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摘要：累量域谐波恢复算法，通常假定谐波初相在[一 ． ]区间上均匀分布，而且大量的仿真实验沿用相关域 

的分折方法，假定谐波敷目为二，其振幅几乎相等 本文在对实际信号模型分析的基础上，从理论上褥出了初相确 

定、谐波数目较多和信号动态范围比较太时累量自身及累量域参敷估计方法的一些特点，指出了现有谐波恢复和 

基于三阶累量的噪声预滤波算法在理论和实际信号处理中的缺陷，并对太动态范围信号谐波恢复算法作了改进， 

使其理论更加完善、改进算法稳健性增强． 
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1 Introduction 

The hm nonic ~trieval problem involve s estimating 

the parameters of a hamaonic si al with noise．It has 

wide applicationsinthefield of sign~ processin4~．such 

as radar，soll~ and so on．Upto now，most ofthe hat- 

inonicmtri~val approachesas~Jlled white noise and uti· 

lized second-order statistics．In orderforthesemethods 

幻 be applied to oo]oix~d Gaossi~a noise，the noise co- 

vaIi ∞ematrixmust be known or estimated Typically． 

however．the practical noise is co1ored and its covariance 

rna~ix is unavailable．By exploiting the fact that the 

fourth-older cumulants are ze∞ for Cr-~aasian process．it 

has been demonstratedtIlatthe ctm~ulmat-based h~"lIIOBJc 

retrieval methods caIl suppress the effect of colored 

Gaussian noise．1hc eumuhmt-hosed k毗nonic retrieval 

algorithms can impiDVe their toleration Dd moderation 

tho~ fically．Tobe appliedtothe harmonic retrieval柚d 

the noisefiltering oftheseal data，these cumulant-based 

methods should be sttldi~d furO~ ．The血 血 c妇 be． 

tween the sigm~model adopted widely in n 0 

search andthe usedin ceis alsopointedout． 

Inthe researchofthe cumulanttheory．inorderto ell- 

slⅡe stationarity，itis oft~l assum。dthattheinitial hase 

of sinusoidistmifonnly distributed 0ver[一 ， ]andit 

is used in convenience．In simulaliolx~．it is also as- 

sumedthatthenmnberofk啊n istwo锄dthe am0fi- 

mdes of simasoids are almost e删 ．S0 the dynamic 

rangeof si{ 1a1 is very nm w．But the above aasla~ ． 

dons ase Ilot consis~．~t with the re signal with deLenm． 

natc initial phase，multi-harmonic and wide由Ⅷ Ic 

ra ．Our simulations show thatmost ofthe h瓤m∞ic 

retrieval a】 吐l】 ase not effective to the real ． 

So，the model thatis c【加sistcnt with real 血 is柚a． 

1yzedin detail．The concept ofnfixed  cumul~mtis intro． 

duced。 ∞d its estimation and properties aIe first dis- 

coasod．Then．thetopics ofthemulti-lmmxmic卸Ddthe 

* 曲da妇 item：starer'ted bytheFo~adaflon ofTra~vCeaturyE删 础 Tal~ts 0f 血时 口fEduc on ofO~amdFmmdmim of 口̂。耳H∞Sd∞∞ 

mdTechnologyInnovamm ofa 

Reed ,e6 d出 ：2OOO一∞ 一08；Reviseddam：2001—02一∞  

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


wide d~ T／lic r雄 Ⅲeinmx／ue~1．Fmally，the dc觚  

of c0inm0n h锄卫 cl~Tieval andthe山iId．order cIunu． 

1mat-based n0isc lue-m~ing a 耐血ms aIe pointed out， 

and theimproved aI鲥 tllmisprovedto be effective． 

2 吐 ed emnllsmt ofharmonic 

Forthe sake of~onvmiemee，the contami~ted single 

庀coId sig【Ial ( )，which has c0】ls锄tphascs，is 一 

eled as 

+伽 )+n( )， =1，⋯，Ⅳ， 

(1) 

whei'e the amplimde~ ’s and arfi'cqucncies ’ 

s aIe unknown ocl玎s锄协， ≠叫 forj≠ i，and n(t) 

