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TECHNI QUE FOR DETERM NI NG POWER SPECTRA OF NON- COHERENTLY SAMPLED DATA

FIELD OF T | ON This invention relates generally nt and
met hods fo:ﬁ?lgs Ing electronic devices, and nore partlc{f&éﬁw @g‘e
technique for extracting froman electronic test signal the anplitudes of
the test signal's frequency conponents. BACKGROUND G: THE | NVENTI ON Test
prograns for automatic test systens conmonly require 'a tester to neasure

the power spectrun of -a sioppatEERIHEINVERTI@Ndevi ce under test (DU). Ina
conventional testing scenario, an automairc test system generates a
stinmulus for exercising an input of a DUT and sanpl es the output of the:
DUT as the: DUT responds to the stinulus. Tester software conputes the

pover spect QW BFAKACESHRGHNIQUE: QR DETERMINING AQWESR SPEGTRAECCr et e
Fouri er Transform (DFT) NONICOHERENTEY SAMPLEBDAPE | S known, an error

called "l eakage” manifests itself in power spectra produced by a DFT
whenever the sanple clock is not "coherent” with the sanpled signal. The
sanple clock is "coherent"if its freuency is a precise integer multiple of
each ‘frequencies present | FIELBORKTHHENVENTION sanpl ed. Leakage is the

mat hemati cal consequence of perform ng aDFT on truncated frequencies:
;i.e., frequencies that do not conpl ete a h 1l cycle wi thin the sanple

1 hee" aor eactis i gpdRRRS sl e Blioe il A TROMROR R TR e D00 1
el evat i ordeyices, pd Wﬂ@ﬂ@b{m W@@Igﬁf&meelaWMMMave been

devi sed t@embﬁwggglgn@ﬁmom&ﬂeﬂsl ncrease sanpling rate. In
general :; .the higher the sanpling rate, the snmaller the anmount of

truncation in the frequency range of interest and the smaller the |eakage

error. Although effective, increasing sanpling rate reduces |eakage only

in proportion to the nmad@AGCKRGROMND OFRJHEINVERIION|t gl so tends to greatly

i ncr ease the ﬁ t of ttt]e sarrol [ n% ui pnent used., | .28/ 12/ 2005 WO 03/003030

PCT/ OS02/ 1994 COPROBIYRRINITS A SPERIR AT o mul ti pl y
t he sarrplﬂdeOW' pledi froshoandeniye findee testa@®UThdd i ndowi ng function

"""'k'"“ﬂ S M BRa 3
has the %ﬁv@ﬁﬁonﬂftéshﬁé’&%hﬁﬂ: an-automatic test system generates a stimulus for
exercising aninput of a DUT and samples the output of the DUT as the DUT responds to
the stimulus. Tester software computes the power spectrum of the sampled output signal
by performmg a Discrete Foutier Transform (DFT) on the samples acquired,

As isknown, an error called “leakage™ manifests itself in power spectraproduced '
bya DFT whenever the sample clock is not “coherent” with the sampled signal. The
sample clock is’ coherent” if its frequency is a precise mteger muluple of each
ﬁequenmes present in ths s1gnal bemg sampled. Leakage is the mathematical
consequence of performmg a DFT on truncated frequencies—i.e., frequencies that donot
complete a full. ¢ycle within the sample window. Leakape can be observed as an

" erroneous broadening of spectral lines, a creation of false peaks and h'oughs (lobes) and
a general elevaﬁon of the power spectrum’s noise floor.

Several methods have been devised to reduce leakage. One method s to increase
sampling rate. In general, the higher the sampling rate, the smaller the amount of '
truncation in the frequency range of interest and the smaller the leakage error. Although
effective, increasing sampling rate reduces leakage only'iu proportion to the magnitude of
the increase. It also tends to greatly increase the cost of the sempling equipment used.




t he sanpl ed data sequence around its endpoints, elimnating di scR8YitrRy 2065
that can give rise to | eakage errors. Different w ndow ng functions can be

used, such 9§ ofedkMan, Harmi ng, or Hamm ng w ndow ng f each
with its own par '?(IBCU| ar characteristics. Wndow ng func‘%th'g[#gg{}gﬁd '

di m ni sh | eakage errors distant fromthe peaks in a power ‘spectrum but
also tend. to create w der peaks. Thus, they have the effect of
redistributing rather than conpletely elimnating | eakage. Al so, because

wi ndowi ng, f uncAdotins cammoricchnique!Tor1g@uctng Gealliteds 10 Bnuliply thealbidd d4a per f or med;
they t end Jre ne ot Yet anqQt her.. technique is to
"resanpl e" gﬁ%ﬁél \/\gﬁa%v}ﬁr(i%g%ﬁg?n q@%ﬁtﬁﬁ?ﬁ’&g q%éec FEF% with the
f r equenci-ethe samplefdats sgqnencersping itsensinoints, elkmsmqgldumgnmxﬁcstﬂaycan@wer pol ati ng
oot s of Cm%eaﬁga&?msme%tt%&% gﬁ"ﬁ"ﬂswlgﬁtﬁs A gaRaRst | Bl
series o s tha o have bee ed a ifferent rate.
Al t hough resam | Wgwm B@ﬁ'ﬁ%@wpé’ : age, it is
conput at i oWaldpwngmmdathhaWdemm&mmeﬁksmﬁomer pol ati on
errors: Stgpbdtugggﬁtlgga tén&%&b&b'%qcie? 'hﬁ@é‘ﬁ?@ﬁé& of LeRistiBhi¥n r%t‘lhe rate

of the sanj sQ tha Cl sg% equ an- 1 nteger_rrul tipl eof
every fredt 3‘?{3&%"8 ﬂ’g&r ngi??k?@dhiﬂ ‘gwi%cfﬁmﬂiea cugllgt r enel y

ef f ect i ve chinge thedgtaion weichyaid] m\peﬂbmred,vtheyaendtﬁbﬁt@ﬂamumaﬁéqwmypart icularly

expensi ve a tester includes a | ar ge number of sanple clocks, as is
often the case. Manufacturers of automatic. test eqU|pnent (ATE or
"testers" commhmamhmhﬁemwmwmewmoﬁﬂu%&Jp itk gt | ess

costly so kQn £sti Great enefits can be:
- gl eaned b%/%%%%%éﬁstﬁn%% ?‘39 glbfa% Hgﬂgﬁﬁqﬁ% Vf?ékstgster cosh To
this end; mtqﬁgql@mg etareetmwgpmaam eqﬁtammtmmathqmﬂmcwtm@t@chm que for

r educi ng: segioksr %ﬁ@b&ﬁsﬁﬁ Afﬂﬂiﬁ%ﬁ ﬂJnEeSt
systens.:. | / t&é\o 3/.0 0 PCT/ US02/ 1 4z OF THE
| NVENTI i J%“%W“‘&B #3¢ of the

i nvent i omwmmﬁnmbhmmmpl ed Si gnal s without requiring a
significant, in ease | n tester cqst. To achi eve the foregm ng object, as
wel | as ot her S greion erducinglsalege iy to vasy: fheiratg of thssammplitgy 2i ng t he

f r equenc yclackiso ehat it ptﬁcmlysa:malse:d integee frnliiple of very fréquency- foundm the
sampled signal. This technique is exl:remely effective, but requires expensive hardware.
This approach is pasticularly expensive when a tester includes a. Iarge number of sample. -
_ clocks, asis often the case.

Manufacturers of automatic: test equipment (ATE or “testers”) commonly seek to
Jmprove their products by prowdmg less costly soluttons to conventional testing,
problems. -Great beneﬁts canbe gleaned byi mcreasmg tester performance while-
decreasing tester:cost, To this end, there is o strong need to provuie an inexpensive
techmque for reducmg leakage in the spectra of signals sampled by automahc test
systems.



assenbling a list of N f'requenci es expected to be found in the saeplled/2005
wavef orm The sanpled waveformis assunmed to conforns to a waveform nodel

t hat mat he corresponds to a sum of N sinusoid the N
Baditi Al

si nusoi ds has unknown anplitude and phase, and a frequ qgqual s a
different one of the N frequencies in the Iist of frequencies. The '
t echni que sol ves for the unknown anplitudes and/or phases that best fit
the nodel to .the sanpled data. According to one illustrative enbodi nent,

‘the techni que described abgyamARY OPTHEIRYENTEONt he frequencies of a
sanpl ed waveform are not known 1 n advance. According Ito this variation, a

Fourier Transform.is conmputed on a~sanpled waveformto produce a rough
power spectrum Peaks in the rough power. spectrumsire identifies and their

frequenci es ar &ithothe faregvingdackgronnd ingmind <it is@h ohfestrof thednventinpvto ®desr factors

nmaybe  CofGakalRifSarhled sig@IEWithoMTeduithy d signifdanlnt A8 iARGRSst. fOr exanpl e,
known stimuli to a device fromwhich the sanpled data is acquired, and

ot her att: endan‘l[‘oaﬁnmrthaetibmgmgoﬁj’m asmnbmomaeabfheﬁﬁsummaj s.then
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appar ent e avvln S, i‘n-
\Mq!och- FI%J Sd%%ﬁéu%&f%bﬁﬁ?ﬁ%ﬁ%ﬁ ggﬁ%@]ﬁgﬂg@an é’%@%ﬁmﬂ testg system
sti nmul at i #g.ph umoy@hgg@wléémmom@s& theN dreguengies indhe listofsi gnal from
t he out plﬁeqaénoﬁd%emewcﬁxﬁqué@mésfbﬁﬂa&unﬁb@na& litadas dail@Ppiasesdhat béspehar t

depi cti n & ess ac ngtothelnventlonfor etermning the

anpl i tud g?eci%?g’ﬁﬁgﬁ@f/&@%ﬁponent s of a wavef orm sanpled fromthe

automat i test elﬂ/game;l G & dideauency
conponents E %va F ,fﬁi owcﬁ @ e |ct£ng a process
accor di ns ‘P‘?fr? %”%P%@Wé‘fm@ WP‘E: Gpr vef orm
sanpl ed m%mmmmmwmfomktmﬂbdofampwmefohﬁmﬁmmmcy

conponent, &peﬁﬂﬁéﬁ“? EhidlS, ﬁ&% tﬁ%'m“ at ed- power
spectra c&r%?sl ng -t he RS ‘ are;iec ni-ques r reducing
| eakage ﬁﬁWﬁlﬁbﬁéo%ﬁ?ﬁt?f@P@ﬁh%P%ﬁmw r@ther factors gy be 2005

considered in ¢ g the list of N' ﬁ'equencws for example; known- stimuli to a device

from which the sampled data is acquired, and other atténdent circumstances. The
techmque descn'bed above is then conducted on the resultmg hst of N frequencies, to
_ _determme the precise amplitudes and/or phases of each of the N sinusoids.




