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ZILOdYXLDEH (4)

NLFEREAFEXNTHIN DL,
BFERMNGA -2 DIEZHEYIRLEREL.
HDENONDETIHET DVELH D,

. 1
FEXDEDEFEBTRETRI/INTA—F,
RS, T.UVWEEET B,
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7ILT)XLDOEH (5)

== — 2=
EEREDESE

N-1 a N-1 e ) (N-1 L

R= Z(Yk Y)Qy A1{ (O =0 )0 = Ay 2 (0, = OCZ)Ockl}
k=0 k=0 J k=0
N-1 _ N-1 L (N-1 .

S=) (Y —Y)O, AI{Z (Ol =04 )0, ¢ = Ay Z(am B a2)ak2}
k=0 k=0 !
N-1 - N-1 . N-1 -

T'= Z(Yk - y)kB,, Al{z (0, — (xl)kBkl} —A, Z(OCKZ B az)kﬁkl}
k=0 k=0 =t

-1 . N-1 - N-1 -

U=) (v, — kB, _Al{z(akl a1)kBkz}_Az (0, _az)kBkZ}
k=0 k=0 k=0
N-1 N N-I _ . N-1 -

V= Z(Yk Y)Bu _Al{z((xkl _(xl)Bkl}_A2 (0, _a2)Bkl}
k=0 k=0 =t
N-1 r N-1 s N-I _

W=) (v —¥Bw — A, (O O‘1>Bk2} o Az{ (0 5 az)BkZ}
k=0 k=0 =t
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7ILT)XLDOEH (6)

REN/NZ A —FHNEHIDEE —EFT L,

FIEFHRER S, T, UV NFH0EZ S,

: 1

BEFTREXOZUNEIES=HIZ.
RE7ZILIYXLZEERT S,

‘obavashi Laboratorv
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A

VT A TREBERDATRT .

z, =B, cos(y,k+9,)+B, cos(y,k+¢,)+D

A NT—3yeRAWT Z=5Hl 9 5.
» WU, 0,0, DO)ﬂEliiE%u’C%%m\
w W,, 0,0 ,,CER=S=T=U=V=H=00)
?’Eiéfnu‘étﬂ’ét
J:')l_s EFllTF—2IFELTES,

Yk

= A, cos(0,k+0,)+ A, cos(m,k+0,)+C
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ZILdYXLNDEH (8)

RE7INITYXLZRS T,U VWD
TAZ—iRBEHFNLEHT B,
EMBOFEIEDAZAHL, RDELIICEET Do

R(B,.B,, v, ¥,,0,,0, )= ;I; (B, -A,)+ §B2<B2—A2>+§—Rl<wl—m>+iv v, - %(@—&H%(%—eg
S(B,, By W, ¥, 0,,0,) = aa; (B, -A)+ aasz<B2—A2>+aa—i<wl—col>+a%<wz 2>+%<¢1—91>+§TSZ<¢2—62>
T(B,. By W, W0 0,,0,) = ;ST (B, -A)+ aaBTZ(B A+ ;\Vl(wl wl>+af2<wz 2>+§TT<¢1—91>+§TT2<¢2—92>
U(Bl,Bz,wl,wz,m,%):s—]fl(Bl—A1>+§]i (BZ—A2>+§L{ <w1—wl>+aa\|i (wz—co2>+%<¢l—el>+%<¢z—ez>
V(Bl,Bz,wl,wz,q)l,%):%(Bl —A1)+%’2<B2 A+ 5\: (v, —0,)+ aa\",’z v, —co2>+%<¢l —w%@z -0,)
W(B,.Bo W, 2, 0,.0,) = g;V(B SA)+ s}:\:(B A+ a%wl w>+§w (v, - %(@—W%(%—eg
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ZILdYXLDEH (9)

NGIEHREFBIEXTHLHIND.
,Bzawlawz ¢1 ¢27EE_JE:.|:EJ-ET%;&75\

o

BB, ¥ ¥, d,0,%.
ALA,,W,W, 00,9 58 LIMEES L.
K=zBHETLH L &127)1/: )AL EON S,
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A

HMAKADIHE D
F k=2 - H—T -

RO\ %

249 T4 - 73 X LD

PEXKE

BEHDANEREHZ 129 DEET 5=

:.I:E7|</

D ERERR D DHEERERT £ 78D,

EHDA N RS E RS TS B0,
BRI R S THETE B,

: |

/\:Ll/ /EJTEEI:I L/T—O
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=Salb—Ia iER (1)