is z瓣 n砣 蚰 additive(’舢 ssia noise with L~ OWR CO． 

vm4ance．The amplitudes aI℃assumedtobe positive and 

叫I∈[一 ， )，k：1，2，⋯， ． 

Ifthe silmsoid pIⅧ in e~lation(1)aIe uniformly 

dist~med ov~1-[一Ⅱ， ]，thefourth-on~r cumulantf0r 

(f)is&'fined as出e real ctmmlant．Otherwise，凼e 

phases aIe demminis~，and ( )is a~-stationary． 

Consequently．∞ ahemadve statistic is necessaIy for de一 

~eloping high order statistic-based harmonic retrieval 

methods．WcgivemefollowingDefinition1，whoI'em— 

ly real 髓alis considered，andthe similarresult can be 

obtained for complex si I丑1． 

Deflnitioa 1 (Mixed fourth—order cumul~t)If 

( )is quasislafionary up to the fourth order，the 

fourth-order nfixed cumulantis垂ven by 

c4 ( l， 2， 3)： 

c m[ ( )， (f+rI)， ( +r2)， ( + 3)]= 

( ) ( +r1) (̈ "C2) ( +r3)]一 ( ) (̈  

r1) [ (f+r2) (H r3)]一 [ ( ) (￡+r2)】 [ (f+ 

-cI) (f+r3)]一 ( ) (f+"C3)] [ ( + 

r1) (f+r2)]， (2) 

where 

E El( )]-
～

lira EIf( )]． 

The definition of the fourth-o~ler mixed moment is 

耻miIar劬 tlle fc阳rt 0Id盯 r【ljxcd~umulant． 

We reqer to these statistics as mixed cllmulan~ be— 

cau th are defim~1withthe specific casc of amixed 

pt~ess．In par~cular．mixed cumulants aIe appropriate 

for mix。d processes~onsis~ of deterministic sigIIa1s 

with fmite，nol'l-zcro kth-order mixed cumal~ s plus 

stationary Iand0m pID( lses．These definitions also mix 

time _a蜘 and ensemble av~aging．Notethatfor a 

staficalmyprocess，the defmifi~m in~qu~ al(2)is e— 

quivalem tothe defmitkm of血etrim fourth-ordea"aⅡm — 

lants．Onthe ofll~"hand，for a mixedproce~ ，the deft· 

nitionsfor the mixed a卫nu1ants and tiara cl~mulmltsⅢe 

diff~ t．The mix~-cumulant deflilition includ~ st,a- 

ti~maty signals as a叩。cial case． 

Sewral im~ tm t propositions ofthe mixed cl~mulmlt 

a Ⅷ asfollows． 

n ；越0瞳1 1⋯ Comider a si Ial (t)：5( )+ 

g( )，w 5( )is 8 z nle釉 det~mnisfic si I丑l， 

andg( )is aⅪ rncaII stadonary random process If 

( )is quasistafi~maty up to the fourth ord~"，the 

fourth-ordermixed cumulantis ven by 

4 (rl， 2， )： 如(rl， 2，r3)：c4 (rl' 2， )． 

(3) 

Proposition 2[ ] Consider a r髑l ( ) 

∑口fcos(∞ + )，ff 
l l 

f + l 叫m+叫n’ 

I ( ：mU z：m)I( ： U{：m)， 

1 + j+ ≠叫 +2a'r，r：0，1 

L叫̂ +叫l+叫
m
+叫n≠2 ， ，Z，m，n：1，⋯ ，肼 ， 

(4) 

thefourth-on~rmixed eumulantis咖 by 

C4 (rI， 2，l"3 I口)： 

一 吉 。 s ( r )+ 
co8叫 (r2一 —r1)+~o$fiof(r3一rl—r2)；． 

(5) 

Propositioa 3 Consider a real si al s(t)： 

∑ os( + )，if satisfies 
【 l 

l≠ m 2 ， (6) 

r： 0，1， ，Z，m ： 1，2，⋯ ， ， 

thethird．olz[ea"mixed cumlflant女出6es 

， c (rl， 2)=0． 

Pmtn~fion1 showsthatthefourth-ordermixedaⅡm — 

lantistheoretically blindtoCr~msiannoise． 

Pr~ositioas 2 and 3 aIe impoI~lt in the~nowing 

discmsion． 

∞ 

(  ∞ 

C 

∑ 

： 
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3 Mnlti-harmonic retrievalmethod 

