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Abstract: Time-interleaved analog-to-digital converters (TIADCs) overcome the sampling rate bottleneck of
monolithic ADCs and enable ultra-high-speed broadband acquisition of optical signals in applications such as
laser 3D imaging lidar and high-speed optical communication systems. However, their practical performance
is fundamentally limited by inter-channel mismatches in offset, gain, and sampling timing, which introduce
pronounced spurious components and nonlinear distortion. Such errors directly degrade the sampling accur-
acy of laser echo signals and impair system ranging and demodulation performance. To address this issue,
this paper proposes an all-digital TIADC calibration algorithm based on a multi-channel all-phase fast Fouri-
er transform (FFT) frequency discriminator. A two-stage low-pass filtering and interpolation reconstruction
architecture is devised, paired with the multi-channel all-phase FFT frequency discriminator. By exploiting
the phase invariance property of all-phase FFT and the phase correlation of multi-channel sampling, the pro-
posed method achieves high-precision frequency estimation and interval discrimination of input signals,
which eliminates the inherent high-frequency performance deterioration of traditional algorithms. Integrated
with a least mean square (LMS) adaptive filtering framework, the algorithm realizes synchronous joint calib-
ration of offset, gain, and sampling timing mismatch errors. A 4-channel TIADC experimental platform with
a total sampling rate of 2 GHz is constructed based on MATLAB and FPGA for performance verification.
Experimental results demonstrate that the proposed frequency discriminator maintains a frequency interval
discrimination accuracy of 96.7% even at an extremely low signal-to-noise ratio (SNR) of —5 dB. After calib-
ration, the spurious-free dynamic range (SFDR) of the system is improved from 19.8 dB to 81.2 dB, and the
signal-to-noise and distortion ratio (SNDR) reaches 73.8 dB. The proposed algorithm operates without dedic-
ated calibration signals and exhibits outstanding calibration performance under low-SNR conditions, provid-
ing core technical support for high-speed, high-precision sampling systems in optical fields including lidar

and high-speed optical communication.
Key words: TIADC; channel mismatch calibration; all-phase FFT; frequency discriminator
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Sampling for M-Channel TIADC
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Fig. 4 Schematic Diagram of the Hardware Platform Ar-

chitecture

&2 TIADC RGBS HELE
Tab.2 Experimental Parameter Configuration of the

TIADC System

ZHATR SRR
RYLERAERF, 2 GHz

Ul IEADCRFER foy, 500 MHz
ADC/THE% 14 bit
Kb EL 20000
M FFT s 5k 1024

i ASIR 100 MHz

®3 BERRRERER

Tab.3 Configuration of Channel Mismatch Errors

] i 1R 2 B35 R SRAERF R 6 i
(LSB) (FHXTE) (ps)
(&%) 0 0 0
2 35 0.025 9.2
3 4.8 -0.022 -75
4 2.9 0.018 6.7

Sy 4 AR AL TIADC 2k it 15 22 45 e 59k
AITERE, SRR HDGIR S R GUEAZ O HE R,
£, 45 175 M 2% E L ( Signal-to-Noise and Distortion
Ratio, SNDR) . JC 4% #{ 8 2 i Fil ( Spurious-Free
Dynamic Range, SFDR) . G &4 (Effective Num
ber of Bits, ENOB) S #Mz2%

4.2 SIEF|BIRF MR EIIE

Ry e TE A2 K ) 2% B M BE L B T MAT-
LAB #5  {Jj FLSC B PRI5, 508 4 38 3H TIADC %
BB RMEHF, =2 GHz, i AU E %055, 4
SITEARFEME L . AR AGSIRT, 5445
b SR 7 B AT X LU L, A% O PG R AR R
AR DX TRL I 1 TE A 23, 3z T B2 526 1000
IR
421 FEMZRILT a9 F) A RIS

AR SR BB R A BOOE R AE o, R A
4 A [A] B AU(E, £5 18 L MAIRAR I -5 dB 2]
R EE 30 dB 7Bk, SO TEFD) d PR e i, 52
WA RANE 4 PR .

