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frontal cortex is the hierarchical cognitive control mechanism, allocating control over behavior
1o brain’s subsystems in a way that is optimal for the agent under various constraints.
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a4 & 112|Z(cryptographic hash function)2 SA1 & oF XA oA of
=7 ol - HE ({EE &Qlot= 7I&0|t HIERA SulM MS
RF HMS =0

0I5t | el Al25H= 28t &2 ZAHCRC, cyclic re—
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dundancy check) &2 =0 Gla| 4 ENE
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JBto2 0|2 BE 71& HFA(NIST, National Institute of Standards
and Technology)OllA ZH4GHE T, 199301 FIPS(Federal Information
Processing Standard) PUB 18022 ZH QL) SiXi= SHA-0= 2%l
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“Low-Power Digital Circuits” M40 M & 0] S Zete] =2 50| & 8H
FH QAT
K ZHAO| CEA-LETIONA] st A | =2 (#8-1)2 ZFE Mls o
20| 276H= MIMO telecom 282 2HE b= His7| &3 ghAlo|
4x4x2 homogeneous scalable 3D NoC(network-on- Chlp)i\ =
5t 65nm 37 [E0iIM A RUC 2 =20ilM= HEIZ0 A
(2D NoCof HlaH 2t&-Mnt ZEY chip-to-chip S410] 24-8h 3
3|28 ArE5IR, 3D NoC S|20|IM 0147t = 3D 84 71, =2 %E%,
OllX| &84, Zsh ZLi(fault tolerance) S 11248t 7|£0] MIQt=RUCE
HMotel 3l2= top die?t bottom dieQ] 2702 522 A%, 2H = Lol
M= 32b HIS 7|2 GALS BAI9| NoCE 7|BH2 2 2x2 RX/TX MIMO 7225
X|&5tH, ARM1176 Host CPUZ T24El heterogeneous multi-core2t
18742] accelerator(DSP, Telecom IPs )2 NZIRICt & At0[9] 3D
interconnect= 47H2] H|S 71 3D 4+ 238 7HK|= 4x4x2(32 NoC 2t2E)
3D NoC 2¥E, HIEXZQ| 74T M(robustness)& {lsiA 3D NoCe= AN
M= 9| 4-phase 4-rail9] handshakeZ 7tXl= QDI(Quasi Delay-Insensitive)
HIS7| 3|28 AMEoi A AU 2E(yield)S S7HAF | L MM EHAES
QI3 TMR(triple-modular redundancy)& AF2stJTAGS} boundary scan
8IS 0188 test and fault tolerant architectureZt M|t 22 9]
3D HHuL 20| BIES £/&3} st Xt CIXFQlzt 0tA = 7t top die®f bottom
die AfO|0| M SRE[=S ot3ict MI2HE 3D NoC architecture= 326Mb/s
2|1 Hlo]H HE £=5 IEX[HM 0.32pd/b2] H2 MEE HHFRAC

=]
=
o

m>
8:

30 326 parallel
& fauittol.

- 30 160 serial fink

©SW onecution of:
~thermal control

~thermal measuremants
-3DNGC perf. measurements
30 16 sertal link & 2:1 red.

o 30 320 parallel link

3D Cross Section Architecture

8! 1. 3D NoC architecture and cross section(#8-1)

#3-22F #8-3 =22 M=2 CIX|E LDO(Low-Drop-Out) 2220/
(regulator) 8258 Aokt QUL OE‘HJ"*QE BMQI Fofl A T FA<
W2 222 100 [Z20[Eoll Sfo AA|=D UXIT Hot MFoAfel 210

2 H3l2 BA5H| Sl ARE= 37|17 2 off- chlp =9 HHIjAlE
(capacitor)7t 71& LDO &AM 2 @Hdl|=(overhead)7t =11 ALY,
T =20z o2t 2 off-chip £ HIAIEIE & W22 2o TESt
St L} AIO|ZE £01= Y S0| M=, SEXIR 0| S2 AHIIAE Q|

