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Abstract 

A compact and rugged optical correlator is described. 1也 employs a lensless matched spatial filter that 
is formed at one wavelength. Correlation is perfor皿ed witb a Iaser diode at a 酷cond wavelength 田ing

an imaging le皿 in a scaling correlator topology. 

1. Introd uction 

Op古ioal pat也ern reoognition by mawhed sp时ial fil扣r (MSF) correlatio卫(1] is a 

well-known 也eohnique. The advent of hologra抖lic optioa1 e1eme且相 (HOEs) [2, 3], 1aser 

diode sources and new arohi曲。如res has made rugged and ∞m归，ct versions of suoh 

sys也ems mo的时也，raotiveC如7].8uoh sys也ems are useful for both commercial and airborne 

applic时，ions.ln 也is paper we provide the first disoussion unifying all aspoots of a laser 

diode/HOE correlator sy时em. rrheoretioal analysis, eXI泪rimenial data and the results of 

several oorrelations performed on the system are provided. 

A lensless MSF system[7-9J used to reduoe component posi也，ional requirements is 

desoribed in sect. 2. Correlation experiments are provided 臼 show 古hat HOE abe口创ions

are reduoed by weigh切d MSF sy丑thesis[lOl. The waveleng在h soaling correlator in sect. 3 

is neoes幽ry 臼 permitω'rrelation at one waveleng由 and MSF synthesis at ano古her

waveleng吐1. This is neoossary when a laser diode source is used. In seot. 4，址19 full 

system is shown and i切 performa丑。e discus船d.

2. Lensless MSF/HOE 

The sys臼m used 切 record a lensless MSF is shown in Fig. 1. 1 t is simiIar 切 the

conve时ional 也echnique[1] exoept for 也.e use 

of a oon vergi丑g referenoe beam. With h(Xi) 

placed at P1, i阳 Fourier transform (FT) H (岛)

is formed at P 2 and the 如rm ofin拍拍的 in 也he

MSFp时也orn at P2 is 

Ut (X :a) =H气X2/λfL)exp[ -jk仰。←:lì2)2/2zJ ，

(1) 

w here all parame也ers are defìned in Fig. 1. 

From (1) we see 古hat the MSF also con tains 

肉NH(比E

Fig .1 Schematic diagra皿 of a lensle:皿
MSF optical correlator sys阳皿口Gl

* Visiting Scholars from Institute of Optica and El配tronics， A臼demia Sini饵， PRO. 
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the tra丑sfer fu丑C也ion of an FT lens. Thus if h (Xl) is reposi古io丑ed in Pl and 古he referenoe 

beam is blooked，古he P 2 recording will foous a poin古 ofligh古川岛= Xo w hose loca tion shífta 

abou也 Xo as 也e posi也io丑 of h i丑 P1 shifts from i ts original posi也ion.

By recording such a丑 MSF， the 1e卫g古h and complexi也.y of the sy的em are reduced, 
80 no positiona1 to1eranoes exist b的ween P 3 and P s since no discre也e seco丑d FT 1ens 

exis相. Many versions of such a sys如m ha ve been suggested [11.叫41 ， none for 古he use we 

consider. 

The sy的em of Fig. 1 was assemb1ed using:λ= 633 nm, fL = 500 mm, ()=11.3 0 and 

xo = 78 mm. The input funotion f used is shown in Fìg. 2a. It oontaìns four ooourrences 

of 也he key word "PRüFESSOR气 which we se1e的 as our referenoe fu丑的ion h (Fig. 2b). 

A 1ensless MSF of 也isfun的ion h was produoed at P2' Whenf was placed at P1 ， 也。 output

correlaιion plane pa tter卫 in the vicinity of (xsJ 'Ys) = (æo, 0) ín P S appeared as shown in 

Fig. 2c on an isometric disp1ay. Four correlatíon peaks are observed and 古heir 10ca tions 

are seen 也 correspond to the four occurrenoes of 也e refere丑ce word in 古，he full input 
image口5]