(2 F—21EF)
15
y(k) = A sm(27€—k+6 )+ A, sm(ZTC—ikJrG )
N =819
EEDE HEE EED{E HEEE

wil/ws 2.2x107* 2.200x107% |wi1/ws 2.2x107% 2.121x10™*
W2/ Ws 58x107*| 5.800x107% |w2/ws 58x107% 5.922x107*
Al 1 1.0000| |AT 1 0.9650
A2 1 1.0000| [A2 1 0.9670
0 1[deg] 45|  45.0000| |6 1[deg] 45| 59.1427
0 2[deg] 90| 90.0000| |6 2[deg] 90| 74.0683

(@) NV Fh—Vv  TaoT4v7

v, 2= 0 .U
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Ty XA




vIialb—va iR (2)
(2 F—2ES+HMEN/ 4 X)

y(k) = A sm(27€—k+6 )+ A, sm(27£—2k+6 )+n,

o, o,

N=8192

n HIAHEEc=0.125

EED{E HEEE EED{E HEEE

wil/ws 2.2x107% 2.200x107% |wi1/ws 2.2x107* 2.120x107*
W2/ Ws 58x107% 5.798x107% |w2/ws 58x107% 5.920x107*
Al 1 1.0011] |AT 1 0.9650
A2 1 1.0001| |A2 1 0.9663
0 1[deg] 45|  44.8025| |6 1[deg] 45| 59.1427
0 2[deg] 90| 902496 |06 2[deg] 90| 74.3681

(@) NV Fh—Vv  TaoT4v7

v, 2= 0 .U

‘obavashi Laboratorv

b) B—HY A h—F T4 T4v7

Ty XA
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SRS

ANFRBNEEF., RIDENENDIHEIC
DWCIILF b= h—T - Ta T4 -
7ILad) A LZEEFELT-,

vIal—I a3l ER

- BRRNBER#BDIZE -
ZREAMAE,
BHDOANBRB Z=EEICHEETE =,

- REBERBDIFE -
ZREAMAE,
B—YHY A h—T - TqawT42T -
FILTY) XLzt YRLBWSIEREITHER,
EraEDEERRZTF-.
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s RAMANFERBDZEDn b—2EF~D
Hh5f

- $FICKRHMA AR RBDIEZED
ZILdYXLT, sTEEZFH LT,

- EEAIADCT—A2 12X L TRAE L 1=
ZILd) XA LZFERAL., B4 EHREAd 5.

« SHRAR - OH5FILSITFRA —|ZFRET B,
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BEHAA-DZE#ZET A FFHED /2D DIVF b —2H—T

T4 T4 Y7 7)) XL

Ak BN
Al

B FHR

g

bk ST

Multi-Tone Curve Fitting Algorithms for Communication Application

ADC Testing

Yoshito MOTOKI', Hidetake SUGAWARAT, Haruo KOBAYASHIT™,
Takanori KOMUROTT, and Hiroshi SAKAYORITT

H5FL FEHEFOZEWFICHAVSNLEER (HREEE) 77V 77— 3 >0 A-D ZHREICHT 27
Z PEHED I, ATEEEAA R CRMOZNENOFEDOVTINF b=V A—=T T4y T4 2 T7
VAV XLZRFE LD THE TS, CNSOMRLET IV ) ALEFHlT 5 fdIc i I 2 L—ya vk
o, BMMEEFHER L. ZORER, FIC AN EEEDRI ORI IERDIELKA—T 7 v 74 > 773
VALZHRVELTHVSEE KD bR A HEE-R RN RSN

F—TU—F A-DEHE, YAA—TTav T4 2T, HELROTH, SIVFR—VES, IvIARY

27 F )V LSL 7 A%

1. FAHE

W EROZESFICH SN BEH A-D £
RIHEZFO T H (Intermodulation Distortion:
IMD) %/ 4 X787 —Lt (Noise Power Ratio) D&
S IR RS TRROMREN B E T H 2 DT, ZDOMREFTT
DIEDICIVT b=V T A FERHWSENS [1]~6].
SIVF b= T ARMEICBNTE, #EOREEEDIE
ZIEDOMDASMES

Vin(t) = Z[Al cos(wit) + Bysin(wit)] + C (1)

=1
MADCICEZ 5N 5. HIZIE, ADSLY 7V r— 3
YTlEn =256 MHVENTWVS. BHOHIC, T

T RS RAE T2EA AR T LR, e
Dept. of Electronic Engineering, Gunma University, 1-5-1
Tenjin-cho, Kiryu-shi, 376-8515 Japan
L N R A= Va7 S w3 S AN S o ]
Agilent Technologies Japan, Ltd., 9-1 Takakura-cho,
Hachioji-shi, 192-8510 Japan

a) E-mail: k_haruo@el.gunma-u.ac.jp

FEOEICY—bF—VEE(n=2) DEELERS.
Vin(t) = A1 cos(wit) + B sin(wit)
+As cos(wat) + Bz sin(wat) + C.