H

37|E £0|ALt T LR HAStsH | sl Al= control loop latency”t
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BIOPMoF ol 2, =2 MEY FOE JHX= &7|2AI9] time-driven
digital LDOL 142 =7|E 7HX|= analog LDOE AEsHOF =Xt
M2 AH7F X174 2l ICt Columbia UniversityOll A 2IE8H#8-2 =2
Oll M= O] T2 S8t atency Af0|Q] AEFAAIS Sl0H7| Llal, = ME2S
FAGHHM B2 latencyE 7H 4~ UES event-driven HAIL| CIX|E
LDO 2{Z0|EE HMI2taIRICt MetE event-driven CIX|E LDO= 65nm
2 JIE0IM TR, £ 200N MeHE LDO= Vin=0.5V, Vout-
=0.45V0l| A 400uAE S&otaL, 10%2] VDROOPL| Mgt =740 A & Lol
E

YXske &2 7mA

SE 10| 37|= ©X| 0.4nF 0|%{Ct EBH 96.3%2] 2|11
RSS2 7HKe A2 &4 2ol EoACH ANl LHSt Chs
=2#8-3)2 LDO7} L EHE PMIC2H 28t AP(application processor)

Atolofl £Xifoh= IS HIAIE] & £017] #ls PMICOIM S| LDOE AP
TXak5l0 225 IHY 2k El (power routing)S £0| AL 5HQICt 22|11,
fast transient response, large capability of current, low power con-
sumptionS SAI0ll O|R1At shift registers AL&$t fine loop2t cur-
rent-mirror flash ADCE AFE3SH= coarse loopE AtEst M22 C|X|E
LDO 2lZ20|EE HQtstRiCt MetE LDO= 28nm 88 7[&0i M
0.021mm?2] AIO|=S 7HK|11 200mATEX| 2| 25t M S MEsteict E5t
Z|cHSt Mg E 4 = TF 2612 90% Hat 0|0l Al 2F 120mve] &
M EE(droop)2 EHFAICE

QIO LHTH#8-49 =22 H-Ef(run-time)
oI5t HO|0f Sfal] Lt 32X A S BLIH
Replica Circuit(TRC)S| ZME M3 Y AHYZ(AVS: Adaptive
Voltage Scaling) 3|20l A&, 2 U2 SHCZ ZH6H XX LAE
HASH 4 Q= 220m S8 7|20l Al M2 E graphics execution coreg
SICt 201, 7122 ot A0|E!(PG: Power Gating) 225 1= 2
MEtS 7HK1= top primary PGR MO 2 377 ZX == secondary
PGE LI+11, FH ZE0|M st e = FHOIg 1 TRCY ZUHE ALEoliA
secondary PG| AlO|=E HZASI0{ wake-up Alo Zalish= T
(droop)2 &04A] guard band/delay margin AlZHS & £ Qlct= A
HAEFICHL SYE 2T AVSE 2249 222t Lot 274714 0.4V(0.8V)
TIJOIM 33%(14%)2] 04X ZHAE 22 B0, Mot S8 PG=
0.6V(0.8Y) MU0l A 14.5%(7%)2] OIEXIE ZA AlZIHAM 11%(8%)2] Bt

2

[mm]
71Ak | Y(virtual rail) M ZAS 242 HO{FAC

orcs

Vee External
I VR
Top Primary PG, Secondary Z

PG, and DPG controller

On-die

ref  [BLLICORE CLK [|cyrrent
cik 0.15-1GHz|

Inducer
32b A MISRKAH Grapnics
signature ExecuTion CORE

Bot Primary PG, Secondary
PG, and DPG controller

Test Controller
& 270KB Vectorpy
SRAM

=
S|

TDC
[15:0]

AVS
Controller
(external in

this work)

Virtual Rail

12 2. Chip block diagram(#8-4)

CHS University of Michigan Ol Al HE =2 #3-5)0 A= &2 loT A|IAEIS
QIet 25| Eo| EEstEl= &2 Afo|=2] PMU(Power Management
Unit)7F MOt ACH MIOHE PMUE 0.9V~4v2] 0] U= 22 TRtS 3749
DFE HMY0.6Y, 1.2V 3.3V)22 22E Heksh= switched-capacitor DC-

