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e f PLL |
P GrzEmer ]

B 1 5-Gsps 12-Bit TIADC R4 &5 7R B (TR E )

APLL. PLL —%it 4 2.5 GHz I 4, Zad i@ sk
e Thor AR, FEAHEE B e A e 4 O T I 22 O3 I ik
A2 F ADC, FERBCKEER B A me B ) k% PLL
o — i HR OB ()0 v T U i T S AR AR
(2.

ADC A RGN X8, KRGEH 2 4 2.5 Gsps
12 bit (17 E 7= =518 ADC #H 47 HAT & R, FHERBERT
FALL 53 A 001 180°, BE TEIRZE T, RGURAEH ]
i) b 9 200 ps, 55 RCRHFE 25 Gsps. ADCH# It £ &
JESD204B M3 ) ik 5 47 Hd 4 i

0+ % B 45 FPGA(Field Programmable Gate Ar-
ray) F1 SFP(Small Form Pluggable) (#5421, HH FPGA
T I PR AN 42 11 5 A e T R AT B R RS 2
1B 47, BZK3dE i@t SFP 42 1 I f£ % PC(Person-

al Computer).
12 KREREREEIE

1.2.1 KEIRE

TESL PR TIADC R G0, AR ™ A J R TR 2k g vk
N MR MMRE. WMEIRE.

35 iR 2 2 th ADC [ 5 5 35 1 22 AL E S 4%
Yo LS O o e L PR 2 e T PR AR ), RO T AR
FEIEIE RAEE T HIIE A — B0, DR 1LliE NS %,
FmIBIEN YRR ERRNG,=A,/A, HTA,.
ASY B FROR S m A IE AN S 1 3EIE 1S SR

AT 17 22 A2 R S SR B ol L5 38 AR R A R (14 v 22
LA K2 AN [R] ADC o i N AZ - Wi 82 IS (8] FR) AN [3] 1 7 A= 1

FAE T SEBRRAERS (A (135 2 . 176 B4 ADCRAE ) H1 N
T, /) MBIEFEE TIADC ', LB 1IEENSH, HR
FERT A nT g, 35 m 838 1) R AFE IS (8] B T, + 24T,
5555 1 R SRR (A 22 9 =L Ty o SEBRIK TIADC R4
KA (8] 5 AR TS DA AE — B W22, 5 m il A AH A7 %
ZENTRIRA Aty =2ty Forfie, oy 23 RIS S m BITE AN
55 1 I TE ) S B KA I (]

i B 1% 2 2 HH %A ADC i B 1) 22 S i P2 AR 1K, R
W7 AN R SR A S8 18 2 8] ) LI (Direct Current, DC) i &
A—EtE. DLEE LEENSE, 5 m il i) B iR 2
A[RINA Mo, =0, —0,, HHo, . o 5 HERRE mibiE
ANEE 1 3H3E 1) DC i &«

SFURELRES, WEBIRE RS RERA R,
AN — N ABE NG 5 A B TR iR
ZERNFAAL VR 22 5 KA F A S AR RN AR OG, SRR rf
SE MRS LL BRI R EC 1R 22 RS SRR AR A, i
RECRZEME IE P EE R R E SR ZENEIE,
122 KEIREEILE

FEARS = Z W) AR, Wb 7 —FhE T e =
PIBVEIO 84 R ILR Z s vk U, ot T a
PR #3152 (Finite Impulse Response, FIR) JiE3 #% 21X} K
FERORBATAEIE, W] AR A B S %0771
BIE R E 2 fis, ARG e A E
PRI o

PrE R, AR 2 AN R R AR 4G Bk AT 2k
BCiR ZE bR g, Zid R IE I 1 5% 9% VU 2 5000 & 07 V250 0,
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R R RS, BT A
KRR, T AN B R
e, EHEIL I E RS B KRR
BBYL BN ARG, ARSI 2 K
07 IR T 5 AN B AT IS I R A,
TIADC R, 5m N IBIE A RICRE ISR AR
(I EECIENE

Xali)= 3 [AntioX(ffo- k) + B @)

k=—00

Hrp: A, (o) a3 R Z R AR Z RN B, (jw)
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9 B R 22 B SE M T 17 265 A X AR KA 25 SR A
RAE A X g sgear (Jeo) PTHRAERAE JREAT B, AR BL_E A0
AR T 5 NIIRIRN F,, (o) KA IEJER A, 615
FLiil 1 58 R FA TR -

