Design
Automation, Vol.2, Issue 2, pp.135-253, 2008.

[19]F. Gusmao, G. Neuberger, R. F. Hentschke, L. Carro and R. Reis,
"Designing Fault-Tolerant Techniques for SRAM-Based FPGAs,"
IEEE Design & Test of Computers, Vol. 21, Issue 6, pp. 552-562,
2004.

[20]Xilinx Inc, US Patent, US 6,667,635, 2003.

[21]Y. Sato, M. Monden, Y. Miyake and S. Kajihara, “Reduction of
NBTI-Induced Degradation on Ring Oscillators in FPGA,” IEEE
Pacific Rim Int’l Symp. on Dependable Computing, pp. 59-67, Nov.
2014.

[22]#RRRE R, =&, RIFHE, "FPGA DY v A v L —H |
BT D NBTI RO & Rl 9 5 MEd," [FH5%R,
Vol. 114, No. 384, DC2014-67, pp. 1-6, 2014-12.

210



