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WE A ERMHEEEE (digital-to-analog converter, DAC) T Mz &, B2 WbH
B FAE 2™ E R E LA DAC o A EE. X — K DAC ¥, 8 IR 5 45 3k B B 15 %] IR 1Y
TE R, F AT BB B DAC S ARG S oy Ag (8] 3 JE 20 A e k. BLULAE DAC 97 B3 2
BHF R ECHY £ EORIR, A A BT o WS FE B KB . JT R BE B @R B BB R IO AL RS, — A E,
GEre %, TR E Y R B KRR Ao P& R AT E B RIR, 7 — W, It X o dn ik
E R T F B ALK BLE B R =, B3 ik B R TR RV E R R £, A T B9 TR 5 2 B
KELHRF DAC F M AL, AR T — A 38 33 B B b P 45 3% B 77 A\ /N B e JE B R BB 77 %, AR
—MEAEEERBERMEHA KA EGRIT T E. AT RIEATR T ENERE, £ 65nm TE TR
it 7 —/> 14b ¥ B 89 DAC, Ji A MK 4 R KB 1 GS/s R FE 430 MHz {5 54 52N, L9 o 4 8 3
A% B (spurious-free dynamic range, SFDR) AT 70 dB. 5AHE TZ T %I EH R KA ACH R EH
BT AL AL 77 5 B9 DAC MR 28 R 3 bR B, A SR W R B 5 AR A 77 3 DL 3R L 106 mW 2 7+ 2| 160 mW
AR, # SFDR AT 70 dB 8915 5 5 A\ 210 MHz 2 7+ 2| 430 MHz.

LGA RFAR, SEEHE (DAC), M IS, #E AR, MALAR, %4845 %E (SFDR)

1 3518

e I R P B L 2% (digital-to-analog converter, DAC) 1% K H L AESE ), JF HEIEME R

Gt HEHFHUR G AN IR RGSESURA H ) IZ MR B3 BEE SRS 42 5, DAC fi D) #

R A S A L E 3G 0, B AR EC RO R DAC SN A Ya i N R (24 FE sl

WAEAERIE) DAC 1, BiA7 IREN & 5L oC ) 2 AN IR T U, FLUIHR I e ) 20 02 52 0 L 3Rt A

DAC ¥t i Al A REIICEE. B 1 JBIR T DAC SR S5 M A1 I Y I B A7 DK 3l 2% I P 2 B 6 H

SIAMI: (IR, BT, NIAE, & Sl AR SO R e SN S RO T . R ERR: (5 BRHE, 2022, 52: 675-686, doi:
10.1360/SSI-2021-0411
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Figure 1 (Color online) Latch timing mismatch of current-steering DAC

WIETF U g2 0. H AT, 980/ DAC B 7 RECH 7738 3 B =4I H S R HEROR (3-dimensional
sort-and-combine, 3D-SC) 81\ ZhZSTCECHLE AR (dynamic-mismatch mapping, DMM) 21 it KA
A 131 257735 Xy kAl I X B AR 22 HEAT I B 2 1E DAC S48, IITHUS T MBI P fi 22 5 1
) R A RO, AHLR SR 300 ) R G DA AN T AR T .

BT UK B 2 SR C ) 2 SRR (67 141 G R I X 25 G TC L T G IR BN A AR TR R TRC R B L
T 5 Guis B X 4 25 1 DK B 25 2R -5 BN 205 5 B8 S AN DR S 28 I A AN [R], 18 U7 IR B
OIS 2 AN [F) 20 Bl BB e A B T O IE 5 B AL R C #8557 SR sh 8% e 21 RS % A R
SR, B ALK BB IMELRS P2 SR OGO AR SO 1 — sl N s X 24 B P i 22 1) D7 92, a4 [ )22 )
UK B8 H Bk, A N IR Bl A O B B B R 225 A, AR S I A BT AT DR B A R
A RST, A6 55 2R T 45 B AL 2R 36 ol Y B s 22 S A B g /N AR SR BRI e A 792 AR Sk B 4%
il 1 RS AR, I BT DL IR PR AR VRIS S P R N ARG IR T DAC BhastERe.

FEARSCI SR F T, 28 2 9 BB 25 ) 1 O 22 1) SRR B2, 56 3 15 /0 A4 tH PRI /N Bt e Y
28 JE i 22 7 VR AN B AT IR Bh #% RSH AL T, 56 4 1543 DAC BISEEUAINREE 3R, 56 5 XA ek
1T i45.