ADC D A SN EREEZ E->T VB L &,
HATE w , we DEBRDTZTTEL pwr + qus
(p,qg=0,41,4£2,43,..) OFFEBETZLH, T
NERHEEZHROTH IMD) EFEENTWS. 20D
HIC 2w1 — wa, 2ws — wi D 3K IMD 5 OFEAM X4
WICEETHD. BEED, wiRw DEE, 2w —ws,
2wo — w1 DAY MVIFEERIT wi , wo I HEH
ENETH (TixbbESHE) KHhZM5THS
(KD. LHhLiEHD, ADCTAT 4 V7 TDIMD
FMERT I E R N TR ViRV, MEO—DI’RY
IWF b —VEBRENT ZREEEBHRERN T T &
THO, £5—DFIMD ZFMT 2 BVEHE 7L I
UZXLWENT ETHD. R Tlk, TOZDHD
SRR 2 e ZAME L, HILVFHET VT
U X LGRS 5.
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W, BIEH A-D BT A FEHED 2D DINVF b= =T T 4T 4 YT TIVA) X

Power Spectrum

201-m2 ol 2 2m-m1  angular
frequency

K1 UM Z Y — = E5 D ADC I ]D/RT — X
R M. BE5ENE wy , wa IKHEL, mws +
nwy WEHEZHOCTHANENTNS (m,n =
0,+1,4+2,£3,...).

Fig.1 Typical ADC output power spectrum for a two-
tone input signal. Signal components are located
at wy and ws, while intermodulation components
are at mws +nwi (m,n = 0,41, +£2,£3,...).

Analog Input Digital Output

Vin Dout
Signal Logic
Generator ADC Analyzer

L

Signal Pulse
Generator Generator

Sampling Clock
clk

Reference
Clock

K2 ae—LY o7 I%HVADCTA MY
AT I 7RI AJAOEERER LS YT v
Jraw ZHOIOVAFERE, Aoy s
THEINEN TV S.

Fig.2 An ADC test system using the coherent sampling
method. A signal generator for the input signal
and a pulse generator for the sampling clock are
synchronized with the same reference clock.

2. FFTEEHD—TTavTaVT%

FFTEGHE—ERFEES ADC 7 A MEOFHE 7 )V
DIVALE LTAL ZOHERAENZRD BN 5], [7]~9],
IVF =T ANDBEDFTM T IVI) ALE LT
LENRFEMTHB. LrLahb, FFTHERT DR
GBUTDX S BREHH 5.

(i) Te—LY Y TUYFADCT A DY

& [5],[7]

ANEBE ADCOY VTV VT 7ay 7 iZFEIEN
ENTW3, Ixbbae—LY S )V TDE
BEEZB (K2). b Lw & wr B ws/N DY
ETHE, FFTIERZIMD OFMEICEZERAVSC &
MTES. (TTT, ws YTV TRERBE, N &

Power Spectrum

201-m2 ol 2 2m-m1  angular
frequency

3 WV—h—=VERAINCHT B ADC 10 BE D
e80T —ZART R L. 2w — w1, 2wy — wa D
Fig.3 ADC output power spectrum for a two-tone in-
put signal after a window function is applied.
The 3rd-order IMD components at 2ws — wi and
2w —ws are hidden in the power spectrum skirts

of wy and wa.

Analog Input Digital Output
Vin Dout
Signal Logic
Generator ADC Analyzer
Sampling Clock
clk
Pulse
Generator

M4 Arae—LY by rTY IV ADC T X
FRTF L TR AJIHOGS LGS YT
V7o ay ZHOVARERE, AliEEoT
[AYZ4AN

Fig.4 An ADC test system using the incoherent sam-
pling method. A signal generator for the input
signal and a pulse generator for the sampling clock
are not synchronized.

AT T=28TH3) Uh UahS AT ERBERS D
HEIZDTZDOEMNZHREEE2DIFH L <, Rk
(1) T MRZEVIHEEIZER LT ORMERTZT O
WE#TH 5. TORLZENTZLTOWIRWESE (FFT
& NEDT—2 DR ULES LIRET BDT) FET
DFID ADC HAT— 2 ICRBEEE BN B T L HE
TH5[10]. LHULEBERERITEFFTZITS LES
AR wi,we DEDICIST—=ART VDA F—
FZECITETLEY, wi,ws IR, REE
% 3 RIMD ] 2wi — wo and 2ws — w1 ZZFDH
KRLTLES TEANLIELIEHD, TOFEIFIERH
IZ IMD FHElACE AR (K3).