A fea ture of this a丑da丑y MSF optical pa t也ern recognition sys阳m is proper selectíon 

of the beam balance ratio K = 问/Us 1
2 used during MSF syn古;hesisω. Since Us varies 

sp的ially ， 80 does K. Sinω 七he mod1'llation of 也e MSF is a maxí皿um when K =1, we 

can sele的也he spatial frequency ba:丑d in which ωset !K = 1 and hence e丑hancèωr也in

Fig.2 Optical pattern recognition performed on the system[1叼
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自patial freqnenoies in the input da恤 during MSF synthesis. We refer 旬出is as weighted 

MSF 町的hesis[10J. For 古he input 古ext data of Fig. 2a, we se古 K=l 的 spatial freq UenOie9 

corresponding 切也he wid也h and half-heigh古 of a letter. This ba丑dpass fil tered 也ex古 data

roq uires the HOE 怡 opera臼 over a reduced spatial frequency range, thus greatly 

improving a berrations as we now discuss. 

In 古he design of 古his sys也em and experiment, particular attention was given to 

as古igm的io aberra古io卫s sinoo this is one of the major error sources i丑 such a sys抽血阳叭

We inolude only third order aberra也ions ， deno曲曲。如ld angle of 也e key objec古 by

tanβ=εIf1 a丑da四ume 也卫 β<<2xolROJ where Ro is 也he distance from 也he center of P2 如

何= Xo. We then find the optical path difference for the sys也mωbe brG~x~xo(恼，丑的/

R6. For a丑 inpu也 aperture D, we fi丑d(tanβ)max=D/2!L' If the maximum input spatíal 

frequenoy is f m, the丑也he maximum optical path differenoo error is 

L1-ra 皿8X=凡'A2DfL sin () /2Ro, (2) 

飞.vhere sin () = xo/ Ro. In the design of our experime且随1 町Tstem， we restrio也d fm and D , 
minimized () and fL' while increasing Ro 协 m也intai卫 large output corre1ation peak 

iníensi植es. 1'0 determi丑。由e amoun七 of 1 p 108S to be expec也d for a given trans1ation of 

the inpniï, we used the astigmatic wave aberration equatio丑s of ChampagneC16J and found 

古he phase aberration due 归 aatigmatism for the sys加.lll of Fig. 1 to be 

~G = K X~S0.::1X3/ R~， (3) 

where 均坦 the aper也ure of the HOE. The shift L1X3 in 也.e location of tho correla北ion peak 

is re1ated 怕也he oorresponding shif古 d问 of h in the inpu也 by 11，问 = RoL1~/ f L = 0 . 8&1 for 

onr experimen tal sys也em. The maximnm MSF apcrture is 2Xb=7.88mm from before. 

Usi丑g these values in 也e quadratio 1.0 

phase model cþa = Bx~， w here 问=Xh/Xb' ~ 

wefi丑d B=l. 6arm~xoL1m/λR3. Followi吨 i
=:: 0.9 
2 (17], we estimate 址le correla古io丑 peak

in1:e丑si也，yasafu丑C也iion of the lens 

phase error CÞ(J by 'P = 1一σ!=1-4B但5，

where σ. Í8古he s旬，ndard deviation of 

如 over 古he full aperture. A 古hωre也i凶I

plot of 'p versns L1X1 is shown in Figure 

3 for the experimen恼，1 sys也em used. 

From 也his pl的， we see that inpu古

disp1acemen ts of 士 10 mm shou1d result 
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Fig.3 Theoretical and experimental gràph of 
correlation peak intensity versus input displa-

i旦 a 也heoreticalloss in ou也pu也 1， of on1y 

20%. Experimental veri丑。ation of tbis equation (Fìg. 3) showed on]y 10% 1089 in I p • 

cement for the experiment in Fig. 2 on the 
system in Fig. 1(15) 

Since the above phase error mode1 assnmes 也e aberrations to exi的 Over the en tire 25 oy / mm 

HOE ape时nre， w hereas the weighted MSF band -passed on1y 也he region above 3.7 cy /mm, 
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our experimen tal performance is expected 切 be su perior to 古hat predic也ed by 仙。ory.

3. 唱ra velength -scaling correla tor 

We next consider the off-line syn thesis of 古he lensless MSF at one waveleng也从1)

and its subsequent use in a correla也or illumina也ed wi th a second wa veleng也(Ãψof light. 