WO 031003030 PCT/ 17S02(19944 DETAI LED DESCRI PTI ON' OF THE PREFERRE®/12/2005
EMBODI MENT Technique Fig.1 is a highly sinplified block diagramthat shows .
a conventi Qpgé figuration for testing a device under ) 110
wi th an aut ol r?éoto?og&]t esi system 110. The autonmatic test g@@%@ cludes a
host conputer 112. The. host conputer 112 includes testersoflware for
running: test progranms. A test program controls the tester's hardware
resoe es for testing ,a DUT. For exanple, a test programcan control a
frequency synthesi zer 1BRIFFEDBSIRIPTAR] OFUIISDRAWINGS nput of the DUT, and
can control a digitizer 116 to sanple a response produced at an output of
t he DUT The host conputer generally stores sanpled data acquired by. the
digitizer 116 in_menory for analysis: The test program or.software

routines avail éﬂﬁ’éwﬂ%oblﬁgs tedvantages; amanel feghaesafdhe inventiorewilboptreel dat a
stored t 0 appudnt from 4 dnsi@eritivR 08 the SRAUR HekRH) ﬁbﬂéﬁd&d%ﬁn%stﬁ%dy-ﬂgr am

woul d-direct the tester software to performa Discrete Fourier Transform
FI) on the sanﬁigeﬁwddn@lyﬂmphﬁdsthemaﬁgoﬁmamnnimictm?sthﬂsﬁmﬂhmgmeul ts of

the DFT. Epﬁﬂom gigﬁﬁ ghgg tion for
sanpl i ng: . and anal yzi ng test S| g}’hﬁ{r %IE envi T onRen Step 210, the

autou ti cteftest system 110 VOW Stinulus to an h 4x# of the DUT 120:

At.step 212, [ s is accessed. ..The N.frequencies.
repr esent fr?&%géﬁe@%&@%{@m SPRsHEting Wec'ﬂveg °Fude and/ or
phase n idsterapining b amplitd m@hammmsmﬂammﬂmmlqddmmﬂme i nt eger

Not al | ofauwméuwau@@mmgw%eﬁ%éﬁ’éqhéhc%o%%aﬁmmowﬁs ey €d waveform

In fact this ccllnlque can be used to test for tl "presence or absence
of any pé??l a? gquency conponent Preferably, the Iist of N

frequencies %ﬁ\ﬁﬁ At ste
114qut heI sa I ed wave vgci'h%@? coﬁpg%g?&%g%ngw%{ I% P
r epr esentP? W%P@"%”%‘bj VREpBsHRpk '@h@P%@W"WW@ﬁ mtoget her

to appr qubﬁwﬂmnMuehoﬂaﬁwhmhmf@ﬁm Each of the N sinusoids'takes
the form AA sin(w ki)+Bk CAS(wki), (EQI) where "Ael and "Bk" are unknown

coeffici ent s, Figs.44-4C ane simmdaisd powest speciayesnrariogrthe perforhianedf differeat ent s one of
the N fr%h!ﬁ@?e!fm&@dﬁéﬁi@%&k@emmsponsetodﬁmtmmﬂﬁedmom.




5 28/ 12/ 2005 WO 031003030 PCT/ 17S02/ 19944 DETAI LED DESCRI PTI ON (F87HE2 /2005
PREFERRED EMBODI MENT Technique Fig.1l is a highly sinplified block diagram
t hat shows tional <configuration for testing a er test
(DU) 110 vﬁ?ﬁgaﬁ(ﬁguton&tlc test system 110. The auton&%\{'@%ﬁ%éyqsystem
includes a host conputer 112. The. host conputer 112 includes tester
software for running: test programs. A test program controls the tester's
har dwar e resources for testing ,a DUT. For exanple a test program can
control a frequgg«pmggé%ﬂe% ~ th he input of
the DUT, and can control a | ‘ ‘ esponse produced at
an out put PéchriguéJT The host conputer generally stores sanpl ed data -
acquired by. the digitizer 116 in nenory for analysis: The test program
or software roulg. ddsakighly siatplifed blothdiagras that showgs edhvestivatt €s on t he
sanpl ed d { test
%@kﬁlﬁ%ﬂt&uﬁ@é‘ KA drkis £ WQB@B 130 wi s mlggﬁﬁgcr

program #—ﬂod rect the tester soft per Fourler
)

Tr ansf or m WM%@S?#@M@@&%#@%MMM est the
results ofmelﬂtbsta&&soﬁw&ei& meml r@@@@(ﬁﬁmﬁqﬁ%ﬁbﬂ’w to the

I nventi on i of S 1 n.an AE envi ronrent At
step 210, fhe" eﬁ@ EI C ?eslg & l%eﬁ&%f%& o TR 2h ax# of the
DUT 120: ‘frempengy - --Ilaflwae ywmwmmmme%mmw@ N

f requenci d@mnﬁ%mpledmiﬁﬁb&&e@ﬁahbﬁpﬁ%ﬁfﬂiemmﬁ orm about whi ch
anpl i tude and/or- phase n-is desired to be known.  The nunber N can be any

positive int eg'ElehMtcompmtafgenbzeJﬂy sopeesunipes datn eaphired by dleldgitieer préiaent in the
sanpl ed wesewfmmmm& Ao e Broprdnf CREAONE ﬁ%ﬁg%ﬁ%neﬁ?t&%ﬁ for the

presence or absence” of % B r.,C) cul ar r ef erably, t he

list of I\Prf’glﬁﬁ'u‘éﬂ‘?ﬁait"égn @WSQW%@@WQW%F%@OP B¢ program
At step l&ﬂm@mwﬂﬁﬂm&tﬂaﬁa&ms@v&eﬁ@ﬁbﬁﬁ%ﬁ%@eﬂmmer nmodel

ﬁ@ﬁiﬁ WGy ﬁﬁﬂﬂr@ﬁ @#{ﬁ Wd t oget her
'te t act ua sarrp waver or m E&!@é @ Sinusoi ds takes
the form:AA smmwwmmmwemmﬁefo@%pﬂm@re unknown
coeffici e.';l§]£1§z;mgtests1gt|alsma:mﬂl’I‘Eexmronment. At step 210, theautomahctestsystemllo

apphes ast.unulus to an input of the DUT 120.-

_' ~ Atstep212, s list of N ﬁ-equenmes is:accessed. TheN: ﬁequencws represent
ﬁ'equenclec of the sampled waveform about which amplitude and/or phase friform
desired to be imown. The number N can be any positive mteger Net all.of the N

‘ frequencles need aetualiy be; -present in. the sampled waveform. Tn faet, thxs techmque can -
- be used to test for the presence or absence of'a any paruelﬂar frequency camponent.
Preferahly, the hst of N ﬁequenc1es 1s k:nown in advance and stored in the test progtam.

ati DR is

Atstep 214 the sampled wavefonn is computer modeled. ’Ihe computer model
representmg the sampled waveform consmts of N smusmds snmmed together to’
_ appro:nmate the actial sampled waveform. Each of the N sinusoids takes the form

Ak sin{m, i)+ Blc cos(wi), . (EQ)

 vwhere—
v “4y and “By” are unknown coefficients,

- & “F”is an index that ranges from 1 to N and represents one of the N ﬁ'equency
components,



"r is an index that ranges froml to N and represents one of the2®/12/2005
frequency conponents; 5 28/12/2005 WO 03/003030 PCT/ US02/ 19944 . where EQ4

and EQb ar gy, gpeated N tines as the index of 1" lto N
Defining the W? Oow ng coefficients sinplifies the desc?&gﬁﬁg%ﬁg Letcc =

coscvkicos /i i=0 M Let sc4 sinct)kicos ai i=0 M Let csj _ cos wki
sin ~i Y=0 M Let ss Esi n[ vki sna J=0O These coefficients can be
mat hemati cal |y SIer|Ierd by recogmzmgthat --- M Mcc = 1. cos(cvk +

)i.+.cos(ok - e WA oo nﬁgﬁe & vl WKk _ w )i
| 2 i=0- i=0 and ath B{I :cos(oﬁym {sﬁo‘fﬁééll?c%( 255}% e, =0 1 =0
Mcos ai .= (cos RT 'f; °Y§rl\?"1-d cos a + 1)/ 2(1- cos a) and i=0

e “{"isanindex that identifies a particular sample and corresponds to time.