14

DC 22t 3|28 kst QICH MRt 3|2 1V~4Ve| 52 U2 H{0f| A
60% O|&42| #Het S 21t 20nW~500uWe| £2 Mg FXIEE EoFUCt
NvidiaOf| A 28t #8-6 =20 A= 2 GPUOIA 2 ™= 2 XHX[5k= global
communication powerg &0|7| ol 7|22 CMOS repeater H&=
AMESHR| 241, MUE 1/22 £04A Al global communication powers
0|2X0 2 1/42 £0|1X} stacked CMOS inverter S& A%l charge-
recycling bus 7HES SHAIAIZ! balanced charge-recycling bus(BCRB)
7|&S HOt5I T, HAQ| 210|0f(wire)S0IM ASES M2 Btz Z2
7t 5104 cross-talk FeftHlip-flop2l 5 &0 SH0IM AR = M
Z0|= low crosstalk contraflow wiring 71& &= MOHGHCH &8 A=
16nm FinFET S&0IA 0.6V~0.8V ML HLA0A A ZI0|E 6~12mm A
AZiE mf Bt repeater busOlA 1.7~2.6Gb/s/wireQ] £=5 7K
&lolo] tf|o|Efoi CHEHA 6.5~23.3fJ/b/mmel M2 ARE HHFCE

AN A LHSE 487 =20 2 T X2l 1R E4(size, doping
£ 085t FYst
U535} 7|(security key) E= & IDE L7 = PUF(Physically Unclona-
ble Function) 3|2& MI2FSIRACE MI2HE PUF= 25 ™ f(threshold volt-
age)9| HO|E 0[&st ZHttetn 3717t 212 PUF Aig 7[Hte 2 5t, PUF

A2 HHat atol Jeis £017] flall T A0|8E FEE AR

o

’—I_l—

concentration, mobility, and oxide thickness &) 210

W

mal noise, voltage/temperature H0|, ‘=5t 314 2F2 XfAMO 2 Yilisk=
L-0|=0f 9ft oll2tes &017] flal PSR 42 PUF S 2= &

(valid-map)& AF235104 BER(BIt Error Rate)Z 75%7kK| SFAIAIZA, ma-
jority votingE AtZot0 BERZ 0.00713011 A 3.59E-6R fALA|ZA D, OEX|Sf
©& BCH ECC(Error Correction Code)7t ME2|01 2.01E-387kK| SFALAIZACE
ADIEFIE EZ 2ol AFRE TR PUF &2 450m SFU A HIZ(RiT,

37|&= 3.78x1.4um’0|Ct,

ofx|ate 2 University of Michiganol A SISt #8-8 =22 2 7|20
25 = EDAC(Error Detection and Correction)2] k= CH2 A flip-

flopOil | 2liste TIRE SoH0 PVT HOILt st S 12 QlsiA] Lilioh=
&71 S201M2] Hlo|E oS LAl =m, of=f7t LM
gating 2 S ALZaAl oll2f7t BN X| leE 22 5
(iRazon2 AFatn QUct MIotEl iRazoroll M AR == current-based de-
tector= X flip-flopOfl 3749 EAMXIAEES FIt5t 402 4.3% HE9
AO|= QHBIEES 7HX|T QUL 2 ==0lA iRazor= ARM Cortex-R40i|
HMEIUT, 40nm S 7 1201 M MIZIUCE Typical comer0il M HIZf= &2
1.3812] throughput gain0| ZAEIRA T, 13.6%2] AHO|= HSIZ0] 45%2
O x| ZAS 7HSRIC