(i) Avae—LY+ Y FUYFADCT R

DA [5], 7]
Kic, AMEBEL ADCOY YTV VT ray 7D
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FEZ L > TVWEWEEZEEZS (K1), FIZIET R
T LKA E N ADC EFHHET 3B, ADC D
FUTIVTIay TETV AT LANDEA L= %
AWGEFNREESRVDOTANEE LRENENT,
AYaA—LY YT VI T A M eAVRITNIE
EHEWV[3). RIEFEREIC, w1 & we DY ws/N DEEEL
B TH BRI TONEALEELL. Lich>T
FREIC LT ADC AT —ZIon ULBBBE#T 5 C
ENEREN, FEEARANEE w1, w OADITINT—
AR MIVDAA— b ZECETRTLEY, wi,wsll
FEESHEY, B EEAR 3 X IMD 57 2w, — ws and
2wy —wy EZFDOHICRELTLES (K3).

I, RICwr & wr DY ws/N DBEETHE LWV
I &t URBES RN 2 BN WVIRETE,
AaA—LY G UTY Y ITDEEICBNTIE, 7
FOT AT (w1, we) ADEEFRERET TV T
0w 7 (we) D/ VAFAERRIL, BiE3BREA3IY
Ty I EROTWADT, TNHEDXA IV TIE
DIMCEEZ> TS, LizhoT, & LIEAMMEEH
RO wi/(27) B LOMHz ICREL, 7OV AFHA:2E
D ws/(27) ZLOMHZICRELIELTE, 20D
Hwi Jws IFIEFEICIZ 1.0 TIXERWV. ZD7z0Ic ADC
HF—&IC (BRI RNT) FFTZ{T>T6
BRI wi,ws DEDITIST—AXT FLD R
A—FZECETETLES.

INSDMERRIRT B0, YTV =V
N—=T T4 T4 FT7 NIV ZXL5],[7],[9 (K5
EHAELTZ, Y—b—Y (RIVF =) =TT 1w
T4 I T7INIAV ALZREFEL, ZDO7)NVIY XL
Gz, —DOEO7II) ALEae—L Y b
U2 ZADCTAFDBAIHNE T L EEEL, AN
BREAWRREY TV TAEBERBOL w/ws, wa/ws
DEEHOEETHS. —DHIEAYae—L Y MY
TV VT ADCTAFDFAEICHNSD T L EZH-EL
IERERIERA R (720, BXZOfEIZbh-> T
5L93) OBETHD. $hbbco7)Nd) XL
TRADAREBEY VTV v 7RSO E [FRE
ICHEEST AT EDNTES, 3. ICBVWTHIEZR, 4.1C
BWTHREZLRT 5. MECBNT, BEIITL
ETHBDOTFFTES D ERBEIC IMD Z27Hiid 5
EMTES. HIEEY 22—y a vz, Th
507)VIV ZLOBEMEETEL, kDT VTV
b= HA—=T 74w b7V X L7ZED R L THY
2LEXDLEHEOHERENELND LV T L2k
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Digital Code

5 YYIWA—=2HALA=TT4wT 47 )
U X LOFEEOF. KT R A WA NS
% ADC {12 &L, FMUETA 2 A—TT4v T4
YITINAN AL K o THICE NI A iz R
LT3, ADC )R AT E NI A VI i
LTRBNTIEENDS /A X LM AT T AR
MWRHENS.
Fig.5 Principle of a conventional single-tone curve fit-
ting algorithm. The dots show ADC output for
a sinusoidal input and the solid-line indicates a
reconstructed sine wave using the curve fitting al-
gorithm.

AL
3. ANRAEHHEHDEE

ae—L Y YTV YT ADCTAME (K2) T
ASTABE L 5> T > J RO iR FER AR
DGEREZS.

3.1 MEDERL

ADC IZRDRIVF b =35 Vin (t) ZASIT 5.