Although EQ1 appears to be the sum Qf two sinusoids, it mathematically equates to a
single:stnusoid-having a frequency equal to ey / 2z, an amplitude that equals
‘\/Azk + B, and a phase that equals the 2-argument arctangent of By and 4z,

Given that EQI represents each of the N sinusoids in the sampled waveform, the
overall sampled waveform can be modeled by the expression—

P I(A coswyi+ By sinwi). ®)
_ . At step 216 the waveform model of EQ2 is computer-processed to achieve a best
- fit between the model and the actual sampled waveform. The preferred embodiment
employs a linear Ieast—squares technique to-fit the model to the data. In particular, step
216 aﬁempts to minimize the following Jeast-squares estiator:

¥ [ - (Ak' cos @, + By sin a)'ki)] , E03)
cgzol Tt E=1vE | '

wherein y, is the i* sampled point of the sampled waveform, and i ranges from 0 to M,
- where M represents the total number of samples in the sampled waveform,

In order to minimize EQ3, the techmque recognizes-that a best fit is achieved
Whan the pmt(al detivative of EQB equals zero, when taken with respect to each value of
Ay and B Because there exists a valite of Ay and By for each of the N frequenmes
takmg the partlal derivative of EQ3 with respect to each of these ylelds a system of 2N

equatlons
M N M
zpz’oy,cosmjz—kzl A Zcosa) zcosm}:-PB Zsmmklcosa) i (EQ4}

1—0 i=0

M N M M o
Z ysineji= % Zocosa)kzsma)JHB Zosmmkzsmwjt - (EQs)
o I= i= .

i= =



Msin ai = (sin a(N--1) -sin a? +sin a)l2(1-- cos a),. =0 whegehm A2Hs5
any arbitrary value of OD. (EQ) (EQ7) (EQS) (EQ@) 7 28/12/2005 WO :
03/ 003030 R, 19944 Rewriting EQ4 and EQG using the coefficients

def i ned in‘%@-’@%éyi elds the following matrix: V X M 03’9%%?%’19 Il Sell
CC21 SC21 ... CCNl SC14] vy. 1=0 M Y. sinmi CS11 SSil1l. -0321 SS21 ...

CSrll SS141 l1la M (EQLO One can ,solve EQLO for each value of Ak and Bk in
t he abvector by determning the inverse of the matrix X and nultiplying it

by th . 5 6leyg : « @ k f
exch val ue o K s el s gt i R T BB B Yo e

l'ist of fr encj es.can be determn by conpyting / A2k + B 2 k . The
val ue of g following goe ‘é‘?‘g’f?’r’fnﬂgg“ﬁ%e 6%ng t he 2-argument ‘
AzcTangent of Bic and Ak. 28/12/2005 WO 03/003030 PCT/ US02/19944 The
conput ati onal burdens iﬁ%?sed_‘ solving EQ 10 can be sorrewhaéEQr educed by
i mposing a constraint t CRPHEARtber of frequencies Ghal f t he

nunber of. - i=0
Letsoy= Y sinw picoswd (EQN
i=0 J '
Let o5y = ‘Zbcos o isine i (EQ8)
i=

M . )
¥ Let sgyy = Zsm @ ki sin a)jz' (EQ9
v | i=0 |

 These coofficients can be mathefnatically simplified by recognizing that—

(K ¥ E
ooy = , Zoms_(cok +wj)i+-Zi) cos(w, —'QJj)i /2
= i=

SCiy = OS5y = Z siu(wk,_+wj)i+ Z sin(a»k —-wj)i {2

- {M S M .
N cos(@, +a )i 2., cos@, ~@ )i {12,
i=0 i=0 )

-and that

- M
'Z_cosai =(cosa(N — 1) ~cosaN —cosa + 1)/2(1—cosa) and
i=0 |

R -
Y sinad=(sina¥ ~1)—sina¥N +sinz)/ 2(1 - cosa),

wherein o is any arbitrary value of o,



sanples). Wth this constraint in place, the vector V from EQLO Z&/N1B¢ 2005
rewitten as follows: V C (EQ 1) YML Since inposing the above constraint
forces C a be square matrices of the sane rank,, EQLlI can
be conbi negﬂf 9’1"09? (X' 10y (EQ2) Thus, it is SE?F@ 0 sol ve
for ab w thout having to corrpute V. 28/12/ 2005 V\D 03/ 003030 PCT/ US02/ 19944
The followi ng nmethod is suggested for solving for ab: -First, construct C
qui ckly using the following recurrence relations: cos (a+l) wk = 2 cos wk
cos aO)k - COSRbdriftlg I SldE@AhE thcoefitienUeiited Bl POSNQI viddsthd @ 1) (DK
Next , Wﬁéﬁe D a -U decompoOsition Apply X'1 to nput e ab- by

nmul t| pl yi Once | CI C has been constr uct ed, conputing ab requires
roughly N2 mul ¥i ply- accumul ates. Pré&erably, the t echni que adscri bed
herein i | emeiy ed a function in a oftware libBxary. eNfunction
prefera %{}CEI Ve ,anr'g array that stores the IF;t of frequenci es and
a poi nt dr Bdnplle ﬁclﬁat%" TIHE uffét i on BPef er aBfY| r et r A8 hn array
~cont ai i A0 the vdluds of Ak and B*, from which arrpl t udg and|phase can
be conpyt egl Alternatlvely, the fine ion returns anpljtudg andjphase

directly. yhe soffvare LJdbragy preferably rasides @p jan adtgmajic test
system Vn llt ils [acdessi bI e tote t progranms . runni rﬁg on |t hé est system
Exanpl e GY. 4A4Clilllustrate a sinmulated prediction df thd performance of

t he b_es‘ fiqt  techni qJe according to the i nvention verfsus qt her|techni gues
for. ref cﬂygc&, liqoe| b | isehi Ngepf dehe tesdeycode saghd to |pagdlce '
f

t hedat al fargthese” ¢hafts is provided at the end of the spgcif fcation Each
of t he, ._,hree. graphs pf Figs. 4A-4C conpares the, powgr spectrui‘n of a
singl e fod€ obtaingd under four different conditions: |I. alFast| Fourier

Tr ansf of mZ(yF{;#iszb =upesmr e§ted &zt a S§. e.., C&equi reseith 4 Bz (EQ10)

i=

> yzcoswsz Coi3  SOI3  CC;3 S0 ... CONS SCN3 As

[ i=0" N |

M | -
- 2Ly sinagd CS;3  SS13 CS;3- 883 ... OSNB SSN3 By
i=0 :

' Z_yicosz'l[ Coy  SCIN COEN- SON ... CONN sonn| Ay |
i=0 B S | '

. ZJ’,-—COS@M C CSIN. SSIN CSoN SSIN ... OSNN SSNN By
G A VARV,

One can solve EQIG for each value of 4; and By in the ab vector by determining the' -
inverse of the matrix X and multiplying it by the vector V on the leﬂ-hand side of EQlO

Once 4; and Byare known for each value of k from 1 to N, the amplitude of each
K" frequency from the list of frequencies can be determined by compuﬁng AR+ Bk
Thevalue of each phase can be determined by computing the Z-argument A:cTangent of
By and 4.



rectangul ar wi ndow,. |abeled "uncorrected' 2.. an FFT' of data shapsedz/bxoes
Nanni ng wi ndow ("w ndowed"),. 3. an FFT o fresanpled data (" resarrpl ed"),
and 4. the vo@6dweososé t echni que described herein ("I east FYRISET 19944 The
hori zontal axis of each graph corresponds to frequency--speci |caIIy,
frequency bins .0-63. To allow for direct conparisons with nmethods that
enpl oy an FFT, the best f it 10 28/12/2005 WD 031003030 PCT/ 0sS02/ 19944
techni que was run with N 64, where ‘each of the N frequencies corresponds to

an FFT bin. Tfibempmmhmdmmmpombpmﬂmgeqwr@hlbwegewm%auceﬁach graph

shows a sq,gg{n g,ﬁg‘gacoh\%%}n ik er of- t 9a'
frequency |cHﬁf%hnIg?i@{ ere ?tfﬁ'egu"g'le %a&hhmbe{: ar ¢ =
22r (k 1)(|33!§B ¥ s gonstitgin pliee, ﬁengmVﬁymmmmanbﬂgewnmas and 10" 2 for
Fig. 4C. B&ilnlwsof these graphs reveals the strength of the best fit

technique. As conpared with the other techniques,. the best-fiat technique
mai nt ai ns an e¥ceedi ngly narrow peak Gv t hout el evat ed areas (yskirts")

surroundj nﬂ{the p knqﬁjvant ages The disclosed techni q of e\s many
e font

advant agesy - cgn ional DET, partigcularly i : ext of
aut onat | St%&Se‘%lEI P %’/0%%% ng t R€IPLchni fI¥Pescr | "’1 hifgE?Py|accurate

spectra & | ysis ¢ganjbe perfornmed using relatively i nexpersi ve| tester

el ectro1| cH. “The sanple cl ock need not be coherent with tthd frefjuencies to
be measpr 1y tidgs $PEE gy, | cakaggid,s subgfgptially &nat d.{ As conpared
with. a ‘énti dnpl DPFT, m which frequen%%gs are sorJP‘ec i-'n?‘o bi ns t hat

rat her [di #€rete frekqupncies. Thus, the techni ques disclof$ed enapl e

exceedi ng@ ,edoemiiE spaoa@d:zfreqtmemues t Ocd3my €501 oMb | al way -hat- woul d

have fi m’te w dt hs' t pe technl que di scl osed snot enpl oy frequgEcy bi ns but

be inmpgsgidy e usi'ng & conventional DFT: no technique isjalso scal able,

becausq its c¢onputftijon tine varies as a function of N-the|nuner of
frequer-"'s k__Q'be andl yzed. Thus, the t echni que can be pgr{orngd '
rel ati el fa¥afRyly Tl 8A0 a snéltlonunber siedozf requgndaes| i 5 sheiingEQRYI yzed.
I n addift P, 1 1 ,