)
2o

13 3. Diagram of overall structure of EDAC technique(#8-8)
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0ol X2 28 = Clock generation &|2= ISSCCL) 0421 Entofl A CHRO
Nt RF 9 wireless 200IM= 24 AIAEIZ 2{5t low-phase noise,
low-spur frequency synthesizerE CH2RI1(Session #2, #9), wireline
20| A= high-speed linkoll 8&& 4 U= low-jitter PLL, DLL
technique2 CHECHSession #10). DSP, processortil 22 %|= Digital
PLLS 23l AHZ A7! Digital Circuits Subcommittee0Af CHROIRICH
(Session #19). Of Ul AlAd0fl A 2t EE PLL, DLL1} 0|2t Z2E 5|2 E(VCO,
TDO)S X & 238IH|, 0 & E 7iX| =8 0ot =28 AHEL,
#2232 HRMO2 & MOE =20|ct Integer-N PLLZ HX|
noiseZ filterel 4= = DLLE 712 E/=dl, 27 [ol= 2E S 8l 2OlL,
X 9 Integer-N PLLE WS ZX| A dAIZICH, 235|3 Injection
locking === MDLLS] 7S Integer-N PLLO|I AFSIHCHH 0128 7S
Z0| MX| Yot = Z22 HOICt Reference spur?t 2 Z10] 2FH0|H
(-45dBc), Multiplication ratio7 22| 2 A& 0tL11(31), FoM &2 -234
T2 2451 HOX|E 7|& =251 2 A0|E EO0[Xl= Y=Lt #2.5
OlM= M4s0| o2 £2 VCOE MEQICt TransformerE ALS3HEL, 7|12
FAxeb= L2 PMOS-NMOS complementary #25 815104 com-
mon-mode resonanceE 08¢ 4 U=S Tt 450| o{oro{0fsHA
Z20|, 51 1/f noise corner 28nm S0 A 200kHz S=2 S0 ATt
FOME -1950BE=7tX| 7EM7t 242 iR D2A0|Ch 7|20 £2 852
HHE Class-C type2| VCOZt bias generation0OflAf AA|Q] 0{2420] AR
CHH Ot 22 Olof HIsh =W o 7HH6H0, o= U2 AIZfE0| 28
Qg ZoZ J|thECt Chip photo2 EH transformer?| layouto] £0
tol, S A1 0120] M52 MAI7I= M2 OHX| & O AmEof St
#2701l M= 1/f noiseZt 0§ =1 FOMO| £ ring oscillatorS M=0 =],
frequency”t 22 ring oscillatorE 42§ 7§ 2HE01 oscillatore| impulse
sensitivity functiong =% 0% phaseE &&5| A10{ A T-3iotiCt 50|
MHHMoZ ZoLt ot 71X 2= phaseE A HAM spur?t 1 =7/ EQ!
CH= Z40|CF #2.80{ A= injection locking 2120l 2X|7F 2/ AH locking
rangeZ oscillation amplitudeE Saff Telot 0|2 E8ot= 3|27t AH
|41, CF2 injection locking 3I120IlE AFRE 4 Q2 2402 7|,
#9.601 M= 7129] sub-sampling PDOIA 0|2E &2 FefHskhigh dv/
dt slope)S fractional-N PLLE] linear TDCO{l 2231

of-the-art 52 oIt ZiZS0] Digital PLLC| d55 =017|
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un do
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time-domain signal ME7} Ot analog voltageE &&ot= =2

H0l=g|, 0] ==& &2 Mol M = 4 ACH #19.75= voltage = E &
#10.50| M= Spur cancellation0| =l= fractional-N PLLE A& 1T},
FIR filter| nulloll s 5h= spurg Gloll= 24011 O nulle H&Hs
4= QUEZ adaptive filterS F7t6t%ACt -73dBe 0l5t2] &s0] o
StCE #10.701 A= Ring-VCOO| A Injection lockingE & I spurs
e A oscillator HH|2] replicaZ At&ot= 20| 0tL|2} delay cell SHLZH
replicaS ALSSt &AISH 20ICH H50| 012 24610 supply2t tem-
perature HSOIME KAISH 3|27} ZRlslth= Zg MRS Saf 2oiE
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MDLLS] spurE Q! =2(#19.3)0| F=8 2t 511, supply noiseZ E0l=
=20] % 5 Q=0 0] & supply cancellation 2|22] 2™ background2
St #19.59 727t S0|ECH Z12iLf, power supply noise®| 27|7F HHE