Vin(t) = Z[Al cos(wit) + By sin(wit)] + C. (2)

=1
ylk) 2 2 D AN T 284 2rk/ws (B =
0,1,2,.... N—=D IZBFB (TxDBEFEED) ADCD
HHT7—%E9%. TTT, w, 37V TR
THO, w/ws DHRIIBHITHS (1 =1,2,3,...,n).
¥z, #HANR ADCOHNERDX S IRET 2

m(k) =:
= wy . wi
Z ajcos| 2n—k |+ bysin| 2n—k | |+ C.
=1 Ws Ws
(3)

TTT, a,b,CREBTHD, RDOR/IN2 FFHH
IZH->T, ADCOHIT—% y(k) O N HOY
VW (y(0),y(1), .., y(N — 1)) &5 a1,az, ..., an,
bi,ba,...,bp, C ZERBEHET DL EBEZD.



W, BIEH A-D BT A FEHED 2D DINVF b= =T T 4T 4 YT TIVA) X

N-1
= E [y(k) — m(k)]*> — minimum. (4)
k=0
3.2 BO7IVIURXL
K@) THEADNERMR L=2ERAS. CC
T, REB) X @ »5 P. BRDESIKKRBT LI
FELT
N-1
P = {y(k)

K‘

n 2
— Z {al cos (ZTr— ) + by sin (271-&]@)} — C}
=1 Ws

P. ZEINTG A—ZTCRB ZITVWENZE O L BL.
OP. _ 0P _, 0P
day BT TaC
ZTTI1=1,2,..,n THB. N5, LTFDOTIL
Fh=h=TT 4w T4 I TNV XLEES.

x=F'y. (5)
ZCT, x,y, FRODESICEEINS.

= ((Ll,b]_,(lg,bQ, "')anabnaC)Ta

y =

N-1 N-1
(Z ykakhz ykﬂkhz YkOtk2, E YkBk2,

N-1 N-1 N-1 \ "
o D UkOkns Y UkBrns D Uk |
k=0 k=0 k=0

F .= (fi,f2,f3, ..., fon_1,fon, foni1),

fl :
N-1  N-1 N-1
afi, Y akiBris Y ki, Z a1 Bk2,
k=0 k=0 k=0 k=0
T
N-1 N-1
Z akﬂkmz k1 Bns E agt |
fo =

N-1 N-1
(Z lakhZ BM,Z /5’k10tk2,2 Br1Bk2.

T
N-1
Z Br1ens Z Br1Brn, Z ﬁm)

fy =

N-1 N-1
Z Q2015 E k2P, Z aja, E k22,

N-1 N-1 N-1 r
Y QkaQkn, D Ok2Bkn, D k2 |
k=0 k=0 k=0
f, =

N-1 N-1 N-1 N-1
> Broakt, Y BrabBriy Y Bracka, Y Bras
k=0 k=0 k=0 k=0

N-1 N-1 N-1 r
5 Brakns Y BraBns » Br2
k=0 k=0 k=0

fon_1:=
N-1 N-1 N-1
( > aknak1, Y knBr1, Y Cknaka,
k=0 k=0 k=0
N-1 N-1  N-1

2
Z akn6k27“'7z aknyz aknﬁkﬂly
k=0 k=0

k=0

N-1 N-1
> Brnoka, Z BrnBr1, E Brntkz,
k=0

N-1 N-1 N-1
2
Z 6knﬂk2; ceey Z ﬁknaknv Z /Bknv
k=0 k=0 k=0
N-1 T
E ﬁkn
k=0
font1 =
N-1 N-1 N-1 N—-1
D,y Bu a2, Y Bre,
k=0 k=0 k=0 k=0
T
N-1 N-1
’ akn» ﬂkﬂnN ’
k=0 k=0

gy = COS(ZFﬂk), Brj = sin(QWﬂk).
w Ws

8

ji=1,2,..,n
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F-1i&, HlIzE <7 o—AVDNR ZHNT F b

WRDBTEWTES.
3.3 7IVIAVXLOHEYZaL—Yavicks
FHE

X (5) DFER (T Y XL X0 BEANRE
FHOBEDSIVF F— AT HHEZERCT
FHLEBHEELL (SNR) 2B ENTES.

COT7NWIY ALEHANEHEZFRAOT ADRSD
FERTIEDIZRD ZDOHOY IalL—varr
otz
W1 KD3 b=V ANDEE (n =3, AJIAREK
B wi,ws,ws ) TADCHIIA3RIMD % & DIED
BESIaL—yarvEirofe. XB)IKBVT, X
DX 357 ADC DHFATET IV

m(k) = ZAlsm(Zﬂ—k—i—Ql)—i—C
1=1
ZHW, Ar,As,01,05,C EHEET D, RICEBEDOH
T y(k) & TOREHEE R m(k) & DI~ e(k) 2%
5.
e(k) = y(k) — m(k).

