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Of F+2eh 2-TL NRZ SST CHH| of ob HRQUCt H|W Ci&tQl =2 die-to-die/HBM=E PHY
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Ol 2 UI9| latency2 &&= B L short-reach QIEIO|AOA 907} ULt =22
lane MYS D™st= +& HO| OHX|] 20| load capacitancel| =&otd, £ ot
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4-TL PAM-4 Group Symbol Selection Constraints
3— -PAMLevel Example | TLLA B C D
[ —— - Symbol (A0)!PAMLV:-3 -1 1 3
TLO 4 2 (A9),
TmmmrayETT77| i1. DC-balanced (£ =0)
3m--f B AL+ BHA) + G(1) + D) = 0
T—e Bl
TLZ—:L{— 2. Adjacent-TL contrast
TLa—+ D31 A(-3) % B(-1) / B(-1) # C(1) / C(1) # D(3)
o Symbol (AD) 3. Differentially distinguishable
4%= 258 Combirla_t_ifrlf“ [A>B, B>C, C>D, D>A, A>C, B>D]
symbol =[0,0,0,1,0,0]
Selection #[0,0,1, 1,0, 0] from (-3, -1, 3, 1)

24 Symbols A|B|C|D A|IB|C|D A|B|C|D A|B|C|D
(Transitions)[ A0 [-3]-1] 1] 3[ A6 [-1]-3] 1] 3[ B0 | 3] 1[-1]-3| B6 | 1] 3[-1]-3]
1 for IDLE [AT|BFT 3 1[AT [F1-3[ 3 1[B1 [ 3[1|-3-1[B7 [ 1] 3|-3]-1
E 1 for END A2 (-3 1}-1]-3[ A8 |-1] 1]-3] 3| B2 | 3|-1| 1|-3| B8 | 1]-1[ 3|-3]
A3 [-3[ 1] 3] A9 [-1[ 1] 3[-3[B3 | 3-1[-3 1] B9 1[-1[-3] 3

22 for Data [AZ 3] 31| 1JA10[-1] 31-3| 1| B4 | 33| 1-1|BA0] 11-3] 3}-1
(0~20)[ A5 | -3[ 3] T-1|A11[-1] 3] 11-3]B5 | 3F3[-1] 1[B11] 11-31-1] 3

Fig. 4. Symbol selection process. Selected symbols satisfy design
constraints for SSN suppression and decoding. The illustrated set
corresponds to the 4-TL PAM-4 group used in this work.
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#25-3 Al Q1ZEtO| multi-lane YIHHYE = clocking ™M M 7HX| 275 SA|
Z=0h AW, o2 Z2EEES 8511 ML UIF 882 2[HSH7| {8 lanelt
CH ME2 COHE Ho|HEgE s&g £ A0OF 3ttt EM, EMI ME Satst7| {8 &4
= 30| spread-spectrum clocking (SSC)& M &5t=0, &40 SHE 7|& SEHE 2=
SRIS (separate reference clock with independent SSC) EtZ0|AM &= =AIEHO| MO & SSC
o| Mzt Fhbs HAPClel AL A0 —0.5%, 30~33 kHz)E ME Fht QEMO=
A E=Ch AW, 7|FE 2 Fhtset lane =7t £HA 28 22U MHZ Z0[7] I

global LC PLLO| XMZFI} 7|&S =2HISIL 2t laneQ| ring oscillator (RO) PLLO| 1Z=m} Cf
A 282 UEE cascaded clocking0] MZEICEH 2 =22 O] A @78 UESHE lane
Cte| CIX|® CDRE H|Qtsict.
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fos= PLL E/HY A=Z0| =92 phase interpolator (P)7t YIAS AL 3|HAIAHA S3Hot

of 7t It FHOl= F THL X7t =Lt Stib= Pi7t o4t HHAZ AAlEl1D

M motct XpAo| HIMYEMEE EfLf7| W20 o0l HIHS HXl= FI71H & 2
_|

Xt(cyclic error)Z, PI 7|8t CDRS| YAtz X|E{QF FIbs= 3{& He| AO|Q] 22X trade-
off2 &e{XN ULt 3], [4]. CtE StLl= SSC7t ot rampO|EE2 f 2= ZEFMO|
0, HZI] F 49| type-ll FEZt O|E 2%t g0 mMatd £ g0 "= TF 4 2%
(residual error)O|Ct. SSC Z 0|7t 2 SRISHIME fosQl w=7t4L0] =8 ppm0f| 0|28 & 2
X7 25 AHX|ZD, 3 Z1} jitter tolerance (JTOL)Zt M3SHEICE 0f7|0f PIZt CDR 28 F
o0 SE5ts OtZ22 2|2ehs HEY 2E0| HajTICt