47| SX| o7tA0] M7= SI20(Cf. #19.82 Time-domain
signal?tE 28510 loop filterE % =0 0|2 215K voltage domaindi A
2ot capacitor7t Ze g EICh ZutHo 2 HA0| 71& PLLOY HlsH 10t
0[5! PLLO| T =|RACt,

o
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o
2
E

l 0.5Coum
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33 1. #2.59] Low-noiseE %= complementary VCO
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fer l:réps Mo [NE | STy

32! 2 #10.79] Injection-locked clock multiplier 7=

Duly-oyele correotion

PWE olfsat calibration
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2016'A ISSCC Data Converter 20l = S 7H2] MMM F 16HL
=20 HEACH o H1t Z2| Saholl= A3l 5'3*80 versampling data
converter =20| MEZUT, YHE =F2°| A2 RIXtCt, Et
= H 0|49l ADC 72 E Zgfet hybrid #2E0| & *OI Al=E FH0| =0f
w|Qict U.T. DallasoilAf= Continuous-Time(CT) Delta-Sigma Modula-
tor(DSM)2] quantizer2 SAR ADCE A&o}0{(SAR-Assisted CT DSM)
SAR ADCS| 52t £, DACH| ZAIZl= quantization errors 22018 HA
loop filter2 injection &2 2M Noise Coupling(NC) 7|52 Z0I5HA| 781
SHCH#15.1). NC 2HH0il CT RC networks &7t=2 HX|A| 504 2nd order
noise shaping0| 7tsE2 6104, 4Xtloop filterS 01ZotH M = 6XF DSM2]
A5S LUCH 0|2f5t S PHRI L& HE0] 16Hz 0|2 sampling T2t
x102] H2 OSREE 45MHzS] 2 AlE A2 SN, HI=Et AISE
SO M 7+a 248t 168dB2| Figure-of-Merit(FoM)S HUCt.
QIO |IT Madrasoll A= 128ttt DSMOYIA flicker noiseE
5| Ak Zl= chopping 7801l 2I8t shaped quantization noise aliasing
MIE slidot7| 2ok FIR DACZ 01835t= WS AIHRHCH#15.4). 71Z0
DSMOil AFEEH FIR DAC2 1b feedback DACO 2laf 24 & opamp2l
summing node?t 3| £ A Ydst= nonlinearity2] 2XIE £017]
Qst2Moz 2 MEER2LE FIR DACO| Of fs/(# of taps) 2| Zmt4~0tct
nullo] M7Ict= M& 0185104, choppingdll 2|8t toneE0] aliaskl=
Z1p4=0f O] nullo] M7 |=2 FIR tap 42 chopping FIt4S Mo O,
0|Z Safl il =2 flicker S8 F4ot0d 2= U= FoMa L
HIZI2t=9| Delft University of TechnologyOlAME= @O o] ADCE
YH=O#15.7), 71& DC AlSXz2|0of =8t=TE zoom-ADC &S 018
5tel, coarse ADCE A2 == SAR ADCZ | conversionS OF2! miotCk fine
ADCZ ArEEl= DSMe| referenceE 101 %501 HZoli5= 10, 2 A S0
ti25H7] QI6ll & stage?tel redundancy HYIZE 7IELH| G2 M
30kHz M S CHIEX| K2 lgt 4= A=Z MAGIRICE Inverter-based integra-
tor 7912 Sall 0.16um SHUIA 178dB &2 =2 FoMS EHAoIRACH
Analog DevicesHIM=(#15.5) LS AQ] LMo wat 481 MHz 0|42
R7El= RF bandwidthol thSat image rejection filter2] 252 &
7| et SO 2 465MHz2H= DHR H2 CHEES 2= 1-2 MASH 7222
CT DSMEZ 28nm CMOS &&& 0|&at0d 78iot3ict OIX7HK| L E
CMOS DSMe 2= 7HY =2 86Hze| 2T 02 AFEsi L, 930mWe]
MEHS ADSIHM 650B £72| /L SNDRS HAIGIMLY,
CHRFO] MediaTekOll A= Taliate MM SE& #IsiAd noise shaping 7 Is=
ZH= SAR ADCE Feidii=d|(#27.2), 71£29] noise-shaping SAR ADC2F
fslcl= 2 EX2 DACS mismatch 0217} 1%} shaping The 71#2
MIetstod SFDR 105080l Fot= 012 =2 MYES Hatict= Aol
SARADC7t M2 lets MESt | 0| DACS| LSB codeE SAR ADCOH|
a2 HZsiE22M 0™ ME9| conversiondf] 2L A LSBES]
mismatch HE7t M2 224E conversiond! I XAFsHo 2 Mfz|=2
SIACHE 1). MSB H29| mismatch data weighted averagingDWA)S
Sot0f ZiMatiLct,