Such a case arises w hen a laser diode is used as the ligh古 source during correlation. Since 

MSF materials of adequate holographic quality are not available wi也 good response in 

the normal wavele丑gth ranges of laser diodes, off-line filter syn也esis wi也 a gas laser is 

necessary. Correlation with a laser diode then follows. The fi.nal system is shown in 

Fig. 4. The i卫pu古 is placed behind the lens a distanoe d from the MSF plane. As 也he

di的ance d is varied, the size of the FT is scaled by fL / d. Such a wavelength scaling 

∞rrela协r is needed ωcompensa也 for 也eμ=À2/λ1手 1 wavelength change. This sy的em

also resul ts in lower a perture a丑d spatial frequency requireme丑饱 for HOE 1, thus 

decreasing i切 aberration effec臼.

A modified version Fig. 4 was assembled[18J 归 verify performanoe of 恼。 idea using 

Pa 

a oollirnated gas laser (À2 = 633 nm) in 

place of the laser diode a丑d a second laser 

source (λ1 =488nm)ωform 也he lensless 

MSF/HOE at P2. Af也er 古he MSF was 

formed at À1 as before，古he referenoe beam 

was blocked and the À2 source used 切

illumina也。也he input. To properly soale 

and ma tch the FT of the in pu古 to 白的 ofFig.4 Schema也ic diagram of a laser diode/ 
lensless MSF correlatorC71 

the refere丑。e， we adjus也ed the distanoes 

to sa tisfy d2 =λ1d2/À2 and 82 = 81/μ" whereμ= 1. 3 (d2 and 62 are dis也anoes used during 

。orrelation w hile d1 and 61 are the corresponding distances used d uring MSF syn the回s).

Fig .5 Experimental imaεe pattern recognition data obtaìned using a 
modified versions of the system in Fìg. 4 
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It was also neces曲，可怕 adjust ()ωsatisfy sin ()1 =, J..b SÏn O2 • We kep也 .1x1 <<也 a丑d L1xs<<θB 

to reduce field angles and HOE aberra也ions.

'1'he system was assem bled wi由 81=d1 =400mm and 01 =17 0 and correlations were 

succcssfully obtained (see Fig. 5) using weighted MSF syn thesis as before. Good shif古

invarianoe (~10% variation in SNR for 士 10mm inpu也 displacemen t.8) waS again 

o btained. The experímen咽 were repea如d with 1x>th a glass and an HOE lens for L 1 • 

Slightly lower correlation SNR valnes were obtained in the second oase due to 位。 low

η= 3 % of the HOEs used (dichromated gelatin or bleached HOEs would yield larger 

η= 80 % levels). System varia tio丑s such as these and others are possible bu也 not needed 

for our application. 

4. Lase:r diode correla tor 

As no也ed at the ou捆的， the major 囚的ivation for 也is stud y was the use of a lensless 

HOE/MSF (synthesized off-line wi古h a gas laser) in a correlator using a laser diode source. 

We now consider suoh a laser diodejlensless MSF 町的em of Fig. 4 with Â1 = 633 nm 

(He-Ne laser) , Â!I =794.5nm (ML-4001 laser diode) , el=d1 =400mm , f L1 =760mm, a 

ll1aximum in put spatial freq uency f fI1 = 10 cy / mm, a maximum MSF aperture x'" = 2.5 mm, 
an input aperture of half width L1x1 = 12 .5mm, and a displaoement xo=l00mm of the, 
cen ter of P 3 fro皿 the optical axis. With these system parameters, the a的igmatio aberra也ion

equation of Champ也gneU61 (using our no恼，也，ion) beoomes 

Wo = (x~j2^!I) [(μ3 一 μ)xõ/ei 十 21-h3Clio '"问/eidt+ (μ::IJCliUdi)(1/el-1/dt)]. (4) 

For our system parameters, quite good maximum and rms astigmatism va.lue were 

obtained: (Wo)max=O.44 Â2 and (Wa)rms=O.13 λ2' Weighted MS.F' s叮yn川1t也也hes田sis回s wiU make 

the ef证fe回o时t忖e 研Wo岳 eveI丑lles酣目 (a制.s ShOWI丑1 in s肥ect古t.2功) . 

rrhe 也emporal coherenoe of a laser diode is another souroe of concern. It varies with 

power and temperature producing a speotral souroe wid吐1 "'̂ 2 that will limit41-71 古he

useable linear 1-D input space-bandwid也h N， 也O

N<:À9/"'À:J, 

or reoiprocal of the frac也ional wavelength change. 