In shndatiom ．Ⅱ1e ntmaber of hamaonic assumed as 

two is effective to the covariante-based harmonic re- 

trievalmethods，which Call be sceufrom the covm'iano~ 

d。 】c曲 n pn~css．Inthe e砌 ofthe ctmmlantthco— 

ry，itis often assumedthattheinitial phase of smu~ids 

is unifomaly distributed over[一 ， ]．This is oftell 

usedfor convvnicncc．Buttheinitialphase of sj 叫  

is dt舡虹nina瞻，sothe result has slloI怔国ningsin tbeoD, 

∞dit can not soh~ethe prac~cal problem directly．The 

concept ofmixed cumul~ t can ensul~ the ban'nonic re。 

mevat methods effective to real si al with deten~inate 

initial phase．In the deduction s，equation(4)is 

inm~duced．Ifthe nuⅡ ef of harmonic is two．equation 

(5)exists and the eurnul~t algorithms a mode~te． 

Whenthe numberof bann疵 is equalto o largerthan 

four，i~lBatioll(5)exists 0nlywhen equation(4)is sat- 

isfied We discuss the multi．haⅡnorIic retrieval method 

asfollows． 

Forthe signal (f)in equation(1)，nomatter equa- 

tion(4)exists ornot，we candgtainthefollowing equa- 

tills byi~latioll(2) 

而2 (r)= 1∑ cos( )， (7) 

“(rl，2-2，2-3)= 

lira 冒㈨  ( )s( ：) (H2-3)]= 

蚤：． 1熙 [  ̈) 叫( I)+ 。 
c0s(∞ (f+r2)+m．)eos( ( +q)+ )]f= 

百1壹 。 3im 1∑,v壹。0s ( ，2-一， ， )]， i 
；  qⅡm 牌 丙鲁刍 “ 坤川’ 

(8) 

讲I舶：而2l(f)and厩4l( ，／'2，2-3)a 。second-or~r 

andfotw~h-ordermixedmc~ nt of signal 5(f)，rcspec。 

tively．2-一=(fI， 2，z-3)， =( ，col， ，‰)， = 

(仇，似， ， )，and 

1̂(t，；， ， )=m +甲 +埘I(‘+r1)+ f+山 (c+ 

2)+ +山 (f+i-3)+ ， 

2̂(f，；， ． )：∞ + +∞l(f+f1)+ 一 (f+ 

2)一 一山 (f+ 3)一 ． 

3(f，；， ， )=山 +仇+山f(f+fI)+似一cc’ (f+ 

2-2)一 + (f+2-3)+ ， 

4(f，；， ， )：∞ +仇+∞l(f+f1)+ +山 (f+ 

2-2)+ 一‰(f+功)一 ， 

5(f，；， ， )=∞ +仇一∞l(f+r1)一 + (f+ 

2)+ +‰(f+勺)+％， 

6(f，；， ， )=∞ +仇一∞l(f+r1)一 一 (f+ 

2)一 一 (f+2-3)一％． 

7(f，；，二， )=∞ +仇一∞{(f+r1)一 {+ (f+ 

2-2)+ 一 (f+ 3)一 ， 

8(f，；， ， )=∞ +仇一∞{(f+f1)一仇一‰ (f+ 

2)一‰ + (f+ 3)+仇． 

Obviously．ifthe variablef c∞ notbe vanishedin 

(f，；， ， )， 

cos[̂ (f，；， ， )]=0· (9) 

Since ，Z，m，n： 1，⋯ ，M，we considerfive possible 

casesf缸 Ⅱ1eindk~ ，Z，m and ： 

Case1 

Case 2 

Case 3 

Case 4 

Case 5 

= f= m = ， 

{ =z≠m=nl3 

{ =m=；≠n14 

{ =z≠m≠nl6 

≠ f≠ m ≠ n． 

The sl】bs indicatemem血 bcr of p0 ibilidesfor 

the如d ．f．m and ．Let 

= 吉 ⋯n‘ 

舰 cos[ i(c，；， ， = 一， 

whece ，f．m and n sa吐sfy the conditions 0f the i-th 

FromⅨlI】{越∞ (7)，the second-ol~ terms 咖 by 

而2 ( 1)而2|( 3—2-2)= 

【{ cos( ) ( )]】= 

告∑a2 2l{co8[ +∞l(r]一r2)]+ 

cos[ 1+∞ (r2一r3)]}． (10) 