D X (j0) = X st (j0), (3)

i—
BIVAY K SV B R C R 22 S ) B o JE I SR DA b T
M, BRI AT A5 B m AN 8 TE 118 T I8 A 10 40
F, (jw), HTE RN I8 T 31T FIR JEUK,
I8 F5 O O PR B 2 A8 3t (Inverse Fast Fourier
Transform, IFFT) P AL A ISR F,, [n] G I
SR FRI I H S A s I R BBOR ), 7 SERRHE 1E A i SR B e
SRR 2 SBOHE R R, T EEE N B e
Bedm REL 8 TR AR AT N aE AT, BRI e R T
BIE REHITHE

FI 7 I AR SRAT IR 38 RBON R EL R ZE 3T 18

BB IEE R E 3 Fror. X il MAS KA 18 4
TIADC R 4t, fA{E 5 x(r) 354 & A KRB IR % 1) il
EHAT KA, SWEREE RN .0 x,OBTE
W5 Mt ERAEEE] x, [n], SRJEH 58 38 B A I8
A 0f F AN FRAE A 0 AT IO, A&
AMBE T EE T, BRI ERRS Ry (N .

g
S R A
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Ko E 41

3 EFREMEIREELRREE (ELERE)

A TAEFTINR R G5 2 AN KA IEIE,  oa] 5 et
T2 BIEBIE .
2 MRAE. FERMAES

ARG VRAE A 2 A Z2 G0 I A D0 A 8 B 2% T i
WA 7%, FFRAE IR N & S TT A AT &
{DEESE
21 MKABERTTE

DU 28 G RE A IR KA LA R AZ IR T5 1 7547 24

KRG LN AN B RGBT, B RE
AR R AC R 22 MK B A1 RE I o

MR S 5 B 7 LA P 2 (Institute of Electrical
and Electronics Engineers, IEEE) ADC Il 5 vt [, 78
ADCIK A, WA EsX s AE NG S, FEJE
DR A B IR IR 52 IR S B 3RS, I B T4 o #r & T
XTRAEGE BT M. J34h, IEREAR N E I A AR
(Linear Time-Invariant, LTT) RSt KHEFE R EL, 45—
I IESZEAE N LTI RGNS, A DRE . AH
P75 () [ AR E %, DR R 45 SR mT s Al 2 1 2
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AR R ZE . T PR VEAN A 48 45 TR P 25 Bt I P 38
ik
2.1.1 BTN

ADC K 45 IR 18 B A A £ Bl B NS 5 IR
BT AL, ADC #4071 8 (Bandwidth) 2 456 1
JSE ()38 7 (RS e, B g U ADC 1 78 538 A
B E S M AIE 25 H 223 dB A S AT
(e 2, FoAraday N S8 R RO TE I a e I (B A
T 4RZ 4 ADC,  HIE A O [ (IR A 52 DC, Bt
HOUR, WHEIENDCUKEBIENSE, BilHS
DC 4b 3 7 AH 253 dB IS 18 N ADC [ 96 . 24
NS 5 B AR BE I, SRR SS AR 2>
B BRI, WO B S T — A ADC R HE R SRR
W& 15 S MZJEHE . A SEI DC~1.25 GHz N (1) 2k id
WABIE, ARG %N & T 1.25 GHz.

BRI T VA R — AR ) IR 5X S 51
NN, EERANE TR, RECRES g, Xt
BINAG S PR RAT I, 8IS E LA 1S B A 4
R y=AcosQnft+¢@)+oht)+o, HH A f. o\ 04
ARFEAR B IESZ U IR EE . AEE . AL S DC AW E .
HRAE #5005 RGECRFTE 5 (15 SR FE nT 19 3 RG0RAF 25
SRR B B AT R AR i 2R, RUOEAT R 2, R FIR
PN R X FARA T B4 3 dB I, BEAR AN R 5
Bl 95 . M, NG 5 ROZEA mis Al B 5 1%
THMX ADC 1 R 1, IF HAS 5 UE AR DA (8] B
BARERE, B 58RAE89 ADC KRR O3 -

HL 4 Nyquist-Shannon % 5 #2 [16], 5 Gsps {1 5% FE
RGN IEHRAE AR FIRN 2.5 GHz, WA RS0
B MR NG 5402 F RN 2.5 GHz.