(5) 

For the ML-4001 single-mode Mitsubishi laser diode used , .dÀ2 =O.2nm is speoified. 

rremperature effeo恼。an be expec臼d 如 shif古 the source7s wavele丑gth by a maximum of 

LlA2 =2 丑m， in w hich case N should be restricted 旬 400 points per line. This is 1ess 也ha卫

512 line televisio丑 resolution ， bu在 the above analysis is worse-case, since considerable 

spatial frequency data. below the maximum is nsnally the 四ajor conìribution t。他e

correlation. 

').1be source's spectral width LlÂ2 also produces a divergonoe 1102 in the wavefron也

leaving P 2 during correlation and hence affects tbe sbape of the oorrelation peak. 'ro 

::eduoe the effoots of JÀ2 on 也he drop of the correlation peak , we reqnire 
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(6) 

]j-'or our systern , æ刑 =2.5mm， sinB1 =0.25， μ= 1. 26, Â2 = 795 .4 nm and the speotral 

wid古h of 尬。 soùrce shou1d 也us be 1esB tha卫 0 .4丑m. A oha丑gei丑 device 击emperature will 

resul古 in a wave1ength shift rather 古han an ìncrease in the spectra1 wid-bh of the source. 

Only 七he L1λspread (ra ther than 古he À2 shift) affec怕也he shape of the correla品ion peak. 

Since 也he specified JÀ2 = 0 . 2 nm for the 1aser diode used is 1ess 也han 也e above requirernent 

of 0.4 丑m，且o problem is foresee卫 in this regard with our indioated design. The spatìal 

coherenoe of the laser diode source was also considered and found to be qui北e good with 

1ess than a 1. 2 dB variation ìn correlation SNR expected for the maximum inpu.t shifts. 

Ano古her co丑cern in the use of a laser diode is proper source collimation. If the entire 

aperture ang1e of 曲。 1aser diode is 2u= 100 (see Fig. 4) and the waveleng也h of the lasür 

diode is o. 795μm， then the rnain lobe due to aperture diffraction will have a width of 

4. 6 p..m. Therefore, the srnall (1 ,...., 2μ，m) ernission area of the laser diode used allows us 

也 consider i七 as a point souroo, that is rnore or 1ess equivalent 如址1e diffraotion limit of 

也he optica1 system. The above example also indicates 白的也e aperture angle from th.e 

laser diode sbould be restricted to some degree. 

In the laser diode sc现ling-correlatìon system in Fig. 4 , a suitable convergent coherent 

beam incident.on Pl is needed whether the beam is parallel or not before 址18 nrst Fourier 

transform lens. The convergence ang1e of the laser diode and the above diffrac也，ion limited 

resolution analysis enable us to use 也he simple im唔ing op也ica1 syste皿 show丑 for ~ in 

Fig. 4. Lens L1 then requires quite modes古 specif1cations. It cou1d be a simple ceme时ed

doubl前， which can be correded for spherica1 aberration. We thus ob如in the grea tly 

simplified and compact correlator shown that uses one glass imagi丑g lens and a HOE/ 

MSF e1ement. 

Since 也he I'adian也 i丑也ensity distribu也ion of a laser diode is differen也 in or也hogonal

directions, some added 时也ention 臼 needed to 1ens system L 1 • As the distance from L1 切

the souroe is increased (i. e. the aperture angle 'U is deoreased) , the il1uminatìon of P1 

w过1 beco四e more uniform but 1ess light power will e时er 也e input apertnre. We mnst 

thus make a choice between the uniformity of illumination and the power that can be 

used in se1ecting the dis阳lce from source to L 1 and the apertnre Ilngle u. 

For the ML-40011aser diode, its full irradiance angle 时 half power was 100 
( vertical) 

and 400 (horizon恼。. We assume a 

(7) 

where 10 is 也ein七ensitya也 the cen七er of 也.e aperture andσis the standard deviation. ln 

the more critical direction (veriïical) ， ι=0.510 when u二 50 and 也henσ ~=4.250. Wo 

chose- 也he spacing from L 1 to the source to interoept a 70 cone angle subtended by tho 

i丑pu也 aperture. For this sy的em ， u=3.50 and 0丑ly one~sixth of 1;he 1igh古 from the source 
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is nsed. Using . (7) we 直nd I u = O.7Io at 也he edges of 七he P 1 aperture. This indioates 古hat

ihe ratio of 古he correlation 'peak in也ensi七yat 也he cen也er and edge of the pla丑。 will be 0.7 

or onlyabou古1. 5dB.