丽2。( 2)最2。( 一 1)，梳2。( 3)历2；(2-2— 2-1)and 

最2|( 1)梳2|( 一 2)，aIe similar to而2 (2-1)杭2；(2-3 

— 2-2)，so omitted． 

Ifi~latioll(4)is satisfied．the time variable f in 
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cos[~i(f，；． ， )]can not be vanished 

tions(7)一(10)． obtaill 

／'3= ／'4= ： 0， 

C4 ( 1，r2， 3 l口)= 

．  Ⅳ 

一 吉 a {c吣叫l( r )+ 

From cqua- is not equalto zero[ 
，
nm~ly 

( 1， 2)≠0． (14) 

COS(O。( 2一 3一 1)+COS(．Oi( 3一 t一 2)}． (12) 

If el 甜0Ⅱ(4)is not satisfied，thetime variable in 

co8[̂。(E，；， ． )]among ，／'4 and may be Vfl~l- 

ishcd compk~ly．So equation(12)c田1 not exist，it 

nxansthatthe hann raricval algodfl-sm obtainedby 

Ⅱ replaced covadaacewith ctm'nllant c∞ not exist，ci- 

thcr．If so，the cumulm~t-bascd retrieval~gofithms may 

resultin wrongllssults． 

0clns 喀 廿Ic teal signal 5(E)，if the number of 

harmonicistwo．Ⅱ third-order ctmaulm~t ofthe signal 

is equal to zer0．But when the nunlbcr of harmonic is 

larg~ lb∞ two．whether廿Icthi~-ordcr cumulmlt ofthe 

signalis equal to zcl'o Or notis determined by 

叫̂ + ≠ +r ，r： 0，1；五．I，m ： 1，2，⋯ ，』W． 

(13) 

If equafioa(13)is not satistied，such as I+ I= 

埘 ．the 6me variablefin i(t，r，埘， )may be Vfll'l- 

ishcd completely．The tl-Ard-ord~ cumulant ofthe signa~ 

Tomixed noise．el 血叩 (14)showsthatthe noise pro- 
filteringmet}州 sl3， 】based ∞ thilfl-order cumulant can 

not be adopted blindly．a曲屺 vi5ethe availableinfonna- 

tionwin befiltc~ d． 

In order to prove our vicv4x~ t．we COlldUctcd the 

foUowmg computc~a叩eIimen ． 

Experiment 1 Comidcr the sigml l(f)， 2(f) 

and (f)， sp Iy，as 

1(E)：c0s xn∞×E)+嘲 xn12×¨  )， 

三  

2(f)：∑口ic0s( ×n12×E)， 
E=1 

却(E)=c嘴( ×0．04 x f)+嘲( ×0．12×f+兀／3)+ 

c0s x 0．22×E)+c0s ×n38×¨ ) 

Asanne that 2 (r)， 3 (r)锄d C4，(r)aIe the csti— 

nla~on values ofthe sigml second-order．thilfl 0I_d cu— 

mulm~t diagonal slice andfour&-ordcr cumulant diagonal 

slice，respectively，m 

己 ，(r)=一昔∑a (c⋯fr)， 
】=l 

2，(r)，_c (r)，I4，(r)and 4，(r)arc es6mat。d 

m 500 Monte Cad0 trials．The l~ssults缸e shown in 

Table l 

Table 1 The comparison ofmulti·harmouic estimated ctm'nllants 
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From Table 1 andthe above statensent．we can obtai／l 