'Z('}yi,cds.‘azg_i. cosfay cosloy co52a5 ... cosMam; | .; V4

i=0 ] . S

Zy smwB | sinfo; sinlm; sin2ws ... sinMm; 1 ¥s

| Zyomayl | oston  coslow  cogday .. cosMon| | |

\,-Zoyicosmﬁ Cinom“ sintoy . sindmy ... siﬂMmNj CM)

Smoe imposing: the above constramt forces C and X! to be square matnccs of the same
rank, EQ10 and EQII can be combmed to form—

ab=(X"'C)y . - (EQ12)

Thus, it is possible to solve for ab without baving to-compute V..



because the techni que' enpl oys a best-fit algorithm it can be us28/1@/2005
determ ne the i tude and phase of frequency conponents that do not
fully compM&t®mo rT&/cl e Within thee-sanple wi ndow. The PEFWSREAUAMt t hat
frequenci es be prescribed in advance does not generally operate as a

di sadvantage in automatic test equi pnent, where frequencies produced by
a:DUT are largely known in advance and Wnere the tester generates the
stimuli f requires. significant time to
conput e, ?I:h g&eﬂg &Ee rev:,ggélt ?'? me a waveformis -anal yzed. As

| ong as the frﬁiguency | st and the nunber of sanples Mremains constant,
newl y acqui r'ed Auipkly ayiag the &llowyngrequrerseirelations: stored copy of X" C
and multiplying it by y. Libraries can be provided that include a variety
of different X'' C conbi basatl)snF@rcoslf é3mept cds(@ay@nci es and nunbers of
sanples. Users can select from anong the conbinations to provide rapid
anal ysis of waveforns. 4 {(ad) 057 8os0Bximdmersiafies 28/ 12/ 2005

PCT/ US02/ 19944 Havi ng descri bed one enbodi nent, nunerous alternative

enbodi ment seorNext,@bingite Xiiddal deeo fion FOr exarrpl e, as described above,.

t he techni que for analyzing sanpled waveforns is used in the context of
automatic tEStABgl}uX~ et . However, the technique can be nore generally

applied to an Ied}y ata for \i\lm ch analysis of frequency information is
desi red. Al'th 6 bywm ustrated with respect to-the
particul ar test scenarlo of F|g 1, it is 'not limted to any particul ar

test scelﬁlmeK‘Qimsbcdnmmmaed,dompmngaﬂré@frazmmﬁﬁ?ﬂumplﬁ.he use of Iinear
| east squahpsuhQlr obtaining a best fit between the waveform nodel (EQ)
and the;actual sanpled data. However, other best-fit t'echni gues can be

used, such aSPi@&mbMtHeﬂéoﬁﬂhie@sﬁ%&?h@h%‘%ﬂéﬂﬁ&tﬁ%ﬁmﬂﬂﬁm@hat dat}]eﬁpt to
m ni mi zg, erence .between,t nd the
sanpl edidg&%:% ?\g XF““SW"%%“‘PR}FZ‘F?W@%‘F%‘E?L% gse of | east
%ﬁ@ﬁemﬂ%@%&mﬂqﬂt Tb&ﬁmm@mﬂqablymmenue used for.
Klatm pul fédnﬁﬂam@ﬁbﬁrhlﬁ%ofﬁ!ﬁlgﬂfg%&ﬁm uﬂ@ﬁ%& d b

er na zed: har i rcyi processors cou e
provi dew&@p&fg%ﬂ%‘:{l Vﬁ%‘ﬁﬁﬂ%\‘%’é@#ﬁﬁ@[‘%ﬁ R‘f-@e i bed above,
t he t eclimefgrablyresidss roegn@lmahqte@systemwmiﬂ:sacwsibmwammm in
advance Moﬂﬁgwg@m can be avoi ded however, by perform ng a DFP on

t he
Example
Figs. 4A-4C illustrate a simulated predmtzon of the perfonnance of the best-fit
_ wchmque acecording to the inventlon versus other techmqu&s for reducing leakage. A
hstmgofthe testcodeusedtoproducethe data for these charts is provided at the end of
thé specification. Each of the. three ‘graphs of Figs. 4A4C compares the power spectrum
of a Smgle tone obtamed under four different conditions:

1. aFastFouner 'I‘ransfonn (’FF'I) ofunconecteddata@ €., acquired with a
. rectangular window; labeled “uncorrected” ")

2. an FFT of data shaped by a Hanning window (“windowed”),

3. an FFT of resampled data (“resampled™), and

4. thebest-fit technique described herein (“Iéast squares”)-Q

The horizontal axis of each graph corresponds o frequency—specifically, frequency bins
- 0-63. To allow for direct comparisons with methods that employ an FFT, the best fit
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sanpl ed data and exam ning the results. This variation is illust28/g@/2005
Fig. 3. At step 3W, a DFT is perforned. At step 312 peaks are identified
in the powHOGHE¥Ir um that results fromthe DFT. The fPEHUSMUPBS
corresponding to the peaks are then be appended to the |ist:.of
frequencies for performng a nore accurate analysis. Steps 316 and 318
proceed as already described: by assum ng that the sanpl- ed data conforns to

a nodel obt ai ni n t fit t he Sa | es del. This
t echni quepeg]é%@l %@ﬁﬁf WW&%@M eE%i‘PF FredoR IQ% hﬁ’gﬁdant

ci rcunst almeﬁhemocﬂmmwnespmds:ﬂomhuﬂemdbr equenci es of stimuli applied to
the DUT, harnonics of those frequencies, and known characteristics ofthe

DUT. The tech%hmme@@oﬂeamtmmukmﬁwmh#M% sanpled at a
uni form ﬁa{u@nylﬂim&\éewm&%%féﬂhsﬁnﬂﬁs@glﬂ. epditdulay &y €7R@d)(E=E),, wavef orms

ndex 1 RS A0S AR 4R TR Bt Do B T #hw%@e S

t he act ua‘evwrtbéﬂrwmhvﬁyhe&bdt'ﬁh&chmueaﬂblcomwedwthﬂmothmwﬂmm&hﬁpl | ng Wth

non- uni f QJebh 5 3ehigHdmatulitns R ERIERALP BattovP ik Withbit RlevAOParkAlqskirtse) | ow EQD

may not be used; Bowe er, the change is transparent to the remainder of the
t echni qué‘"ﬂ%‘??ﬂg 2 28/ 12/ 2005 WD 03/ 003030 PCT/ US02/ 19944 Each of

t hese al Bﬁﬁ)}?}té and variations, as well as others, has been contenpl ated
by the i Aventors and is intended to. fall within the scope of the instant

Goseri ptLog i LalSed RGOSRy aaf*ﬁ?@éﬁve’&f??ﬁe’?ﬁ?‘f‘?@gol "M ted only
by the sB ‘?’B H’r%"\éva%/?b‘ ‘ﬁxﬂ{?ﬁg‘aﬁ“a‘ﬁ%&ﬁ%’&e’& higpg VO 03/ 003030
PCT/ Usozh@bwlmﬁpmmﬂmﬂmmgbﬁpsﬁdeHSngmbhwdngpMEetew code used to
pr 0duce LB ATHEfmpl 9581l b SoheRS VB0 £l b Lo St 0 hoader
files ﬁa@d uge,  at dl L0 substantially eleninasd. Ay Sorpited vith Q%Lﬁjv%ﬁuénai'ﬁpr' me. ha

#i ncl ud
m i 'ch ﬁ'oquonoles are sorted into bins that have finite widths, ﬂle technique disclosed
‘ does not employ frequency bins but rather discrete ﬁequencles Thus, the techmques
d:sclosod enable exceedingly closely spaced frequencies to be resolved in a way that

would be mpossxble using a conventional DFT.

Tho-rtoohmque is also scalable, because its computation time varies as a function
of N—the number of ﬁoquemies to be analyzed. Thas, the technique can be performed
relatlvely qmokly if only a small number of frequencies is being analyzed. In addition,

: because the technique employs a best-fit algorithm, it can be used to determine the
amphmds and. phase of frequency components that do not fully complete a cycle within
the. sample: mndow The reqmrement that frequencies be prescribed in advanoe does not
generally operate as'a disadvantage in auiomatzc test equipment, where froquencles
produced by a DUT are largely known i i advance, and where the testér generates the

 stimuli for driving the DUT. _

Altliough X'C requires significant time to compute, it need not be recomputed
each time a waveform is analyzed, As long as the frequency list and the number of
samples M remains constant, newly acquired sampled can be analyzed by retrievinga
stored copy of X"'C and multiplying it by y. Libraries can be provided that include a
variety of different X™C combinations for different frequencies and numbers of samples.
Users can select from among the combinations to provide rapid analysis of waveforms.
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#define N. 128 . /* Nunmber of sanples of original waveform #deidge/MGE2005%

Nunmber of frequency bins for |east-squares fit routine #define M (2*. M
/* Total nWOA3ME300f bins (real, and imaginary) / #defi ReT/Pse28®44 * Number
of sanples to expand by in resarrpl ing routine #define F 1024/* Nunber of
sanples in filter in resanpling routine 'double /* The original sanples

raver capture DT] ; + These are used U. the resanplingg routine only

“doubl e e pture.f2*Dii, /* basically raw capture f7. but with
extra sarrpﬁgégggﬁ&%ged capturefR*I\I] /* this (hopefully} equi val ent

|01 S0P Big o i A AEREE TR SRR St | 0%

/* uses a cos. -
rate x/ doubl e

(hopef ul | ﬁnauop%ﬁg,n aped&e’ CJ but sanpled at the correct.
tomatrix.M M [D12] [M2.]., /* inverse

fMRi[M] . /% Thi d
e S ¥ R fe il B desctied dhayphy G hww?rraadmwm viaveforms \p] |

of matrix MM
xrrags(141Em©dan§@mfextqfaumm1esteqtépindﬂttHc q,e(ngdr.gurrents) XW
wi ndow

E(!Q}X a S *resEﬁ Oft V\é3; S xpar gs
e e A e i

of Fig. 1, it is'not limited to any particular test scenario.