Both spa tial cohere卫ce and nniformity of illnmination will affec七古he system's 

shift-i丑varia丑Cß， i. e. 也he variation in 1 1I and SNR with 10饵，也，ion of 也e correla巾ion peak. 

For the system design chosen, the effects of spatial coherenωand uniformi ty of 

illumination are nearlyequal (each resul臼 in a 1.2 ",,1. 5dB maximum I , a丑d SNR loss). 

Fig.6 Experimental image pattern recognition data 
obtained using the system in Fig. 4pJ 

All 古he above analysis issues were incorpora阳d in切 the design of an experimen tal 

sys也min 七he 也opology of Fig. 4. In Fig. 6 we show the input, reference and ou.~put 

correlatio丑 pla丑。 pat拍rn ob切i丑edwi仙也he MSF formed aιλ1 = 488 丑m and correla七ion

performed wi古h a laser diode a t Âa = 795 .4 nm. The in pu古 transparency used was a radar 

image with a 24 mm X 30 mm format. The SNR of the correlation 坦 qui臼 good as shown 

eve丑也hough the referenoe was located at the edge of input scene. 

5. Summary and concl usions 

A small size and weigh也 op也，ioal correla tor sui tβble for airborne applications has been 

described , designed , analyzed , fabricated，也es也ed and successfully demons也rated . The 

system employs holographio op也ical elements in a lensless MSF arohiteoture wi山
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improved system alignmen也 and stabili咿 features. ':Che ligh古 souroe u隅d during 

correlation was a laser diode. It was 由u用 necessary to record the matohed spatial fil胁r at 

one waveleng也h and perform the oorrelation at the different wavelength of 仙。 1a如r

diode. A s钮Ji且g correlator archi旬oture was used 切 aocomoda也e the wavelength change 

and a 国mple imaging inpu也 lens is needed to focus the laser diode on to the fi]也er. A 

oomple也e sy的em design and analysis inoluding aberra也，ion effeots and with a材ention to 

址1e 町的。m沾自hift-invarianoe was performed. The experimental results obtained veritied 

the usefulness of 也is sys也em.

6. Acknowledgements 

The support of this researoh by N ASA Langley On OOn tra的 NAS:l-16125 and the i\ ir 

Force 0盟ce of Soientifio Research on contract AF'OSR-79-0091 is gra也fullyaoknowledged

as is the support of the Chinese Academy of Soienoes. 

Reference 

[1] A. Vander Lugt; lEEE T".ans. l 'f1jl万饥 • Theory, ] 96毡， lT~10， No. 2 (Ap时， 139. 
[2] B. Chang, C. Leonard; Appl. Opt. , 1979, 18, No. 14 (15 Jul) , 2407. 
[ 3] B. Chang; Proc. Soc. Phot，萨Opt.lnstru饥• En{/1"s, 1979, 177 t 71. 

[4] B. Guenther et al.; IEEE J. Q. 且， 1979, QB-15, No. 12 (Dec) , 1348. 
[5 J J. Duthie et a1.; Proc. Soc. PhotcHJpt. Instrum. E协grs， 1980 (Apr) ，却1.
[ 6 ] C. Calderone; Final Report on 0佣tractDAAK 到一77-6♂0089 (17 Dec 1979) ,Grumman Acrospace Corporation. 
[7] F. Caimi et aZ.; Appl. Opt. , 1980, 1.. No. 16 (15 Aug) , 2653. 
[ 8 ] W. Maloney; Appl. Opt. , 1971, 10, No. 9 (面的 .2127.