thefoUowing conclusion： 

1)Ifthe mmlt~ of hamlonic is la er than two and 

‘+co／= ，( ，f，m =1，2，⋯，M)，third-order ca． 

mulant ofthe signal is not equalto zeru．andthe noise 

pre-filtering methods[ - ]based Ol1 thi~
-order cumu]ant 

can not be ad【 吲 blindly，otherwise the available in- 

fonaationwill befiltered． 

2)IfthellUltl~ ofkmn0nicislargerthanthree and 

equation(4)cm not be satisfied．me fourth-older cHIIIR· 

lant diagotml slicesc觚 not satisfythefollowingequation 

I4I(r)=一詈 a (cos )． 
Thewrongw．,sultsmaybe obtained by adoptmg eumulant 

algorithms blindly． 

4 Processing method of wide dynamic 

rnn~ e data 

In simulations．the hamaonic amplitudes al℃almost 

assumed equal，sothe sigI1al由 c rangeis very nag- 

low．However，the r咖 si al haswide aynamic range 

Our simulations show that the ~ormllon harmonic l"e 

meval algorithms aIe not effective to the real si a1． 

1b盯 are not tolerant to the sigml dy／]Jtl~c 衄 ge， in 

0 words．itⅡleans that the perfonmnce ofthe hat- 

rn0IIic retrievalmethods based Oll fourth-order cumulant 

declines rapidlywiththe increaseofdata dynamic range． 

The h锄1l10rIic Ietrieval methods based on cumul~t 

shouldbe improved so that山 are effective for signal 

wiIhwide aylm ~ range．Itis very valuablein practice． 

Suplmsingthemodel ofthe real wide dynamic range 

signal (t)as 

5(t)：∑qc0B(cc． +仇)， 
一  (15) 

I ct1 l》 l aj I，J=2，⋯，肘， 

when~lalion(4)is satisfied，wec觚 e．xprass the s∞一 

on@orderⅡK 1ent and fourth-order ctmmlant of signal 

5( )，respectively，as 

而2，(r)=告∑口 c0s( )， (16) 
。

L：1 

r1=一吾 a (⋯，)． (171 
Since l 1 I》 I l，，=2，’。。，M，we choosethemi- 

tial value of 0I as 

a10= ， (18) 。 ， Lls) 

the efficient estimation value of自 ^ can be 

obtained and the estimation nx~del of the big amplimde 

halll；lOlfic canbe  eXpleSS~ as 

：“t)：口l0c0B(三lf+≠)， (19) 

wheI~i(t)=5(f)一̂ i(f)． 
Let 

P(r)：【 】 (zo) 
and 

c0s(t．o1f+ 1)=cos(o．tlf+≠)． (21) 

When equation(21)exists，p gets the minimum val— 

ue．Then existence of equation(211 does notⅡle钿1that 

91is equalto≠，becausethefoUow~ equationis possi· 

ble 

= 妒l+oJ1R，R ： 1，2，。。。，Ⅳ， 

where≠∈ [0，2 ．We c觚 detenniue the value of≠ 

andthe restrained sj 【lal canbe ：ssed as 

5i(1)=i(51一Pcos(：ll+ )． 

In orderto evaluatethe p fcⅡ叫 1∞ of 0urimproved 

met}州 ，the following ~omputer 0|p既ir嘣 他 a工e coIl— 

ducted． 

E】 erill-盱It2 Considerthe following si lal 

(t)=。leos(2~x0．005×t)+ 

eos(2~rx0．01xt+m／3)+eos(2nx0．015xt)+ 

eos(2~rx0．02xt+n／4)+n(f)， 

where n(f)=e( )+0．8e(t—I)+0．3e(f一2)一 

0．6e(t一3)，f=I，’。。，N，and the amplitude口1 is a 

variable constant．Thelen#a ofthe damis 500． 

Using the comll~／1 harmonic retrieval a ∞i山ms and 

the improved~ofithm ie~ vely．the simulation re— 

sults show thatwhen。lista~erthanfour，the~oflmllOn 

harmonic retrieval algorithms aIe not effective．Butthe 

h-np~oved  algorithm is very effective 12o matter how 

much。1 is．The re*ults of the improved algofiltmaⅢe 

showninTable 2when。Iisequalto 400． 

From Table 2衄dthe above analysis． can obtain a 

coadusioathatbymodelingthebigwaplitt~de harmoulc， 

the improved a~ofithm c觚 iln~ ve the moderation of 

the wide dynamic range signa1． 
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Table 2 The reaSeval results ofwide dyl~ c range ha】m∞nicwithfileimproved algorithm 

5 Conclusion 
In this paper。the am那Ian b∞。d h缸m叩jc eⅧl [2] 

appI bes of real data are discussed．Topics ofdetenni- 

hateinitialphase，multi-harmonic∞dwide由rI1ar【Iic are 

studied．The defects ofh~rix)Ric reUieval 毗 noise pre- 

filtering algonquins are pointed out．Finally．The im· 

proved algorithmforwide由 m range sigD丑1is given． 

The sinmlations show thatthem~roved algorithm is ef- 

fective∞d sa出 咖1fy．The properunderstanding of cu- 

mdaat-based h lnOnic 血i al can be obtained from 

fi'tis paper锄d it is of important eI培in l guidance 

valL~ to applicati~ms． 
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