C D5 e(k) ICEB AN OHELRT T AP/
A ABDIDEENTWVS. TDe(k) HHHEEEHRT
F AT 2w — wa, 2wy — w1, 2w1 — w3, 2ws — w1,
2o —ws, 2ws —wo ZHEET BT2DICRDET IV m(k)
ZHW5

2 —_
m(k) = Dy sin @u

S

k+¢1>

27r k’—|—¢2

+Dg sin (

FEIRICROE/N 2 RHEFE#E X 5.
N—-1

Z le(k) — m(k)']

— minimum.

R (5) EALCTIVIY X LZHWT, Di,Da,..., De,
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#£1 AV = h=VIESANIES T ADCIHIFZHO A
WH BT IS B I alb—ra VR (M
HIASIE WL - w1 /we = 0.09, wa/w.= 0.1006,
ws/ws = 0.1084, YV TIVTF—ZH N = 8192)

Table 1 Simulation results of our proposed multi-tone

curve fitting algorithm for a three-tone input
signal (input frequency known case).

1, P2, -y 6 HIRBHEET BT EHTE D, R1ICHK
Y 22 l—2avOERERY. TTT, N =8192,
wi/ws = 0.09, wa/ws = 0.1006, w3/ws = 0.1084 T
HB. coENS, X (B5) OTIVIAV XLERNTE
B EHEERO T AN EEETHETEDZ LD
bh3

(mD RIZ3 b=V ASIDHET ADCHINTH Y X
HE BFREADCORTHEMEXChICEDET L
MTED) b ->TWVRGEOHEY I 2L—v 3
Vi, TRbBHIy(k) &

y(k) = ZZS;AI sin(27r:—:k +0) + C +n(k)
T, n(k) IEEREc = 0125 DH I AMETH 3.
KB)IEBWT, XDK 5% ADCOHAETIV
m(k) = i A 51n(271'—k +0)+C
=1
EHV, A1, Ag,01,00,C ZHEE LK. EREE2IC
R

£1, R2HSMAGDHEICENTRETIVIUX



W, BIEH A-D BT A FEHED 2D DINVF b= =T T 4T 4 YT TIVA) X

%2 AV—b=YANGETHINCHY ZHE (o =
0.125) Moo Tz d 5 I a b—a UAER
(BRI A w1 Jws = 0.09, wa /w.= 0.1006,
wsy/we = 0.1084, YV TIVF—ZH N = 8192)
Table 2 Simulation results of our proposed multi-tone
curve fitting algorithm for a three-tone input
signal with Gaussian noise (input frequency
known case).

LTHERSINTA—REMEETEEI DN 5.

KIC a1,b1,a2,b2,..., an,bn, C OHEEEE VT
SNRZ§BC L HEEZD. ADCOEENRT— P, &
MBI — P, IRDESICEZABNS.

1 n
Py==Y (af +b}) +C?  Py=P/N.
2 =1

INHME SNRIEFRD LS ITKRDENS.
SNR = 10log,, % [dB]
N[> (af +b7)/2+ C?]
P.

= 101log,, [dB].

4. ANEARBHRADIZE

i, £rae—LY Y FY YT ADC TR b
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Table 3 Simulation results of our proposed two-tone
curve fitting algorithm (input frequency un-
known case).
(a) In case that a conventional single-tone curve fitting al-
gorithm is iteratively used.

(b) In case that our proposed multi-tone curve fitting al-
gorithm is used.
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Table 4 Simulation results of our proposed two-tone

curve fitting algorithm when Gaussian noise is
added. (input frequency unknown case).

(a) In case that a conventional single-tone curve fitting al-
gorithm is iteratively used.

(b) In case that our proposed multi-tone curve fitting al-
gorithm is used.
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LS| Production Testing

Year
1980 1985 1990 1995 2000 2005 2010 2015

£

£ 01— Sy

2 o0 \ N@;

E : \ (ost

= 0.001 \w

= 0.0001 "~

= N

% 1E-05 - P——

ot — /‘7
1E-06 C—cost

Test

® Test cost is proportional to testing time

® Important factors
‘Reducing testing cost
‘Improving testing quality



Agenda & Approach

® In mixed-signal SoCs, ADCs/DACs
*DC linearity testing
Important
Long testing time @
® Requirements for DC linearity testing of ADCs
Short testing time
*Good testing quality

o, his Work =g

® Propose “short-time” ADC Linearity Test
Signal Generation Algorithm
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Conventional Linearity Testing 1

B Histogram method (Ramp wave input)

Number
DUT of Samples
» Ramp wave

— e = T DNL

N 001010011100101110111 g

® ADC output histograms for all bins are equal
if ADC is perfectly linear

® Highly linear ramp signal generation is difficult @



Conventional Linearity Testing 2
IIHistogram method(Single sine wave input)