[9] M. Bage, M. Bedd出自; Appl. Opt. , 1976, lS, No. 11 (Nov) , 2830. 
[10] D.Oa阻8e时， A. Furman; Appl. Opt. , 1977, UI, No. 6 (.Jun) , 1652 , 1662. 
[11J G. Gr由 ; Appl. Opt. , 1968, 7, No. 8 (Aug) , 1643. 
口2] D. Gabor; Opt. .Acta, 1969, 16, No. 4 (Jul-Aug) , 519. 
[13J S. Ragnarsson; Phys. sr旷.， 1970, 2, No. 4--5 , 145. 
[14] R. Binns; .Appl. Opt. , 1968, 7, No. 6 (Jun) , 1047. 
[l5J 'M. 8hen et 01.; Opt. 00mmun. ,1980, 34, No. 3 (Se时， 311.

[16J E. Ohampagne; J. O. S. A., 1967, 57, No. 1 (.Jan) , 51. 

[17] T. Luu, D. C.臼a回nt; Appl. Opt. , 1979, 18, No. 6 (15 Mar) , 791. 

[J8J M. Shen et al.; Opt. 00饥饥un. ， 1980, 34, No. 3 (15 Mar). 316. 



5 期 应用激光二极管和全息元件的光学图象识别系统

应用激光二极管和全息元件的

光学图象识别系统
DAVID CA8SASENT} F. GAIMI and T. Luu 

(Depart侧倪t oJ Electr阳lE叨neer时， Carnegie-Mellon Un归'(ff，挝ty)

沈忙作蕃 冯伯儒祷

(中国科学院光电研究所〉

提要

409 

在光学信息处理中，用匹配空间滤波器可以进行图象识别和定位的运算。全息光学元

件 (HOE) 以及激光二极管的出现p 使得研制结构紧凑而稳定的光学图象识别系统有了可

能。这样的识别系统对航天和机载的应用有重要的意义。本文首次和比较全面地从理论和

实验的角度论述了整个应用激光二极管和全息元件的图象识别系统。

该系统采用了无透镜匹配空间滤波器。这就是用全息透镜代替一般相关器中的第二傅

里叶变换透镜p 并且把它与匹配空间滤波器综合在一张全息干板上。结果，简化了系统的结

构p 提高了稳定性，避免了滤波器与第二傅里叶变换透镜相对位置的调整问题。

本文首先从理论的角度分析了这一系统的可行性，指出在输出平面可以获得相关结果，

相关峰值位置对应于输入图象的相对位置(位移不变性)，并且用实验证实了这一结果。 由

于参考光束有一定的倾斜角p 综合在匹配滤波器上的实际是一个离轴全息透镜，轴外象差

(特别是象散)应加以限制。本文列出了该系统三级象散的计算公式，用实例估算了象散的

大小F 说明只要合理选择系统参数，象差可控制在允许的范围内，保证输出相关亮点不致扩

散。

目前的激光二极管发射的激光相干长度短，波长较长，功率不够大，所以只能用于相关

识别p 同时制作匹配滤波器还必须用常用的气体激光器。因而记录与识别之间，存在波长改

变的问题。为适应波长的变化，系统的某些参数要作相应的变更。我们采用了变比例相关

器，维持匹配空间滤波器上空间频率比例因子不变。我们用茧离子激光器制作滤披器p 用氮

氛激光器相关，实验证明改变波长是现实的。

用激光二极管做光源p 波长的变化使象散有所增加，其计算公式将不同于单色光象散公

式。计算表明，用激光二极管时p 所用的系统能够满足要求。

激光二极管所发射激光的单色性要比一般的气体激光低，它限制了输入信号的空间带

宽积。单色性的另一影响是使相关输出脉冲加宽，峰值下降。分析计算说明，现有的激光二

极管已能满足每帧 512 行电视信号的要求和相夫脉冲宽度的要求。
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实验表明，二极管激光的空间相关性影响视场边缘的相关峰值强度。文中介绍了测量

空间相关性的方法以及空间相关性与相关峰值强度的关系。

激光二极管有显著的方向性，在不同的方向上y 发射强度差别较大3 造成输出视场中相

关峰值强度的变化。因此在系统设计时p 要合理选择准直物镜的参数3 兼顾输入视场照明均

匀和有效利用激光功率的要求。

文中最后介绍了一个应用激光二极管和全息元件的图象识别系统和它的实验结果口该

系统中除了输入和输出平面外p 一共只有一个二极管激光器p 一个玻璃准直透镜和一块全息

掠波器y 这是到目前为止最简单、最紧凑的相关器。
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