‘The embodiment disélosed herein specifies the use of linear: Ieast squares for
 obiaining a best fit between the waveform model (EQ2) and the actual sampled data.
' However, other best-fit techmqucs can be used, such as Cauchy-Lorentz distributions and
techmques that attempt to minimize the absolute value of difference between the model
and the sampled data. Therefore, the invention is not limited to the use of least-squares.

4 In-addition, the description provides that software be used for manipulating
matnces and performing the requisite computations. Alternatively, specialized hardware
Ycirenits or processors could be provided to more efficiently perform these functions.

As described above, the techmque requires that the list of N' frequericies be known
in advance, This requuement can-be avoided, however, by performing a DFT on the
sampled data and exammng the results. This variation is ﬂIustrated mFig. 3. At shep
310, a DFT is performed. At step 312 peaks are identified in the power spectrum that
results from the DFT. The frequencies corresponding to the peaks are then be appended
to the list of frequencies for performing a more acourate analysis. Steps 316 and 318
proceed as already described: by assuming that the sampled data conforms to a:model and

- obtaining a best fit between the samples and themodel. This technique need ot operate
in a vacuum. It can also take attendant clrcumstances into account, suchasthe
frequencies of stimuli applied to the DUT, harmomcs of those frequenclcs, and known

characteristics of the DUT. . _

The technique descnbed’l‘above assumes that waveforms are sampled at a uniform
rate. However, according to an alternative embodiment, waveforms can be sampled at
non-uniform rates. In particular, replacing the discrete index “ in the equations and
matrices above with the term “4” (i.e., the actual sample times) allows for arbitrarily non-
uniform sampling. With non-uniform sampllng, the computational simplifications that
follow EQS may not be used; however, the change is transparent to the remainder of the

- technique described. :

_f‘I.L
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doubl e suntos(w,n) -double w;, ., . ).) fretuu' it Y 0:5*cos(w (28V)1}2£2605

{w*n}-cos é‘{v&w}) §s cos(W?1? /* Corrputes sum(sin wi) i=0 ton */ . n;
doubl e swn double w; (return x 2 0.5*(sin (V\F(G'CII}J;M@B%l

(wFn) +si : n(w))/(l con(w)) o; } /* Makes 2024 point Cos"2 filter - used for
resanpling algorithm /* This is not used by |east squares make filter b
for (i=0;ial024,i++) 14 28/ 12/ 2005 V\DO3/003030) fllter[l] (I cos(2*M

Pl *1/1024))/ 21 ut i ne. - us resa al gorithm
/* Basically L]aiégughadrﬁgj!lJet"lssgllf‘e?l{?i ‘+1§t °9S*asﬁﬁﬁ“s | &SLI? n‘%’“"@&ét squar es
/* tries (0tedpysntpriqng ]lsgiﬁ@d ty[f%il)mthwmnsmpeaﬁthsnpmmmmum dt shouldr pol at e
l'd(a, vy, bpustetitdod, herelbkd, ithat tHelforBgoidg dicriptionls b 'way bF ex $roduct,

RUihd
gn‘;](z) xi(l %&&O&%E&ﬂﬁ?i’?(l&mﬁpdmﬁoﬁl gp-'i-r%ta?zzlscopeofthe]appendedml% U% 811 XXl

13



(product=y[k] fortj=xl,i.~ r:1++) If (j !'=k) product*=(a-j)/ (k-28712£2605

product; r syw'; main() {ant struct tineval tpo,t 3.tp3; double
fO- 1.0+ g(#@'}gﬁg /* Used for tim-ng /* Frequency errgfmg B’gﬁlppb :
gettimeof day(& pO NULL); for (i=o0;i'N;i++) rawcapture[i]= cos(2*M Pl *
O*fO*falii); gettineofday(& pl,Nam) t printf("Time to construct raw capture
%uus\n", diff(tpl,tpO), gettineofday: (& pO NOLJ,) for (neO0; nkM mt+)

{xt 2*nB XI\?%T‘R%} c gfor'(lFQ!;Pi;_3++) {x [2*m.] +_rate capture (il
*cos (2 * T o X[2*mti] +m rawcaptitre [i) *sin (2*)PT*ar*i/N) i
)) getiimeof day (séfwhre Mldplof theRést BdE bsed YdiSrobitbe TR ke fufthedBRharB @4 Nt

uncorrect.e 8‘% Suua\n" 'Mdiff(tpl,tpo)); for, (i=fl;i<Mi++)
{xnags[l]Pmﬁ W P¥i +17, x[2*|+0])/M xargs [i1]=180/M Pl *atan2 (x [2*i41]
,X[2*140].) i /* This section is not |east squares fit, but is a.crude

resarrplin al gorithm*/ #ifdef R gettlrreofday(&tpONO L} ; for (i=0;
i C2%N; i ++f mdgaﬁfﬁr*é(l)@os(Z*M PT* 9*fO (I-N2)/N):

.- #include “math.hs
#include. <sys/time.h>
#include <:tma9‘e h>

#define ¥ '128 /* 'N‘mnbex of sén@les of original" waveform *f
'#Heﬂpe- M o.64 . /* Number of frequency bing for least-squares fit routine */
#define M3 (2%M) /* Tota.'l. minber of bins (real, and imaginary} */
#define K EP f* Nu_mbar of samples to expand by in resampling muﬁiné xf
#défine F 1023 /* Number of samples in filter in resswpling routine *f
" double ’
L raw_capture [N]; /* The original samples - «f
f/" These are used ir, the ‘Yesampling :mul::lna oniy */
do‘l.‘lhle o
*/

- extendad: capl:urel'zfm i basically raw 7. capture [J, but with e:d:ra samp].el
. eacp&nded capt:u.re [R¥N], 7+ this dis (hopefully) equivelent to raw capturef] +/ .
f* . but with R:times as many samples . /.

filter[lﬂ?i,—l, /* uses & cos"‘z ‘filter 1024 points */
zesampl‘eﬂ;'captu.re‘m; /* this 48 (hopefully). raw captuxe{] but sampled at *f
. ) - the corract rate L7
double : : o o .
M [M2) [M21 /+ Thig porresponds to matrix M . *f
i (2] THal, /* inverse of matrdx M : *f
Mic M2} [M2}, - N . /% Thig ig' the product of M*-1 C .- *f
xIM2¥, xmagse [M},: xargs Ml /% unctd¥rected dft - mags and phaaes farguments) +/-
2w [M2} rxwmags{H] ,xwargs[ﬂ]. /* uncorrected dft with bamming window *f
a8 [M2) ,xsmags M) , xgaxge (M1, /* resampleﬂ dft *5
*

spv2], gs [} ,acparga ml /* leant squares dft

/* Conputes s sm'(eos W) 1=0 to n +/

double gumgos (w,n)

double. WE ’
{retwrn ¥ ? 0. 5% (pos (w* (n-l)i-nos (W*n)-coa {w}41) / (1-cos{w)} : nj

/* Computes: sim(sin w*i) i=0 to n */ ;

double sumsin{w,n)

double w;
{retwn w ? 0. 5*(sin{W*(n-l))-sin(w*n}win(w))/(l-ccst\v)) t 0;

'}
/¥ Makes 1024 point cos”2 fili:-er - uged for resampling algorithm */
/¥ Thig is not used by least sguares «f

nake_filtex()

{int i;
for . (1=0;1<1024 ;i++)
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getti meof day( &t pl, NOLL), printf("Time to construct raw capture (2\8]‘/&2}317200'5
paddi ng): V6uus\n", diff(tpl,tpo)); gettineofday(& pO, NJL}r make
filter(); POMOREY 19044 . 15 28/12/2005 WO 03/ 003030 PCEFFREI%4 19944

gettinmeof day(&t pl,NULL); printf("Tinme to-construct cas'2 filter;
téuus\n",diffMA tpO); gettineofday(& pO NULL); for (i=D;idN*R f++) {int
eO=N 2-p/ R/ 2+(i +1 Z-1) /R3 expanded captureli]. O for (JROjg/x;]++) (int
fix (N*R—il)f}lFF-F}i"‘F(%'°°=l‘ﬁl‘L9é'jif.1‘PéOH'; expanded capture [it. += filter [fi]
*extended capture [ejJ ; tTettineofday (& pi,NULL) ; printf('Tinme to
expand padded capture: tEuus\n",diff(bpi,tpo)); gettineofday(& pl, NULL)
for d oj cN, i++) re;;anpled tspturefi)"” interpol ate
id(i*RIfO *ewpauad:emipapiume-g@tdtfbﬂ&@émﬁhagg(&&qaﬂm Nat, 1:) . p i tE(*Ti me:i.o
resanp] e frifife Senoguus\n”, di ff (tpi, tpO)),/
get ti meoday®s p&&ﬂhﬂ!ﬁl ,givef:@tuz(slmn-@l ﬁ.—AﬂntrrH) (xs[ 2*n1*/CZ* m-?]ta; for