Sine wave
Generator

Number
of Samples

+ Sine wave
\// n DUT
BPF ADC
-
‘ ‘ | . Remove
i Y

f

A

__J

DNL
Output —_— INL

Code

® The number of samples is small

around the middle of output codes
® High accuracy sine wave can be generated

using an analog filter

&



Target of This Research

Ramp Wave| Sine Wave | Proposed
- &
Few samples Middle range
All bins are around the Increases
equal center
Signal &
Generation
Difficult Easy Easy

Very Fine Fine @ Bad




DNL & INL

& Number 5
of Samples &
A DNL ]
Vil — o
i . Output
. Loy . Code
1 | N 1 N 1 1 >
_"“ 001 010 011 100 101 110 111

® Important testing for ADCs

DNL : Difference between an actual step width
and the ideal value

INL : Deviation from ideal conversion line

INL(k) = Zk:DNL(i)



OUTLINE

 Research purpose
« Conventional linearity testing

* Proposed test signal generation
method

* Implementation method
« Conclusion

12/07/2010 11



Linearity Testing of ADCs in SoCs

® In mixed-signal SoCs, ...
Accurate ADC linearity evaluation
“around the middle of its input range” is required
Single sine wave is unsuitabIeNu@

of Samples

® Middle range of histogram increases

Number
of Samples
A

Single sine
wave

Output
Code

N3 222 a 3o

Number
of Samples
A

Proposed
method

Output
Code

Output
Code




Architecture for Generating Proposed
. Test Signal

AWG : Arbitrary Waveform Generator

proglram DUT
DSP
_ _ N\ Analog /
Multi-tone signal DAC ) filter ADC
generation N———

® DSP program : Multi-tone sine wave
® Analog filter : Harmonics removal

B

® Histogram for the middle of ADC input range

can be high



Role of Analog Filter

® Resolution of an ADC under test is 14 bits

® Linearity of AWG is less than 12 bits
- Not suitable if directly applied @

® The analog filter can remove
spurious components

*This method has compatibility
with “moderate-performance” AWG



Proposed Test Signal Generation Method

® Approximate triangle wave
by multi-tone sine waves

400
- =— >4
=23,

v :cos(27z-(2n—1)-f-t) n=1,2,---
" (2n-1)*

ANRVANYANIY/
/NN




Proposed Test Signal Generation Method

4 <
® Select terms (V) Vi :;;An Vi

® Decide their coefficients (A,)) v - 005(2”( '2<2”1—)1)'f 1)
4 n n—1)2

A

B

® Histogram for the middle

of ADC input range increases
‘Reducing test time
*Maintaining the required testing quality




Simulation Result of Proposed Method

Input

P waveform : " cos((2n—1)a)t)
£ "= 2 n=1,2,= -
E (2n—1)

T s ] 4

o 1 2 3.4 5 6 x|V, =—(V+2.6V,+1.8:V,+1.4-V,+1.2-V,)
4 Histograms
g 7
g ® Histogram for the middle of
- ADC input range increases

0 1000 2000 3000 4000
Output Code



Simulation Result of Proposed Method

® Proposed method can be applied to the several cases.
(Shape of the histogram can be changed)

LLLLLLLLL

Amplitude
Number of samples

0 12 345 6 7 8 x104 0 1000 — 2000 — 3000 — 4000
Time 0utp_ut cod_e
Input waveform Corresponding histograms



Contents of Testing Time with ATE

Table: ADC testing time with ATE

Content

Time

1)

Setup time for module

Less than 1 msec

2) | Settling time for module and DUT | Several msec

3) | DC linearity testing time 2bitx(16~64)x(ADC conversion time)
4) | SINAD testing time 2bitx(1~4)x(ADC conversion time)
5) | Time for data transfer and Several msec

operation

6)

Other test time

Several msec




Estimation of ADC Test Time

® Example : 12 bit 100kS/s SAR ADC

Setup time for measurement module and settling
time for DUT : 10 msec
*DC linearity testing time : 212X 40 X 10u sec = 1600 msec
*SINAD testing time : 22X 4 X 10u sec = 160 msec
*The time for data transfer and operation : 10 msec

g

® Conventional method
*Total testing time = 1780 msec



Acceptable Test Time

® Testing time for high resolution,
slow sampling rate ADCs
*Very time consuming

® Testing time of 1 sec for a $1 chip is acceptable
Total test time (about 1.8 sec) is too long