2.1.2 BRI

NARIE R G REWS ST 5 Gsps SRR ER, FHE
X FORFE A B BRSBTS W%

T S AT DA B — AR OE 5% i R AR 4G AT,
SEAS T, A 5 IR H DRSS IR 5Lk,
& 45 B IE 2 -1 dBFS(dB relative to Full Scale), 4
SRFERS Bl KA AP HES, BRI AT AR R G0 R A 21 1)
ESZ RS LT -

YIELsLER R, RIS S S 2 oK E S, ket
FEoHEAFEENNRRSY, FIER RS, EFHE
X KIS S AT I P HNE SRR N E S, Mg
RGURFEE RN, 0T DI SRk a8 B AR
BB AT L o
2.1.3 KEGRZEMK

RAEEREMEIL, AT HMTREGREBIE, &k

FEERDUEICIRZE . RIE 1.2 A ERRERZERE X,
AT A 8 A 5 40 2% I i 22 DX R It 7 v -

o VR 22 5 A AL 1R ZE B A NS T IR AR T R
PLER — B I SZ AR NG 5, AR BT R AT 15
Bl IR PR R B R ZE B AR AR . AU 2
wZE SR ZER AT E N WS T A,
WS SR R AL, (A R S5 IR SR B & 45 SR 1
J£ -1 dBFS. XJ 2 J ADC % H BIRAE LS R w47 1IE
SERANE, 1FEME A R v 10 =A12cos Qnft+¢15)+0, 50
RBIEANSHUG, IS T 1Y a1 22 AR AL R 22 7T 4391
WA Gi=As/Ar, Ab=32ds, R TONHA ADC
(RRARE R, XM R 48 ) 400 ps. XT T3 48 TIADC
R, G,=1, An=1. BUBESWEEESHE, W
B 4 e AR A R MR FE LR R -1 dBFS,  TERE/MIRL T i
1T BRI S AR, BT 13 20 25 R 22 S AN R 2
B AR

B RE A GRERA R, TN —5E 50
FRIRIEEE, BN rREIRERN: Ao,=0,-0,,
RSN e B R 2, T TR ) O 1R
ZERFH R A 43 2,

2.14  FNESMERENIR

—/ANADC AZITERES B LB AE S S5 10 5
haxzH ), BESBREBEAFEMELE S IE
Ak, XMWMEELMERIA T ADC Sk bR (e 5 AR A5
%, #A&SE— Mk ADC H & ikE, M
RS ADCH K, 5 HIFSE . NG S JH
MBS, JFHRRL R Z F L2 RE A TERE,
AN AR 2 A TIADC R4 A E . shatERe
A 15"k (Signal-to-Noise Ratio, SNR). &L 1 i 2k
K (Total Harmonic Distortion, THD). 15 44 Lt (Signal-to-
Noise-And-Distortion ratio, SINAD). JG £ I 3 45 ¥u
(Spurious Free Dynamic Range, SFDR) 175 %4 fif. (Effect-
ive Number of Bits, ENOB).

1) 5% Lk (SNR)

ADC ] SNR A 7E R 5E FI i A0 AT 28 1) B — A 32 1 %
BN ADC SRFE 25 R F1 15 5 L7 1 BE R Pogna
5 LR BT 5 W B T R RS OO T RE B P
z b, WEARXH

SNR =101g

P signal

. “)

For g F R VR B R . CRFEI B RS . ADC AR
B it DL K ADC A1 ] BRI A g e 25

2) KK K 3 (THD)

KFES RS, ADC R HEZVEA T ke 5, SRATE S5 R
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HT TIADC HAR ML A1 RGNS PEAG - 583 -

(A o SRAEAE I, ADC () THD Jy 7 1 5E PR i Al
AR [ B — AR IE LN T ADC SR FE &5 L1 A% o
W S BEE Y Pramone IR S REEZLIE, HHEA
XA

THD:lO@Zﬁﬁﬂﬁf, (5)

signal

MW A LS 24, THEIE SRR T i
WRERGEN, — MBI 2~10 b RE =R .