- (1 XQ 1 <Nlpida % [1%&’ : % += ; +a resanpl ed capturei-*cos (2*MPT*nr¥i/N)
XSi 2*m+1] dovDJBaSﬂrm edcapture[i]*Bin (2*M _PI *mH/N)

cetti rreof}g;%yfg &t-pj ,LV\LL)

double product, sum=0;

x1 = ftoila-2.0};
xr = ftol{a+2.0};

x.‘l.-x-:l.>-=0?xi:n;
xx =Xl <= n ? ¥ : n;

for {k=x1 ;l:<=xr, K++)
{product=y Ikl ;
for {F=x1;J<=xx;j++)
1£{3 1=k}
B product¥={a-3}/(k~j});
# sumi=product;

':::etum gum;
4

main{) ‘

{int i,3,.k,m; .

struct timeval tpo,tpl, tp? tpi; /* Used for timing +/

double f0 = 1.0+ 0.001e-5; /* Frequency erroxr of 0.001pph */

gehtimeofday(&tpo.m) i
for {i=0;i<N:;it++)
raw capture[i]= cos{24M PI* S+FO*i/N);

gettimeofday (6tpl,NULL} ;
printf {("Time to construct raw capture: ¥6uusin®, ALEE (tpl, tpo));

gettimeofday (&Ep0,NULL) ;

for (m=07micMymi+)

[x{2%m] =% [2%m¥1] =0}

for (i=0;4i<N;i++)

{x[2%m .} ¥= zaw capture [i] *cos{2+M PI*m*i/N);

xtz*nu-l] += raw_ capture [i}¥gin(2+ PI*m*i/m;

gettimeof day (&Lpl ,R'BLL)
printf{*Time to construct %:i.-po:l.nt \mcorrected aft: ESuua\n' M, a8 f (Ep1,tp0) ) ;

for {:1.=0,-i<M I++)
{xmags [1} <hypot (x[2a%i+1] ,x[2+1+0)) /M;
XArgs [ilal&ﬂ/ﬂ PIratan2 (x[2v1+1] ,x[2*i-!-0] )

/* This section is mot leagt sgquares fit, but ig a crude resampiing algorithm */

$ifdef R
gettimeofday (&tp0,NULL) ;
for (i=0;i<2*N;i++)
eictended_vapture [1l=cos {244 pr+ s*fc*(i-—ulz) /R ;

gettimeofday (&tpl,NOULL) ; ’
printf({"Time to construct raw capture (with N/2 padding): Ssuus\n®,diff{tpi, tpo));

' gettimeofday (&tp0,NOLL) ;
wake filter(); .
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rintf'Me to construct ti-point resanpled dit: %uus\n", Mdiff(tp ypg)/z(j@g
(i-O; letd; i++) xsmags [i] =hy; >0k (?cs [2*i+i]l ,xs [2*| +Dl ) - /I\%

[i] =180 MWORAeIN2( xs [2*i +1] xs [2*i+0]) ; #endi . f PCT/USRAGECT i on | s
not |east squares fit, but instead uses a banning -w ndow

getti meof day( &t po, NULL), for (meD;iu.cM mt+) (xw [2*m =xov.[2*m+31=0;

for (i~OricN3++} (xw [2*m 1. +- - raw capture (i) *cos (2*MPIInri /N * (-1
(1+cos (2*gbdidRdeidvtaddr,pmzh 2) ; xx[a*m¥l) += raw_captureli 3*sin(2*M

Pl * i / N| *Ret{UTER8 (contyhd®| cpp NjIE¢rR Fowugyutt dffpa b by (& pl, NUI, 1, } |

printf(:" rdd¥heocha@eEMmzACct ti-poi nt w ndowed dit: k6uus\n", M duff (tpl,
tpO) ; fder (it Ji ++) (xweags(i 1 hypot ( nwf2*i +1J, xvv[2*|+0] )YIM. -
XWaxgs t.]‘mggdiggﬁw aﬁ)ﬂﬁi’(xw [2%i+1J 4 xw [2*i+0]) ; } /* The

| east - squatoesﬁassawﬁm *| , gettl meof day( & po, NULL); for (i=oi <M ++) for
(j to;j kM jkzh 2 frE-D4 Ry 2% 1-10.5%( suncoa(2*M '
P1* (i +j )*f %Mﬁumns@%tﬂeﬂkﬁ(ma)eﬁﬂ&éé&)ﬂ MBt[2*i ] [2*]+11=0 s+*(
sumsln(Z* Eﬁ%‘ﬁ;ﬁ%’wm suusin(2*M pl*(i-j}*0/N }T))i  MK[2*i +1] [ 2*¥]

jtO s*( e phabdd) St s ek ared (b 250 Pl * (i -] ) *fo/ N, N))
IMK[ 2% +|)| o ﬁi&"tﬁ - sumcos(2*M Pl *(i +j)*f 0/ N; N} +snmoos( 2* M

Pl*(l-]) ﬁ; 1.++3' _' 111 [1]--M D [Q; /* fix that nasty problemwth
sin gett | 23l -WFEIE}ﬂte_ﬁftFﬁfﬁP(eﬁa%d_P%t%mt ruct matrix: t6uus

n i £1 ( ¢ et iy
get ti meof datXw{ec‘;gétdgr?é L\‘I)UMI),

for (m=0j;m<Mims+}.

{x={2vm)=xs [2¥m+1] =0,

for {1=0:d<N;i44) -

«{xs{2*m ] += resampled capture[i]*cos(2*M PI*m*1i/N) ;
- %8 [24mHL) 4= resampled capture [:L] *ain(z*n PI*m*:I./N) ;

AB elon] R0 W) IEA0R030: RETLHSP2/ 19941

*3 .
:gettimeofday(&tpl,m) i
@rintf ('Time to mnstruct ‘$i-point resampled dft: !-Suus\n',u,diff {tp1,tpo});

For - (1e0sdets Lbe)
.;ixmags [ij<hypot (xs (2¥1+1] ,x8[2+1+0] } /i;
‘xaa::gs [£3] ..180/M PI*atan2 (xe [2+142} ,xg{2%140)) ;

¥
Hendif ‘
/* This section im not least squares fit, but instead uses a hanning window */

gettimecfday(&tp0,NULL) ;
for {m=0;m<M;u++)
* e [290] =00 [23m43] =0;
for {i=0;1<N; :I.-l--l-) ’ ’ -
{xwiztm 1 +=. raw capture [i]*cos (24 PI*m+i/N)*(1- (14cos (2+#M_PI*1/N})/2);
W {24mad) #m reW_ capture{i] *uin (24 PIémed /N) * (1~ (1+cos (24 _PIVi/HY ) /2);

-
gettimeofda? (&hpl,m) i :
© printfg (".l'ime to mnstmct %-i-po:lnt windowed dft: ¥Euus\n¥, M, it (kpl, tpo});

for (i=u;:t<Mn.-1-+)
{somags: [i]shypot(xwtzii-l-:l.] ,xn[z*:i-:-ol )/ M;
xwargs i) =130/M PI*atm {xw [2‘:1.-!-2.] Lxwi{2ei40]) ;

" /* The least-gquarves section *f

. gettimeofday (&tp0, RULL} ;

for {i=0;i<M;is¥)
for (3=0;3<M;J++) ; :
{Mx[2%i TI[2%] J1=0.5%( sumcos(2+M. PI*(i+j)*£0/N,N)+stmcoslz*u PI* {i-3Y*£0/N,N}) ;
Mi(2*i ) [2¥§41)=0.5% ( sumsin(2+M PI*{i+3) *E0/N,N) -sonsin (2+4 PI+ (1-3) *£0/N,N}) ;
Mxlz*isa] [2%] 1=0.5%( sumsin{asy_pr+{i+]}*£0/K,N) +sumsin{2+M _pI* (i-]) *£0/N,N));
Mix [2%14+1] [2+341] =0.5% (- gumcon (2%M_PI* (i+j)*fo/n N)-+sumcos (2+M_PEe {i-3)} *£0/N,N) } s

}
Mx[1] [1]=MxI0] [0]; /* Eix that nasty problem with sin */

gettimecfday (&tpl, NULL) ;
printf(*Time to construct makrix: ¥Euus\n",diff (f.pl tp0));
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invert2M () t getti meof day(& pi, NUE, L); printf("Tinme to invert p8YI1X/2005
%uus\ n", diff 1,tp0O); getti rreofday(&tpo NULL) for (i-Oi<M;i++) for
(ji-0j<meo 9303‘t|v1 c[i1[j]=0.0: for (kcO kad: k++) MPETAUPOIPI44+ "M [ |
[2*k 3-COS (2*MPT+k*T O jJ/N) + MI[I] [2*]cHl I sin (2*M PX*k*fOjIN); )

getti meof day( &t pl NULL); printf(C'Time to construct conposite matri x:
Yuas\n",diff(tpl,tpQ), gettineofday(& po, NULL) ; for [itQi<M;i++) for
{i-Oj <MR: f%ffﬁf;}”‘k‘&“'?‘l"@ +.. MC[ii [j] *raw capture [j] 1

get ti meof day: i&oﬁaiygwsm,i;,prl ntf("Tinme to nultiply conposite matrix on
resul t: YEBUREHYmIES frvemp matrfyo J¥uus\n', figftatitpoD i <M i ++) xpmags. [i.] Fhypot (xp
[2%i+1] , xp [2 *i+Q) ; xpargefilal 8v/ M PY*atan2(xp; 2*i +1], xp[ 2*i +0]); /*
These matrg igqqﬁﬂaﬂsqpbm)@utl nes shoul d be replaced by L-U. decorrp05|t| on |*
These unf orgﬁd $e a crude Gauss-, 7ordon algorithmw th no pivoting-

|n|th| () Hcmm:uoi‘ for (i=0AM; |++) for (jdgcM:j++) MI[i] [j] t
-] i nvefEZNeE [z%plpcolsammh(*)g,j,;,o; (i=Cticd2;i ++)