=29 Not2 & £ EO0|Ct KM, direct frequency tracking (DFT)O|CL PIE K73t RO
PLLE| E|HQ EF7|E AS modulator?t X|0{St= multi-modulus dividerZ HHE T, CDR
Yo £8Z2 2FH|e E+7E Y E=Ch HOH7t f7dts Fhty =M
PLLO| AAR fr2 &7|EE Pl 20| 28R 1 laneltCt 8 Dyt 25 2
DiorE CHEH A7ESIH 22 1.05 GHz 7|& 2HO0|M laneE2 29| HIOIHES
7 UCE AXMO| TEE= EXtet A 0|5 7hsstE=z DIC/t 7|1& 28 Z20(A
StCt &M, SSC profile replicator (SSC-PR)O|CE £0{2&= SSCo| & mE LCIX|EHE
dsto] 2FH| HO{0f feed-forward2 HELEM, FZIt rampE 2t7h= CHA O
2| Wi =0 type-ll FE2| FHF QXE MATCH of Il Fhb=ot {42 frequency-
phase adaptor?t CDR H|2| A2 =3u 4 a2 me| 20| 00 == G2, 70|
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(38 2] 7|& Pl 7|8t £ =9t NQt DFT +&E H|mst ZO|C} 21F2| 7|&E XM
= PI7t E|HY FR0M &S L1 O AET 00|M 2rtX| EL ZYLE BtEL|H,
ofzf mAO| cyclic 2XtRt residual @At7F AX LEHACH QEZO| Xt FXROM=
ASMIF MMDZF 1 At2|2 CjAISED SSC-PRO| £3 D7t £FH| MO CsiX|H, T
QX7 BE ARERE o0l EQICH A[Z20] M0 A 30 kHz, 5000 ppm SSC =2 -
=9 2 2XtE= Pl 7|8 0.544 UlppWlA DFT M8 Al 0.450 UlppZE, SSC-PRIHX| M&
™ 0322 UlppE EEC}

=2 K¢t CDR2 28 nm CMOSE &5t 0.029 mm?2e| HEO|M 0.7 V
1, 32 Gb/sOIAM 29.7 mW, & 093 pJ/bite] OHX| 288 UL
|&= 230f|A 32.0, 29.33, 18.24 Gb/s S A2|9| lane HIO|EH&
g3, 3000, 5000, 7000 ppm Z0|9| SSCE FHstE HUS
£ 7{® 5000 ppm SSCOIAM H-ZH & A7 0.5090A 0379 UlppZE =1, 100
MHz JTOL 3000 ppmOlAl 0.1800A 0.260 UlppZ, 5000 ppmOAl 0.1280{A] 0.252
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Ulpp2 ZHME|RALCE PI 7|8te| %2 CDRE lane® CIO|H& 7tH, SRIS &4
o 4 X} HH, SSC =X HHF M dx32 ZF AFACk= FHOAM Xrta”’é.*OI ALt cr
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CDR Nested with an RO PLL
SN@fn=fct+fssc(l) AP\ O
RXPD MV
Srer @frer RO, == Poor -
. Phase/Frequency ___[ ~>PLL  CDR¢.|
-Allgn Mechanism |~ "7~ Scor @fcor Duv

Dror
Conv Pl-based Indirect Freq -Trackmg- | Freens Proposed Direct Freq. Trackmg
fos #0jy, fin #feor E«h.\ >>>>> o= 4=37.5ns, : fos=0 fin=fopr
f £ === fe
P e B fssc(h) 12508 | | €14y
g Nnus B ot | |pu 23330
Z;wf’ Ty M ifsso(t) = (foor/M); | 0 e > fogp
0 AAAAA oI NN AN /- sl Da’/Dsscé s e fssc(h)—fREF
ﬁN_%DRRe&dualo-error Cyclic @-error | | >Norwdu ¢-enor Nocycllc O—error
o Wd : :idum@ I o O Peor=0 ) to @i

@Pl-based fos com ne @Type-ll loop®Analog PI|(DDirect-freq.-lracking(DFT) @SSC-PR @Digital
@ Unsuitable for per-lane data rate var.(®)  |© Full supportfor flexible per-lane data-rate var. (D)
@® Degraded JTOL under SSC (D&®@) |® Improved JTOL under $SC with large foer (D& @)
@ Large power cons. with high Vop (®) !@Low power cons. with low Voo (®)
Fig. 2. CDR nested with an RO PLL: conventional PI-based indirect
frequency tracking (left); and proposed direct frequency-tracking
(DFT) (right).
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