3) {54l Lk (SINAD)

ADC ] SINAD 4 7£ I 5E HR 1 AN AR 2 1) B — J91 28 1F
SLHRN T RAE 4 T (5 45 5oy BE B 5 1 75 e A
WS RE R LU, AR N

&NAD:lmg———E@ﬂ———, (6)
Prgise + 2 Pramonic
i T SINAD % [& 1 I 75 1515 9%, #EL SNR, SINAD #
BE LS e it ADC )M BE

4) TothiE) 255l (SFDR)

ADC [1] SFDR 7 HlL 7 41 i 1 45 6 [ B — Sl 26 11
SR T KA 25 A {5 5 B e i 5 A Nyquist
X AL 52 21 fie KRS 5 U6 (D918 ) BE R P, 1 T EEAHL,
THRALN

SFDR=1mgf3ﬂio (7)
spurs_h

5) B XA (ENOB)

TS, ELMEEIRB AR RAAE, ADCHIK
FE&h R b Al BT AL BT A e BB T E B 7 AL 3
ENOB %7 ADC i th 45 R v sk br vl BAS A7 £, H2&
BALN

SINAD - 1.761

ENOB= ———— . (8)

NT W RGHEIERT G RERE AT L, T RS
BATEIASTEREMNR, DA IE IR A k. S0z
PERESS NS TR R AL, BhA YRR RO F R
F B — B2 SR A E NEINAG 5, KRS R AT A
AFAFENE RS BT R REGIESRE P E
X ADC AR I ATAB IE, AR 2R GE A o AN 75 56
7 THD, HHEESREIRZEAH XK SNR. SINAD.
SFDR }2 ENOB.

DRI —HE 2 M SIS TERERS, A1 (5 5 054
i 8 AT B — AR AR 52, TS S YR i
3 ADC RFEZE R IR -1 dBFS, 183 RG06 i
BT RS R . PRI B AR 4 (Fast Fourier Trans-

formation, FFT) J& —F R 592, BEOE PR SLILA PR
FEE ) B AT 5 DA 3 B A (1 e e, o SRR &5 SR AT
FFT 73 7 B T 453 218 45 RIS . fERUCREEH, |
TBENL MR AR, FET 1321 05000 (1 g 75 - & Tk 7%
K, AMETHHT, EExfibim @, w2 K FFT i
S 7 AR 7SS S [Tk T, AR %5 AME S
B BT R 2 T

TEEAT FET 73BTy, RFE AN A 2 R TT, 3K
R 75 BN TCBRA R P S AT T, AT A vT
REo SEUIREM TN R . WR AR FE  BE % A i
SEMITRFES AT, RIAT8ES FET 20 i s it 22 . 5
FESEBR ) ADC WA, 743 & AH TR 2 A J2 R M
EN, TEXRAEFHEAT FET 200 an, X RAE 7 51
i R A A B TT DU O A i R

FIHH FFT 43 3 2, w974 SNR. SINAD.
SFDR. ENOBZ:z)7&MERE . X N=2" 4> s #E4T FFT it
AT B R A R — N AR B, TEDC B £/2 5 —
Nyquist X LA @'+ DA, B OB — M
B BmA R RIS N f, =2 % fi, XL
FE RS NS S BE R, TCoN Pf]. AR A ) B
TR U RS S0, AR LA B T LTSRS SR £ »
Wi MG, AT de e, WREsit
RER T & A/ win, THEZIEE RS S AR, B
NG S HIBEE Pgna » IHFH AN

Siignal twin

Powa= ), PIfl. ©)
Srigna—Win
W 075 5 A i T S B T, 1 R B Nyquist
WK, JURLE T BT ] BLi BEE Nyquist
DI Sh, HA B i i 2E Nyquist [X 18] 19 5 (515 1.
FERIRE R0 77 4 DA S BB AR, 50 m S R R T LA
RN

Srarmonic_n+Win

Pharmonic [n] = Z P[f] ° (10)
Jharmonic n—Win
;é~ i%%ﬁl%% Z Pharmonic #EQE‘ EE ;g 2~10 77\%&% ﬁé% E‘J*D
R