) : Mi{:!.] T24)k+1] *ain {2+M PI*k+f0%3/N) ;
getﬂmcfﬂay(&tﬁi.m) 7

printE({*Tine to construct composite matrix: ¥cuus\n*,diff {tpl,tpo});

gettimeofday(&tpu NULL) ;
T for (i=m0;1eM2;I4+)
{xpli}=0;
for (J=0;j<M2;J44)
} xpli) +w MLiC[il [j}*raw_capture[i];

gettimofday(&tpl.m] i
printf ("Time to multiply composite matrix on xesult: ¥euus\n¥,diff(tpl,tpo)};

" for (1-0;5.<H;i++)
.- {xpmags [1] =hypot: (xp [2*1-1-1] sapl2%£40]) ;
% sapargs i) =180/M _PI*atan2 (xp [2*i+l],xp [2*i+n] Yi

2

I* These matrix inversion routines should be replaced by L-U decompositiun v/
7+ These un.fo:tlmately use & crude Gauss-a’ordon algorithm with no pivoting */

initmi{)
’ {int i_-rj-i'

for (i'=_0;":i‘<)l‘2',-i++)
for (j=0:f<M2;j++)
Mi[i) 4] = ie=3};

invert2M()
{iant &,3;

| dnitMi ()

for (1=0;1<M2;iu+)
: {divrow(i Mx (i} [E1);
© for (JeirLliiaea;iie)
:l.f (Mx{31 111)
- {advrow(d;Mcld] [11);
decrow(j,1);

b}

for {(i=M2-1;i;i--})
for (j=i-1;3>=073--)
j submultdrow(j, M 3] [11,4) ;
divrow(i,denom) -
int i;
float denom;
{int k;
- for (kwl;k<M2;:k++)
{Mx{1] [k] /= denom;
”Hi [i]1 ik} /= denom;
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{divrow{i.,M[i]fll.}; f (jam+l.rj; j++) if {M-[j.I fit } {dix@sW3/2005
M [j 1 (il) 5 )} for (i-M-1;i,i--) for submultdrow(j, MK[jI (i),1);

di vrew(i , d&De#jesodint i ; fl oat denom (int ki for (k.O REWESRAMIIHM4 (MK[i] 1k)
/= denom M J[il []c] /Wdenom - )) decrow(j,i); 17 28/12/ 2005 WO
03/003030 decrow(i,j) i.nt i, 3: lint k; for (k=0 k<M2; k++) {Mk(i] (k)
-~ xx[j).[k); M [i) [K] -=M f j) [K] ; }} aubmultdrowi" factor, J)
Int. 1, j;eeéda@sty factor; { i ut, k; for WO; kdo, ,)C++) {M [i3 (K] --

act or * 1x ]ﬁmj Ithi g

for [k-:o;l:ddz ka+}
{Mxidl (k1 -= MxijlIkl;
”M:L [ k] -= mi @31 [k1;

‘gubmultdrow (i, facter, )
dnt 1,3;
float factor;
{dnt k;
; for (k=ﬂ skeM2;k++)
{Mx[ﬂ [k} -= faqtorﬁlﬁnl‘:ii ikl ;
]}Mitﬂ {k] -= factor#Mi (il [k];

/* returns the ﬁifference in microseccnds hel:ween t.wo timeval structures. *l

A1 FE{Ep1, tpo) °

struct timeval tpo,tpl;
{return {I:p1 v r_gec~-tpl.tv_sec)*1000000+tpl.tv_usec-tpo.tv, uaec;

/* this makes an ascii file which can be cut and pa.sted inte spreadsheet %/
yrite:-out daba for, meexcel (filename)
“har *filename,
| {:Lnt i;
FILE *fp;
fp_fopen(filename. "wh);
FiE (fp) ..
{fot {i::o;idl;i-H-)
fprintf (‘Ep. "4 IE\EVS. 3:E’\t:%4 3E\t¥4.3f%c\n",
20*1ogll (xmagalil),
20%Yogit bivmags fi1) .
20%10g10 {xsmags [1]) ,
20*logl0{xpmags [i1},
13);
'}fclose‘(fp)'i

else
{fprintf (stderr,” Could not open output file.\n");
perror(filename). - )

1
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M [3.] [k) -= factor*M EjI (k) ; PCT/US02/19944 /* returns th28/12/2005

difference_in mcroseconds between two tineval structures. */ Jiff (tpa.,;

tpO at-at WAHAB®C t po, tpl; {return (tp2.ty sec-tpO ty PCT/US02/19944
sec) *1 000400+t pi . tv_psec-tpo.tvusec; } /* this nakes.-an aacii file which
can be cut and pasted into spreadsheet 4ri.te~out data :

for_nsezcel (filenane) ,char *filenane; jint i; FILE *fp;
?:. fp=fopen(fil enam e, "V\/) if (fp)_ {for (i:=0;i~eMi++): fprintf (fp,
"(r4 3f\t14.3f\ti-4.3f\t14.3ftc\n", 20*10910(xmaga[i 3).

20. *10g10(xpmaga(i 3), 13');

2De10910: (xgs-[i]) , 20* 10910(xsnmhm;. ),
fcloee(fp)} } else {fprintf(stderr, ould not -openoutput file.\n");
perror(filenanme)g 18 28/12/2005 WO 03/ 003030 PCT/ US02/ 19944 CLAI NS What is

clained is: 1 1. A nethod of analyzing the frequency conponents of a
sanpl ed sWats clam@déssnpri sing:

1 1. A method of analyzing the frequency compenents of a sampled 319181,

2 comprising: _
(A) creating a list of N different frequency components sought to be analyzed within

3

4 the sampled si'gnal, N>, wherein the frequency of each of the N frequency components

5  is known and the amplitude and phase are unknown;

6§ @) modeling the sampled signal as a waveform model that coi:esponds to a sum of N

7  sinusoids, each of the N sinusoids also having an unknown amplitude and phase, and a

8 frequency that equals one of the frequencies of the plurality of N frequency components;

9 and
10 (C) processing. the waveform model to best fit the waveform model to the sampléd
11 signal. : :

1 2 The method as recited in claim 1, wherein step C of computer processing the -

2 waveform model applies aleast squares algorithth for fitting the waveform model to.the

3  sampled signal. '

1 3. The method as recited in claim 2, wherein each of the N sinusoids canbe |
2 expressed inithe form A;smmkz + B;‘cosmy, wherein—

3 - ‘Aend “B,* are unknown coefﬁclents
4 “k” is an index that ranges from 1 to N and represents oﬁe of the N frequency
5 components, _ _
6 @y corresponds to-the K* frequency coraponent, and
7 “p is an index that identifies a particular sample and corresponds to time:

4, The method as recited in claim 3, wherein the'step C of processing the waveform
2 model minimizes an estimator that can be expressed as— ‘
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3 (A) creating a list of Ndifferent frequency conponents sought28¢1¢/2005
analyzed within 4 the sanpled signal, N>1, wherein the frequency of each
of the N f WHUEEMREIP conponents 5 is known and the anpl i POHESGA4phase are
unknown; 6 (B) nodeling the sanpl ed signal as a waveform nodel that
corresponds to a sumof N 7 sinusoids, each of the N sinusoids al so having
an unknown anplitude and phase, and a 8 frequency that equals one of the
frequencies of the pluralify of N frequency conpopgnts; 9 and 10 (O
processing the waveform el tM st fit the wawgf orm nodel 'to t he sanpl ed
11 sighal. 1 2. The net hdd| ¥s rkc kéﬂsﬁ’g’ ]@TW@’\) wherein step C of

conput er processi ng t he! 20havefstm model applies | east squares al gorithm
for flttln the waveform nodel to the 3 sanpled signal. 1 3. The method as

recitef ®P%T™m 2, wherein each of the N sinusoi ds can be 2 expressed in
t he fo m Akrin EB n

coeffi CI ents, %p'cﬁ éﬁ‘ﬁﬁg%{ﬁ%"éx tﬁga%p?egﬁ]g%éﬂf S% ?%égresent S one
of theS N freq cy 5 corrponents , corresponds to the kt frequency
conmponent, and, [ i.nd {ﬁﬁt hatgl dentifies a particular sanple and
corregponds o tl”??éese‘its H%m V&MY in claim3, wherein the

step C of processing the waveform 2 nbdel mnimzes an estimtor that can
be expressed as 19 28/12/2005 WO 031003030 PCT/US02/19944 MN E Y. -- E (Ak

cos cyki st Bk'I‘ﬁéxﬂetﬁ@d%s)r@clte&%i‘laﬁl furiMaeéoR, sﬁgs&ﬂnng?érraﬁl%&‘iﬂﬁéoﬁtﬁb a number
ROBEHS

|OI hsgrarralnes t hat rrgglﬁ?sﬁ Hg e?m% Wacjﬁ-ﬁ’éﬂ and 7 "y," represents the

d as recited in claim1,

further corrprl sing solving for at |east one of the 2 unknown anplitudes
and phases of the N frequency conponents 1 6. The nethod as recited in

cl ai m 5, 6wherHiedthta a8 feited indinfs, ﬁﬁ&&nlﬂﬁauﬂihuid%fé\&sh%'hf)fﬁgwncy conponent s

can b:? € ressyecomped asnentscanbeexpressedas——

3 ' 7' | JAE+B% .