2 BiFRENEREF AR RIR R R

B IR B AR PP AR C A 32 R, BLAR I B D 2% SE IR SR IE T SR BBl A RO B2 AR IE AR AL 2%
Bt. —AME 65 nm CMOS L& MBI EEDY 14b B HLIAAE DAC #1105 5 HrBiAr IR sh &% i 7 2%
FexS S PEREHISEIE. DAC SR 6 + 4 + 4 70 B3t 70 6 bit #& RUAL MSB (most significant bits),
4 bit KA AL ULSB (upper least significant bits) F1 4 bit S KA 27 LSB (least significant bits),
o MSB A1 ULSB R F i B2 1 P65 JF 48 FH 2) & JeAFILAC (dynamic element matching, DEM) 347 63
A 15 AR, LSB SR bl k63h 4 AR, 30A 82 4 Ayt Ans B i 847 X sh 5 Hot.

2.1 SHFIREN RS AT S P4 S Aoy R B

IS o ) 245 X 51 i A s P X 2% i S T ) R SBESRE (1o~271 .y T A X % 2% J 2 BIX ) 2 3R Bl g
FAAEZE S, I RS -5 DI R 28 AR &5 s 21 25 A DX Eh 25 (1 AR SE I AN [R], AN R 7. L i) A4 9K 2 25 V)
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Figure 2 (Color online) (a) Clock network structure of latches; (b) clock network outputs in case of clock driver mismatch
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Figure 3 (Color online) The layout of the latch array

e 2R 22, SN G B o H I P46 DAC ZhaS T fg

K 2 J7s 1 DA DR B0 5 YIS B 9N 2 5 ARV o 8] 2% 6 I X 30 25 R BC IS 100y ) 5. A7 X
AR BR 2 —BRA 128 AN B T OR, o 82 B AR B IR BN A%, 46 B HIA AT RE AT,
SN P OXEh a5 AFCE R ICI, BXEhBE 775 K 9K Bl s I B 5 -5 S BIA R BB IR B &%, IRBhRE )
55 (119X Bh a4 ) AP 5 5 BITE XS L (1 B A7 S Eh A, 38 B A7 X Eh a5 D) e AN [R5

2.2 $iFEENRR I RIRE) MR I E R B KD

T 7 I Z RIS, B I 5 2 7 A Rl 22 (18~20) B BB & T S IR B b A PR B
JEE A 22 1) 25 BRI R 3R A2 M B AR ORI, BA BIX sl i o 21 FRB A0 P i 22 K. A SR 3 45 % 471 £ e P&l o
K 3 Fror, 82 A IXEh AR LR VR HER, 20 i 22 RE M AN [R) (o7 B B A7 B s 2 T 5 R B i 1A 1) B AL
HUE Vih SEREAAAEMZE AVh, BUFIRS) 8 M ST SCIR S 7R B L s W 22 AVth
K.
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Figure 4 (Color online) Simulation result of threshold voltage deviation of switch drive transistor (threshold voltage
deviation range: AV3 > AV2 > AV1). (a) The relationship between the latch timing deviation and threshold voltage
range deviation; (b) the relationship between the dynamic range of the DAC and the deviation of the threshold voltage
range

Kl 4 JBIR TAE 3.125 GS/s KAERARITF IR df A BB L i 22 0 L O A% 300 T B0 B 5 25 i
HAERT R ZE A1 DAC ZIASTERE, AV, AV2 Fl AV3 KR 3 PRI ISR & 44 B 1 s 22 310
Fl: AV1 =50 mV, AV2 =75 mV, AV3 = 100 mV. S48 FURE 2 7 UK B T AR 048 L f 2 V0
N 50 mV I, BAFIX Al # e H SE R A AR AR AEZE A 112 fs, SFDR (spurious-free dynamic range) ¢ K
{8 83 dB, Fifi# A B He i 22 Y0 L R 389 D0 4547 3R B 2 IF 7 i 22 85 K DAC B AT RESRAL, ZHBE - L
P ZE 36 FEIE R 2] 100 mV I, B0 SR B % 4 S IV 20 AT O FR 22 1S K 3 125 fs, SFDR s RAEEAL Y
76 dB.

2.3 SEFENRF R R A ERIBEH LA

TR LA, SARE RS R R UR 2 P2l SRR ZE AN, LR ZE 1) 3 B
i R 25 A2 e AR B RS, B DR B 5 T DG B it AR RS /Nt L i 222 B KXo 851 IR 50 4 ST A 22 (1)
SRR BB 2R O BT O BIR B SR A (0 RS P AR B AL 22, {5 B A7 DX B0 2 1R i LB DD 45 6 PP AN [R]85,
HEMI 20 DAC HBhA&PERE.