10
Z Pharmonic = Z Pharmonic [}’l] ’ (1 1)
n=2

FrEfFESRES SRR ER, ML EHARMRERER
NS E B Proe»  RECVRZE 77 A2 1 1 I RE & th 0035 72
Hrp, HHREARY
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Pgise = Z P [f ] -P signal — Z Prarmonic o

Bribz 4b, TESE o 4R 2 e 5 1 AR (S 5 0 (i
KOy,  FH RRE 0 77 3 mT v 55 8 KA I BE B P 1
BTl EaeElE, Wi @)~8), EIali-HEiZmR %
NI MERESENME . G ST, T
RGTE 0 N Bl A T R B AT AR a3

KR AGHIE AL FEF, BEIRFFT 24 R £ £
M 16 3844, XX T FFT -4 13 2 py i & R F 8 &
FISRR o WP BN 159K, 15 %P1 )5 KA
g FE 7S T 6 RVE RN, %A e R IR BT 2 DL AT RS
W FEXTEAR AT FFT 20 < BT INAG S e 2 B AR EE, &

(12)

FAEI9E HIRE R, S50 BN SEid FE AR IR A
CIESE €TINS e 8
22 MiKFEE

A FR M N 7k, AT AR RGP
&, W TFEEmmE 4R, HEERESE. BIE,
PR R G, eSS PCALR . 155 WM ) IE 5% Ik
k(s s, HREABNR R atH, P RG] x4
NG ST RAE, RS ] B RHE SR A 5 34T
KA, HULE RGURFEEIE RIS, PC X RAFE LS Rt
ITHM A7, SRJG TR o B 3047 A R Ak B K
AT

[ 1 I =S |
N |
Wk 4 L | : > B R | |
| E | |
'_______::::l:: _________ : PC |
| s ELH '
I I IE5Z% e B
| B RSE i P ome [T RE |
e | l l l l | : W |
| ! I |
I - I
By } i |
557 I VS S R || |
: E %W/ :T’ iy [7] ADC M| FPGA o SFP |:' 3 FFT| |#h%s|!
' ¥ e Lo gt (o) A | |
R ¥ 1 1 | b7 | | Wik
| | |
| BR RS e e i |
|
S b BEAERIR
roo T | : : |
| S
S
|
L ___ |

B4 T 6 450 (L)

T, 3T A AR ) IR SZ AR N
5%, IEZPfE 5% E % DC~2.5 GHz, HILFE A
P EIR A TG S AUE SR . FE R IR 2 KBS
PERE M P 75 4% 4 R PR IR B2 -1 dBFS, 534 ADC ik
S S R TR R R R R . 2 B R,
KRAGWRFIERE T — KPS 5 RAER, HASH
Rohde&Schwarz SMA100B-106. %15 5 ¥ A $2 £ = 4
AR E IESZ R, S S IR JEF-145~20 dBm,
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Testing and Evaluation of a Waveform Digitization System
Based on TIADC Technique

CAO Yi, QIN Jiajun’, ZHAO Lei, AN Qi
(State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China, Hefei 230026, China)

Abstract: Time-Interleaved Analog-to-Digital Conversion(TTADC) is one of the most important techniques in the design of
high-speed waveform digitization systems, it can multiple the sampling rate of a sampling system. However, there are mis-
match errors between different sampling channels, which will make the dynamic performance of a TIADC system signific-
antly lower than that of a single ADC. Therefore, mismatch errors should be corrected in TIADC system design. To evaluate
the quality of the system design and promote the next optimization design, it is necessary to conduct scientific performance
test and evaluation on the TIADC system. In this work, aiming at the test and evaluation, the performance indexes and test
methods of TIADC system are introduced in detail, a series of performance tests of the system are completed, and mismatch
errors are corrected based on perfect reconstruction algorithm. The test results show that the system can achieve an equivalent
5 Gsps sampling rate and can realize mismatch error correction in a wide band based on the proposed mismatch error correc-
tion method. After correction, the dynamic performance of the TIADC system is significantly enhanced compared with that
without correction. For example, the Effective Number of Bits(ENOB) of the proposed system reaches 9.2 bits at 247 MHz,
8.9 bits at 857 MHz, which is equivalent to the performance index of a single ADC.
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