F4 TRIFMRELTIRRFH M REXTEL
Tab.4 Comparison of Frequency Discriminator Per-

formance under Different SNRs

(G ey il AT
-5dB 3.2% 96.7%
0dB 8.7% 98.4%
5dB 12.8% 99.1%
10dB 31.6% 99.6%
15dB 67.5% 100%
20dB 92.3% 100%
25dB 96.1% 100%

SEURSE B, AR SOIR A B B AE -5 dB
RAE M AR 96.7% BYHISIE#HZR, 75 10 dB
K UL - AGME LT FIBE# R IR 100%, TGS %
JSRGIN DT 10 dB {SMEHL B IEAARIUHN 31.6%,
AR SRR HN B AR BT BB T Gead Z2 A
Tiis
422 REAIRFE K 8] 69 ) 5] b AR I E

ARSI B M 20 dB, B A U E 3%
5B 4 AT X R 1 -5 S 560 ) 1)
AR A VA PO, IR AE RN 5 R,
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Tab.5 Performance Comparison of Frequency Dis-

criminators at Different Input Frequencies

LN EREY R JTJ& X [] PRSI SRR
100 MHz [0, /2] 92.3% 100%
200 MHz [0, /2] 91.7% 100%
300 MHz Ui /20 fon] 90.5% 100%
400 MHz Ui /20 fon] 89.2% 99.1%
600 MHz Ui 3fen/2] 87.6% 98.4%
700 MHz Ui 3fen/2] 86.3% 100%
900 MHz (3fen/2.2fun) 85.1% 100%
950 MHz (3fen/2,2fun) 84.3% 100%

SIS R, 1E 0~1 GHz 2282 iy 58
(R BT 38 A, AR SCHN AR 0 1 TE A 28
100%, MiALSEIt & s kil 7 e A X ] EAf 3
2 85% iy, A SCHI s BAs Ay SEiE e AE /]
43 BIEREOEBMIMIIE

SR B TIEAT R 0 8 ) TR ST, DA K fr
ML 45 T BE B H T = 28 I i iR 22 i ST 4 M
REJT, AR TR . HE 25 . SRAFE A ] B e iR
20 BT R R HEERE R IE SL 56, [ H AR IR
T oA AR, 38 3o X B A M S 2R G0 R AR
SO TERESS bR, BB A R R A 2%
T, 315 TIADC Sl A HESR - TR REXT L o
431 ImEFEEREEEEIE

LB AR 3 B I B 1R 22, i A S R
110 MHz, R A SCH 5 1 e =4 A7 I, XF
HAR HE T J5 2R 0 B A0 88 A P 5 4 0 Bh S M BB FR
P, ok 158 25 A MR R B A MEERICR,, BEERT S
5 S anE 5. & 6 k.

0 r - - - -
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WAL HERT R OSSR, BOERT, T REERT

B S AL IR 22 MUAFAE, 7oA T 58k IR S 19 2% LS,
I R S SNDR ly 42.9 dB, SFDR 4 44.1 dB,
ENOB 4 6.8 bit, )5, WA 2% PR 25 X0 R &8
P B 1Y 5 75 31 T BEAIK, SNDR #2554 47.8 dB,
SFDR #2547 57.3 dB, ENOB i & 4 7.6 bit, H:iiE
TR A R
4.4 BRAKRBECROEMREISIESIIG

[ 5] A 3 A =20 B, B S pr T /%
H B T AR, Iy vaAcHEYERE . AR (51
ot | BRI = A B T R 5L, S5
VSO 2 ARG IN A A HE T s A T A TR L
441 EREMFF RSB ELBRIE

WE 4388 TIADC [RFHFE =280, f A
HF 5 PRE D 4 D IX A A HLRE, 43500 FF S AR A
HE L T ST HE | AR SO R = I, X
A HERT S i) SFDR ., SNDR PERE, BriEA SCy:
14l SR TR RE

SIS R, RIS T R4 SFDR X
19.8~21.2 dB, SNDR {¥ 18.5~19.7 dB, Z&# 5 %k
B R CH K ES, SFDR FaE R THE
78.4~81.2 dB, SNDR £ i& #£ I £ 71.5~73.8 dB,
SO SR E R RIRAE S . X gy
B, A SCHEEELE 600 MHz, 900 MHz 45 2 45 [X. 6]
TR, M DA% G 53 0 v I B AR HE SR &L A
JEE PO T R B RE, TR 448 28 Wkl T8 N DR R
— B ARG BE, W R OL RIS L m DG F
SETET 2R RGO B RS R AR Y T AR

THGLE AT 6 FiR:

M

<6 AMEZERIEMREINIESER
Tab. 6 Verification Results of Calibration Perform-
ance for the Proposed Algorithm