=0(7] #{sh

HD Tlon

el
KJII

R
=2]
=
O

16

MediaTekOi| A 235t & CH2 =22 DoiAl= SAR ADCOIM =0]= =1
DEEAIZI7] sl Bl 2|7 2 HEE ARSE ©S THIeH | s
MSB= 7b SAR ADCZ 11, LSB&= low- noise 6b digital single-slope
ADCE Zgfet 12b 100MS/s ADCE ERICH#27.4, 17 2), 7| &0 YE |
digital single-slope ADCOA2] delay linedll interpolation 7 |'H & X&5t04
CDACS| 222 &%111, 28nm CMOS 3&2 018510 2.63fJ/c-s2] Walden
FoMz Z4stAct

Previous Code

V. —\MSB LSB
dehe Sy pmps o e B
; s S
0 (]

'[ Doyt = (Dyse * Disgs) = 2 'Dysps |

13 1. DAC mismatch error shaping(#27.2)

.
3b SAR conversion Level shift E 4b digital slope conversion

Wi e == ==t o= b
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0=1
e -+ -1 B H
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Vvin i = —_ —_— —— ——
B T T T T 0101
+ 0110
Vinax == s ot s ——
Bsz Bsy Bso B D=010010
0 1 0 1 _

18l 2. SAR-+Single-slope hybrid ADC(#27.4)

£510{ CMOS 13b

Ofx|2te 2, BroadcomdiA= 16nm CMOS 22X 0]
LHII=0I#27.6), X 15

ADCR2= 7 2 SHA-free 4GS/s ADCE
ADC 71512 flot UurmRl A 9ol of42 SAR ADCE 0|&st=
time-interleaving #& &= ME7to] EMEo 2 QlgH &2 MM &H7(7t
O{ECt= Olf2 mo|zZetel =& MERRICE Capacitor sampling net-
work2 4X'E2 interleaving st &, MDACZ #ef ampe stage &

SHHAIBE =0 sampling capacitorS0| sharestz Sto2M w0]|=2}
20l= =2

distortiong SI%CE Share=! opampOll A ZA85H= memory



effect@} inter-stage coupling effect= multi-stage concurrent MDAC
0{ background2 calibration® 4~ Q=2 3HC
Z017] ?laH single master clocks

equalizer(FIR equalizens 5
4712] sampling network 7+2| skewS
0[&5t04 4 phase2| sampling clockE re-synchronize otAC 100fs 015H2]
2 XIE 7512 sl clock generators $lst € =9l internally regulated

supplyS s&6t1, sharp®t clockS MAsH=Z 1K clock generatorZt

ADC TR MBAADO| 25%2 XIX|GHICE 21 21, 1.56Hz Y2101l A 56dB

SNDRZ 241 300mWe| M2iS ADSIICE
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terleaving A E AAlotl AHMO= ZHGINLCE 2.8 =E2 26-296Hz
Injection-Locked Oscillator0il Al 7|Z=0] == S0l et A5 =
HMASH =1t (Y S MHSHE Frequency-Locked Loop & 20f &st
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