Bl 5 @7 1 RN A RS QIR Bl i AR (B A SR Bh A i 7 (i 22 1 DAC B AT RERT Monte Carlo
PIEE R, S1, .52 K1 53 3 ARG R A R RS RO IR) di i R BAF SR s 28 FRL T T AH: 3 = 800 pm?,
S$2 = 400 um?, S1 = 200 um?. 4B IRFA L ITIHAA 200 wm? B, BiA7IX S48 it 4L 5 7 A bR
#EZE N 117 fs, SFDR f KAE 82 dB, W& BiA7 XS #8 5 0 ST I 3G B A7 DX 20 45 4 ) B fi 22 987>
DAC #hastERete &, S8 IRsh#s 50 R K] 800 wm? B, BiA7 DR S48 i H 48 B 3 A7 AR IE 2208
/NF] 71.7 fs, SFDR 7} 88 dB.

3 BUNIFERENRF ARG E

AT B DR E IS 7 SR TC PR 2 R, A4 IR e X 2% S I SR B IR B 2% 0T R BB R AR
Bl BE R BCANBEAL R IE, 4t LRI FRALAL T 1. D T I8N SR Bl 2 5 7 R L3R 7 DAC BhaS e,
ARSCHR T T i AR I B ] 2% T4 7 RN I B SE I SR T, AL R LA B SR Bl & R
AT SR R0 i AR PR R S B A AT A B 2 75 3 B A B SR 3 85 P e A 22 525 1 /ISR 7 2%
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Figure 5 (Color online) Monte Carlo simulation results of different latch sizes (size: S3 = 800 um?2, S2 = 400 pm?,
S1 =200 um?) (a) Standard deviation of latch timing; (b) SFDR versus signal frequency clocked at 3.125 GS/s
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Figure 6 Diagram of (a) traditional clock network and (b) the proposed low-deviation clock network

3.1 BUZRTHMEEREGN

9T IS IR R ) 5 2R FCRT IS A ) 2% SAE I (R S0, A ST T e A 4 I e X 246 PR e T AR B T
—FCHIT (R B e X 285 5 44, 5 G I e X 28 (Rt B S 1 6 BT, I e X 28 &5 4 3 ok 4 [ J2 DR 3 2
HERAE— D, BB AC T e 25 A [F DX B35 I SR B B8 11, 47N B A7 A I 1) i 22 S ).

B 7 R T AL Ui b o 2 R H IR S I iR 22 6 B I £ 1) Momte Carlo 1 BLAS . @i i 4L 4t
T A ) 4% 25 e T ) 265 ) 2 i EH AL J, e X 8 4 D308 4 4 1t P S T i 22 B0 S B 17 90/, SeE B
ZE B N 300 fs J/NE 75 fs, 4E/NEIR R 1/4 KA.

Bl 8 JEIR T R FAE Guiy Bl 45 5 5K FH R HE 1 A Z2 B B I 4% (1) DAC ZhAsYa R X &g 1. T
R S BT it 22 B D) 28 445 [ J2 P IR B 25 FE FRAE — R R A T IR BN 2% SR TC RIS, 930/ BN 208 I 2 o Bt A
UK B BRI, {E 3.125 GS/s KAER T SFDR ARSI TF 3 dB iR Tt 1 dB 44 7t
2 dB, 1/ BL45 F AR B H (01 B B0 22 B4 DR 2% /N T DX 18 % B R A7 IR 0 85 i N R s 4
T+7T DAC zhasttfe.

3.2 LZEIHMEHIFIRENER I RIREN & A E B4 B KB S REHL KRBT

B SRS EE B RS IR TH 22 Bl NI S SRSl R O BE R 22 , {ELRE A s KA A M ) T AR T4 A B
RIBEEE 22, HBE BTN 75 BEER G525 R8T S DR BN i PR O BB 5% BC A F5E 2% e o B304 BIX 50 it e
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Figure 7

(Color online) Comparison of delay deviation between traditional clock network and the proposed low-deviation

clock network from input to each leaf node. (a) Monte Carlo simulation curves; (b) delay deviation range of Monte Carlo

simulation
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Figure 8 (Color online) SFDR versus signal frequency of two clock networks clocked at 3.125 GS/s
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IR &R, k1, k2 Al k3 /&
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= 10 mV/um?, HIFRabh R 22 K™ AR L. Bl A5 B X 4% RS I8 0, O S B ah i 78 RE AL
SR 51 RS PR B DR 5% A i 22 D/ I 56 P38 S T 5 2 4 B A7 X3l e 6 i Z2 308 0, 047 X sl s B AR P
i 22 S 08/ JE SN, A7 AE — R SR Bl 4 R (8 BE AL % BC AR 2 2R I 51 36 PR PR 3 ff 22 2 AT 3 fje /D,

A DAC A TE FIFE X AP Bl A7 B 5l 2 R T 3 3 B KA.