1 7 The mettiod as recited in claim 5, wherein the phase of each K of the N
2 frequency components can be’ expressed as the 2-argument arctangent of By aad Ay

1 8 A method of testing a device under test in an automatic test system, comprising:
2 (A) applyinga stimulus signal fo the device under test;
3 (B) sampling aresponse signal from the devme under test;
4 (©) - creatmga hst of N different ﬂ'equency components sought to be analyzed w1thm
the sampled response signal, N>1, wherein the frequency of each of the N ﬁequency
6 components is known and the amplitude and phase are unknown;
7 (D) computer modeling the sampled signal as a waveform model that corresponds to a
sum of N sinusoids, each of the N sinusoids also having an unkoown amplitude and
9  phase, and a frequency that equals a different one of the frequencies of the plurality of N
10 frequency compenents; '
11 (D)  computer processing the waveform model to best fit the waveform model to the
12 sampled signal; and - ,
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3 A2k +B2k . 1 7. The nethod as recited in claim5, wherein the p8A3e 2005
each. 0 of the, N 2 frequency conponents can be expressed as the 2-argunent
ar ct angent VW 03@R303hd AA 1 S. A nethod of testing a devi eeTmwseawdeest in an

automatic test system conprising: 2 (A applying a stinulus signal to the
devi ce unhder test; 3 (B) sanpling a response signal :frown the device under
test; 4 (C) creating. a list of Ndifferent frequency conponents sought to

be anal yze(g) wi t.hin gﬂtghe sanp] ed response._ signal, N>, wherein the
frequetcy e SIKing for afleasiops V@Wﬁ%ﬁ*ﬂ%@hﬁ@s REGON faquenche

anpl i tMde camglonghtase are unknown; 7 (D) conputer nodeling the sanpled signal
as a waveform nodel that corresponds to a 8 sumof N sinusoids, each of the

N sinusoi ds al so havi ng an unknown anpl-itude and 9 phase, and a frequency

t hat equaIs a ent one Qf the frequencies of the plurality of N 10
frequehcy corrpﬂ‘f’éﬂ?tg ‘1“?"1 ‘”é‘%‘;ﬁa%‘?ﬂﬂm isdestedees pasy efir m nodel to

best f2it nahwfaciarime 1tsh1aaht5tﬁnors@gmgbzﬂdﬂm gnal ; and 20 28/ 12/ 2005
WO 03/ 003030 PCT/ 1J802/ 19944 13 (E) solving for at least one of the unknown
anpl i tudes and phases of the N frequency -14 conponents. 1 9. The met hod as

recited | ?hereln fﬂﬂi\ vice i tested as 'part_of its

nmanuf a’ctu ttedjng 3 WPQ%W@"Q#%NEM 1 10. The
nmet hod asdzﬂ’mttmeuemycdmmmﬁscamrses n the step ¢ of creating the list of N
2 different frequency co onents conprises: 3 providing wwth the list of N.
frequéncy, coRpitng M%“W@mmnnﬂsaﬁeqmsygﬁ%asmbpl ied to the
devi cqg umc@matppﬁédmmedevfw%@p{eapd as recited in claim10, further
conprising: 2 providing with the Iist of N frequency components harnonics
of the frequency of 3 the-stinulus signal applied to the device under
test, 1 12 Tl _a method as recited in claim8, wherein the step C of

creat Fng tl-he W%‘Pefb?dﬁm‘zfeéiﬁﬂé‘ﬂe}%ﬁﬁh@'@emgmnponents corrprl ses: 3

perform ng a D| rete Iig%%zefyh%%form 5 DFT on t.he tﬁ ed qgr% FonfseN
si gnaf’; °Xgerp an‘@f i 0
frequénc@emammmmcmﬂamu ally equal to

112 'Ihemcﬂ:odasrecltedmcla.tms wheremthestepCofcreanngﬂzehstofN
2  different frequency components comprises:

3  petforming a Discrete Fourier Transform (DFT) on the sampled response signal;
4 identifying peaks in the DFT; and
5 “adding to the list of N ﬁ'equency components ﬁequencl.es substanttally equal to

6 the peaks in the DFT.

1 13,  Inanautomatic test system, an apparatus for analyzing the frequency content of
2  test signals, comprising:

3 a digitizer for sampling a test signal fiom a device under test;
4 - amemory for storing a list of N different frequency componerts sought to be

- 5 analyzed within the sampled signal, N>1, wherein the frequency of each of the N ‘
6. frequency components is known and the amplitude and phase are unknown;

7 software for computer modéling the sampled signal as a waveform model that
8  corresponds to a sum of N sinusoids, each of the N sinusoids also having an unknown
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6 the peaks in the DFT. 1 13. In an automatic test system an app&yatd52005
anal yzing the frequency content of 2 té&& signals, conprising: 3 a
digitizer for sanpling a test signal froma device under test; 4 a nenory
for storing a list of Ndifferent frequency conponents sought to be 5

anal yzed he f enc of each of
Tho N 6. 2pllt8 ahdpraskine fedleRbriil burdl § et pre aliBo R4 e
unknown; plaradityfof hhirequemcy compohents;apdiel i ng t he sanpl ed signal as a vvaveform
model t hat asf?or esponds %a% a sum of N sinusoids, each of the N sinusoids
al so having 4 Fﬁ PHIGESSING Hiswayaieim medekadepti e waveiorn model

f r equenay thdsamprdighaf d| fferent one of the frequencies of the plurality
of N frequency conponents; and software for conputer processing the
wavef®r m nodel to best fit the waveformnodel to the sanpled si gnal 5 14.

Th f h
Chat e on TrEaRBfts Ho [l B ity ek ShrodEho paesrepranatiigs 8 |
the |i stheéutsnfatic test system andifreschibes ERPRéqicHSied h m@‘hﬁltcﬁ‘ili éhtfénéieg‘o

wherein the software for conputer nodeling and 10 the so tvvare
conmputer processing reside in a software library that is accessible by

differe te a??ag I 16., The ,appar at us
as reci ? gd Iﬁhe%&?&f V\%E:rrt%ﬁq[\( O?m %@%@@8%@58?m8%5@9f9% J
appf l[)eztf@tsorﬂ&m fog qompu@r@rcgmssmg mre]s‘idnf infd $ofiwege liranpBsias géé@s%lbﬁ%l yto the
sanpl e 15 sign 1/. The aratus as recited in clai'm 16,

wher ei ndlgg%ﬁf)wpfﬁgrqm%ﬁ%gggw%ggwp@pﬁ MeREsed in the form Aksi nvki
+Bkcoswki, wherein- ~Ak" and " 8k" are unknown coefficients, 20 "k" is an

index that ranges from1l to N and represents one of the N frequency
componelfi-s, The apparatup @sdecited in plaino 13,r\eh|arem1dye softwanedot conapuler prétedsihgan

|0, et RS o B R MG BBA aé#fm%%s%&&a‘ o feBReNFat or

t hats caigriak expressed as --

..q-

17.  The apparatus as recited in claim 16, wherein each of the N sinusoids can be
expressed in the form Agsinwid +Bxcoswsd, wherein--
“A¢” and “By" are unknown coefficients,

20 “k” is an index that ranges from 1 to N and represents one of the N frequency
components,

wk corresponds fo the k¥ frequency component, and
“i” is an index that corresponds to time.

25 18.  The apparatus as recited in claim 17, wherein the software for computer processing
minim_izes an estimator that can be expressed as

o - M N
B : >3 ( Vi~ ¥ ( Ax cos wi+ Bysin wé) ,
30 i=0l T k=1

wherein -—--



30 MN Yi (Ak cos wk i+ Bk sinwk!) 10 k=1 wherein ----- 28/1282’(1025/2005

03/ 003030 PCT/ US02/ 19944 5 " M‘ represents a nunber of sanples that nake up
the sanpl eWQEPRPH m and 6 'y" .represents the ith poPAT/UBE219MH4 sanpl ed

waveform 1 19. In an autonmatic test system an apparatus for analyzing the

frequency content of 2 test signals, conprising: 3 a digitizer for.
sanpling a test signal froma device under test; 4 neans for storing a list

of N di.f ferente 0 be naI thin the

sanpl ed si gnal JI@iﬁ\e%%gﬁ\}r1ere In f%?%%ﬁ‘% gr\p égz frequency

conmpongnts. i s <«smp @&Qhéﬂ%omthééﬂﬁleﬁ%vme are unknown -7 means f80r
a

nodel i ng the sanpl ed signal; 'as a waveform nodel that corresponds to
sum of N sinusoids, each of the N sinusoids al so having an. unknown
anplitude and 9 phase and .a frequency that equals a different one of the

frequehci t% ofh@hempmmmsxﬂm anlapparafostfoemalyriog the drequeney cantenbofl 11 neans
forte 4h IodmpRsRY: to best fit the waveformnodel to the -12 sanpl ed

signal. 1 20. The apparatus as. recited in claim19, wherein the neans for

nmodel ing and tahlgitizr for asmmaplivgra 14 siged Soma devise GRlet Rstg sof tware |ibrary that
is accessible by different test 3 pro rans for -analyzing sanpl ed waveforns.

1 21. 4The met W@Gﬂ%fgrmaéwpmdiﬁ einponents ssughptods si gnal is
sanpl gd QhalzddGAithirtht BinkglEdBignaBNS 1, #ﬁerem the-frequency of each of the N
6 frequency ponents is known and the amplitude and phase are unknown,
T " means for modeling the sampled signal as a waveform model that corresponds to
‘ a sum of N sinusoids, each of the N sinusoids also having an unknown amplitude and
9 . phase and 4 frequency that equals a dlﬁ'erent one of the frequencies of the plurality of N
10 ﬁeeiuencycomponen:ts and , ,
11 f' means for processing the-waveform model to best fit the waveform model to the
12 sampled signal.

1 20, Theapparatusas recited in claim 19, wherein the means for modeling and the-
2 means for'processing reside in a software library that is accessible by different test
programs for analyzing sampled waveforms.

21.  The method as recited in claim 1, whereif the sampled signal is sampled at anon-
2 uniform rate.
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