WA AR ARG SCRR(19] ARIOE
SFDR 19.8 62.3 812
100 MHz
SNDR 18.5 60.1 73.8
SFDR 212 587 80.5
300 MHz
SNDR 19.7 56.9 732
SFDR 20.5 423 79.3
600 MHz
SNDR 19.2 40.1 72.1
SFDR 20.9 387 78.4
900 MHz
SNDR 19.5 36.8 715
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PN, 55 T 2l IE A AL FET S 5 2% (1) TIADC BT A 78 1

442 FREERICTAREMAERIE
BB AL S 300 MHz, REtIH R AE7E
SRHRG R, fFMR N 0 3] 25 781k, X HEARAUE.
SCHK [19] ASCHATA R SFDR H:RE, BiFA U
TEARAR R LU R A B B, SEBRZE RNER 7 FR:
®7 FEIERLETERREROEMREXEL
Tab.7 Performance Comparison of Joint Calibration
under Different SNRs

51 L (dB) EN i3 SCHR[19] AT
0 182 35.7 72.5
5 19.5 43 75.3
10 20.1 51.2 77.8
15 20.7 58.7 79.6
20 21.2 62.3 80.5
25 215 64.1 81.2

SEERAE IR, A0 T TR ARG R L
IAS M BE ™ 45 4k, 0 B B SFDR 1Y 35.7 dB;
ARSCEILAE 0 dB L5 M LR SFDR {753k 72.5 dB,
BlfEME LR TR A T2 81.2 dB, Wil A SCRIEAE
S {E W LU X (R OO 5 1 ek SRR Tk,
(S L = A e N T
443  FLERKSE TN E

L RS SRR AR 2 R A B AR
SR AR O HR A, AR SE B IR B i AR S R
110 MHz, RGeA7AE = RBA R AL, X H Sk [19]
TS AR SCE R RSGE R B S R S R E, 1
UEAR ST RSP RE

TR A REW], ASCR AT 358 YA
AR BIRRAS, WSk B2 2 SOk [19] J7iE 1 3.5 4%,
HARS IR RN 78%, HL485 T A0 5 0y SE it 51k
SRR T, A A R SRR R

BPMSEET FE & 11 FR.

B . 358 LA

o
£
o 20| e v b
3 ST S 1 257EEAR
Z 15
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= 107 — ATk
2 s T
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Fig. 11 Comparison of Algorithm Convergence Character-

istics

4.5 FPGA LIS SCMIGIE

SRS UEAR SO T AR W] S 5 S PRis AT
RO, FF IR FPGA B {5 52 iR 2 52
4.5.1 EAFRIEAESHT

AR SRS SR B A O 1S A 4 U TE BR
BAIT |, A AHAL FFT S0 H 00 8% . P G (E E A
It LMS H s AL HERRIT, 427k 1] Verilog
HDL #47 RTL 2% it, B O ¥RIHFES TN 8
JIiR o

# 8 FPGA RERF ORI EIFEFRES T

Tab.8 Resource Utilization of Core Modules of the FP-
GA Calibration Algorithm

i sl SePR AT g AR IEGE PRSI
AR (LUT) 12864 203800 6.3%
fil 4% (FF) 18792 407600 4.6%
Hefif % (BRAM) 16 445 3.6%
DSPizf BT 28 840 3.3%

P 0 U R 5 S T R0, AR SRS Sk A A
TERHAIG, 25 20 B8 5 A R F 7%, TG
7 T K& FPGA R, Bt 7 TR ]
SEEME SRR, FTARAAE I A5 R HUR AR R
i
452 FRAF MR EPERERT I

RS UEAS A HESR AR SR 2R G i S
PRIERACHERCR, S . 3 65 . SRAEI ] =28
1 T8 2R O 158 22 (1 RS A A MEACRE, R 0 SR TE AT
PSR RS T st RoE 5 S, A1y
FTHEE ) FPGA S BT 6 FF X BRI,
DAAAE MR ZS Ry FE e, XA HERT T B9 R e sh A1k
B« B SCBIE | AR P R AT SR e . 3
Vivado P T 0945 B2 53 A, SEIHIIBOR AL
HE SRR T i R A, b= A
MLJG 58 A AT S st 5, i i 4 s b
M RIS, RIS R B S
S

AT T R S80S 36 3 IRFE—3K,
A5 5 EE 100 MHz, 500 MHz, 900 MHz = >
B 5 A 4 Rl S i SR, R A
5 KECF-34ME, FEIRREDLIR 22520, K TIADC J5

AR RN T, o7 4 0 L E 2K e T A M
1 S bs T AR, MR M REXT L iy St v 4l . DA
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Fig. 14 Error Convergence Curve for Real-Time Hard-
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