4 BHREMEMAER

N TSRS 3 71 5 AN A SR B 2 I O 22 1 5V, AR SCAE 65 nm CMOS L& Mt 17—

AN 14b A5 BE I HLIRAE DAC. AN A58 DAC [ SEPl 7 2RI 45
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Figure 9 (Color online) Comparison of Monte Carlo simulation results of the relationship between the latch size and

timing deviation and the relationship between the latch size and dynamic range under different threshold voltage deviation
ranges (threshold voltage deviation range factor: k3 = 30 mV/um?, k2 = 20 mV/um?, k1 = 10 mV/um?)
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Figure 10 DAC block diagram

4.1 DAC %&#

DAC K H IS A2 3t 58 2383 T VL BCBE ML F 4R (time-relaxed interleaving dynamic-element-
matching-return-to-zero, TRI-DEMRZ) 1%, BE{AZE M an ] 10 firs. A I m #hik N v 4 22
A7 F I i i B A sh A e VLA (DEM) BRAGES, 1BRAD f5 42 & 1%/ sub-DACT Ml sub-DAC2. {hFifi
WUBUR A 8 A — AL BB B0 AT RS 25 ) T 5230 DEM. D REAN ™ A2 BENLIA A5 5. sub-DACL 1 sub-
DAC2 Z & thAEA5 5, DAC BMAMHARHZE I, 14 bit DAC KM B 419754 6 bit A 2L
AL (MSB), 4 bit {XiEA &AL (ULSB) #1 4 bit HALAH AL (LSB). DEM Bh # i it B HLIE A FE AL — i
#1145 (random rotation-based binary-weighted selection, RRBS) P4 75 20sL8l. A T Jl/NiA7 IXsh 28
BRI P 2R, — 7 T R PR AR v 222 R T 286 65 ] J2 9 1 RORE R D3 /N A [ B 3 28 SR B R 52 el 53— J7 TR
WBAF SRS & RT, [R5 RE B A7 SR 5l 45 T < BB it 1A 87 B A 2 2 T R AL 2R %o I o v 22 14 B M
Z SN R BL R T A I 11 B,
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Figure 11 (Color online) Methods for reducing latch timing mismatch

B 12 (MEMFE) TREMRA

Figure 12 (Color online) Die micrograph

4.2 MiRER

KSR RO 7 775 RS B 14b ITHLNE DAC 7E 65 nm CMOS T2 RSB, O Wi
M 12 Fros. SRS BRAE PRIDEE . OV BENIECR A 35 . B IKSN 2 AT IR T R LG, 0
BT AR 0.6 mm?2. O 507 R IIFEN 120 mW (RS F 25 47), B B EEThAE 40 mW.

13 IR T ASCR A MRAGKS 7 J7VE ) DAC LA —ANEA R T2 F SEIU A R A e 7
1% DAC PV g 2536 FE R AR 0T EL, 8 SR 4 H IR P AR 7 72 ATHFE AN 106 mW 30 E] 160 mW
FAM K SFDR > 70 dB 47 96 A 210 MHz $2F+2] 430 MHz. /£ 1 GS/s RFEEER NS AN 99 MHz
IiF SFDR > 83 dB, i A5 5 430 MHz i SFDR > 70 dB. {5 St & 14 frows. BI04 T 8IFE K
B AR 7, AT B ) 2 BYRD 3 B IR .