® Reduce DC linearity test time



Number of Samples

25

20

Verification of Effectiveness

[Condition] Sampling points for the middle of ADC input range is

more than 10 points, other range is more than 4 points

Histogram Histogram
25
D o T
Single sine wave Magnified ppoposed
input flguie method
£
é;“ 15 \ e A Il
©
e ‘W‘HM‘H‘MM‘H"‘”"m‘”‘”“H“H”‘HH“H” LR RO o 10 \Mm l\N\
-g W‘N \ W‘w
2 Il
5 ik '{-Hﬂwm
1400 1600 1800 2000 2200 2400 2600 2800 ®"ja0 1600 1800 2000 2200 2400 2600 2800
Output Code Output Code

Total sampling points :

65536

Total sampling points :

32768

Reduce the # of sampling points to half

® Meet the bottom sampling points



OUTLINE

 Research purpose
« Conventional linearity testing

* Proposed test signal generation
method

* Implementation method
« Conclusion

12/07/2010 23



Implementation Method

AWG

program

}

DSP

Multi-tone signal
generation

DAC

J”hw

N

N

CLK

synthesized
signal

Analog
filter

-

To ADC
under test



Settling Time of Analog Filter

AWG
program
| HJlLLLLUH /\/
ol FNVAN Anal
Multi-tone signal DAC nalog
: filter
generation

Iy
® Settling time of analog filter

10X the time constant

i.e. 10ms for a 1kHz filter
Doesn’t interfere with the tests
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Conclusion

® Propose DC linearity testing method for
ADC in SoCs
‘Using multi-tone sine wave
*Histogram for the middle of ADC input
range is high

® Testing time for ADC DC linearity by half

® Implementation method
An AWG and an analog filter
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ADC Linearity Testing Using Multi-tone Input Histogram Method
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Abstract This paper describes a high efficiency ADC histogram testing technique algorithm with a program controlled

periodic function as its input. For the ADC linearity testing, the histogram method is widely used with a ramp input or

a sinusoidal input. This paper reports a generalized histogram testing method with a multi-tone input signal or an

arbitrary periodic signal, and shows an algorithm to obtain DNL and INL from its histogram data.
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Introduction

“Fine time resolution” and “high linearity”
TDC (Time to Digital Converter) is
essential for jitter BIST & ADPLLs

v

- High linearity TDC

—Self-Calibration circuit
- Fine time resolution TDC

—Stochastic architecture
- High reliability TDC

—Self-testing capability
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Time to Digital Converter (TDC)

@® time interval — Measurement — Digital value
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Stop | ngoher resolution with CMOS scaling
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@® Key component of Time-
domain analog circuit

@ Higher resolution can be
obtained with scaled CMOS |
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Time to Digital Converter (TDC)
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Encoder Circuit
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Encoder Circuit

> I ] & ‘| - ‘|
STOP ¢ ¢ — |- ——
1 1 0 0

Encoder Circuit

}

Dout=2

Count the number of “1” outputs from DFFs

-

To ensure monotonicity of the TDC

10



Bubble error
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Bubble error effects
are suppressed.

11



four —

Encoder Circuit
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START
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Self-Calibration Mode
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START

Test mode —

STOP

Normal Operation Mode
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Self-Calibration

Test mode

2000

The two oscillators are
different from each other
and not synchronized

0
0
0
16 18 20 16 18 20 22 16 18 20 22
' Code

The histograms in all bins will be equal,
after collection of a sufficiently large number of data,
If the TDC has perfect linearity

# of “1” output
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Self-Calibration

TDC is non-linear

st buffer delay
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Principle of Self-Calibration
I
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Simulation Result of Self-Calibration

MATLAB

before calibration after calibration

0 2 4 6 8 10 12 14 16 18 20 22 o 2 4 6 8 10 12 14 16 18 2 22

code code
Sampling points 28,848,432

7 =60~69ps Histogram for each bin is the same

Fa =0 when the TDC is linear. o
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Stochastic TDC Structure

random offset
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STOP

Encoder |—> Dout

Use the random offset proactively
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Stochastic TDC for Fine Time Resolu

tion
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Fine Time Resolution of Stochastic TDC

A

>

- Stochastic TDC
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Encoder (# of 1's counter) and
self-calibration make
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Self-Testing Function
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Self-Testing Function
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Conclusions

* High linearity TDC

—Self-Calibration circuit
- Fine time resolution TDC

—Stochastic architecture
- High reliability TDC

—Self-testing capability

B Fine digital CMOS implementation

- Verification
- Self-calibration
- Testability
Consists of digital standard cells
(hence even FPGA implementation is possible) 29
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