1 GRE T SR ROHE I EE AR HIZE 65 nm CMOS T2 NSEBLH DAC #it. 5% Mt Rk
Aok 22 0 A D181 R G, A ST 751050808 1 B i 22 1 30 A 3G IR A (O TG T4, STEAH
[F) T2 R B3 R FH A SCHR AR B F  h J v i A O A B, ARSI 3tk ThFEFF 45 A 106 mW 42
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Figure 13 (Color online) Measured SFDR of the experimental DAC with timing optimization method and without timing
optimization method
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Figure 14 (Color online) Measured output spectra at 1 GS/s sampling rate with (a) 99 MHz input, and (b) 430 MHz
input

F+#] 160 mW, SFDR KT 70 dB 45 % A 210 MHz $#2&F+ 2| 430 MHz, FOM {EM 8.2 $&F+ 3] 9.3. A
JE e AR I ) 2 i e U7 SR B A IR B s T, I B IR B 88 SR H0 . DA AT SR IR B i A IR B ATL 2%
TC RN B2 SR C it B B A IR B i B 3 TR0 AT B 2, S8 T4E 1 GS/s SRAEZE . 430 MHz 47 58 4, Sl
[¥) SFDR > 70 dB. 5HAh TAERIXF b an &l 15 B,

5 518

HIJANE DAC B IR B a5 I e SR BC ) 32 ZOR IR, B FEIN Bl X 28 E I R HE « TSR BRA S AR B 2K
FCATRENL AR AT, e rp i ph SR 5 28 R O iE Bl 1 BIEAN R B A SR 5 2 AN 8145 5 AR 20, B 205
ANAE IR 8% VIS 2 B 225 T S B i 1A 152 O T 5 I ML 2 BE 1S 2 e P BA SR Bl s I 2k
Bie, B 27 0 RS A0 18 n BE AL 2K BE 00/ B2 SR R G . il N B SR 5 & I P 22, — 5 1D, AN S8
HY T bR IN I b R 28 SE IR 22 (14 5 9%, SRS R SRS A X A SRR 1 ER T RSl A AR O I
SEIS SN 53— T3 T, A SCERE 5 BT RUNEh fi B P SR -5 R LR BC X A7 B 2% I e (R 5 T
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Table 1 Comparisons with recently published similar designs

Parameter This work 2018 AICSP[® 2019 TCAS-1[ 2018 1SSCC[ 2016 JSSC 3]
Process (nm) 65 65 65 65 65
Core area (mm?2) 0.6 0.42 0.71 1.71 0.57
Resolution (bit) 14 14 14 16 12
Toaq (mA) 16 16 16 16 16
Sampling rate (GS/s) 1 0.5 3 12 2/8
Supply (V) 1.2/2.5 1.2/2.5 1.2/2.5 1/2.5 1/2.5
Power (mW) 160 106 226 1760 681
BandWidth@SFDR = 70 dB (MHz) 430 210 422 615 950
FOM@70 dB (10'2Conv./J)* 9.3 8.2 5.8 7.6 5.3

* FOM = (2(70-1.76)/6.02 5 BandWidth@SFDR > 70 dB)/(Power — Vdd X Ijaq) 1

-8 This work@1 GS/s -©-[9]1@0.5GS/s |
- [S]@1 GS/s <-[11@12 GS/s
- [13]@2 GS/s

SFDR (dB)

50
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Figure 15 (Color online) SFDR performance comparisons between the designs in Table 1
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Abstract As the operating frequency of the current-steering digital-to-analog converter (DAC) increases, a
timing mismatch of hundreds of femtoseconds may significantly deteriorate the dynamic performance of the high-
performance DAC. Herein, the latch module directly controls the switching of a group of current sources, and the
timing synchronization directly affects the dynamic characteristics of the inter-symbol transition of the analog
signal output by the current-steering DAC. Primary causes of the timing mismatch include the clock network
delay mismatch, gradient mismatch of switch drive transistors, and random mismatch of switch drive transistors.
The mismatch between the nodes at different locations in the traditional clock network is an important source
of delay mismatch in the clock network. Notably, increasing the size of switch drive transistors can reduce the
delay deviation caused by random mismatch but increase that by gradient mismatch. To reduce the latch timing
mismatch and improve the dynamic performance of the DAC, this paper proposes a method to reduce the delay
mismatch by changing the connection mode of the clock network and a joint design method considering both
gradient and random mismatch. To verify the effectiveness of the proposed method, a 14-bit experimental DAC
is fabricated via a 65-nm CMOS process. The measured spurious-free dynamic range (SFDR) is higher than 70
dB at a 1-GS/s sampling rate for 430-MHz signal bandwidth. Compared with the measured results of a prior
DAC designed using the same process excluding the timing optimization method, this work increases the signal
bandwidth of SFDR > 70 dB from 210 to 430 MHz at the expense of increased power consumption from 106 to
160 mW.

Keywords timing mismatch, digital-to-analog converter (DAC), clock network, gradient mismatch, random
mismatch, spurious-free dynamic range (SFDR)
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