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Modified Two-Focal-Length Optical Correlator

1. INTRODUCTION

We recently reported an optical correlator architecture whose physical length is two-lens-

focal lengths (2f). I This architecture is contrasted to the classical 4f correlator design of

Vander Lugt. 2 Other researchers have investigated 2f architectures3 ,4.5 ; however, our design

used simple single thin lens elements and keeps the highly desirable variable scale feature. We

now describe a modification to this system eliminating a lens element.

(Received for publication 17 April 1990)

1 Homer, Joseph L. and Makekau. Charles K. (1989) Two-focal-length optical correlator. AppL
Opt. 28:5199.

2 Goodman, J.W. (1968) Introduction to Fourier Optics, McGraw-Hill, San Francisco.

3 Flannery, D.L., Biernacki, A.M., Loomis, J.S., and Cartwright, S.L. (1986) Real-time
coherent correlator using binary magnetooptic spatial light modulators at Input and Fourier
planes, Appl. Opt. 25:466.

4 Vander Lugt, A. (1975) Packing density in holographic systems. AppL Opt. 14:1081.

5 Davis, J.A, Waring, M.A, Bach, G.W., Lilly, R.A., and Cottrell, D.M. (1989) Compact optical
correlator design. AppL Opt. 28: 10.



2. THEORY

In reality, the 4f Vander Lugt design should be a 5f system when one takes into account the

lens used to collimate the laser light. The total Vander Lugt system is shown in Figure 1.

Collimation
Lens Lens

Pinhole Input L1  Filter L2  Correlation

Laser 0 oloLc I-- fl -I- fl -- f 2- -f2 -1

Figure 1. 4f Vander Lugt Correlator

W assume here all lenses are the same but acknowledge they can be different. We quickly

highlight the derivation of the 2f system for coherency to the reader.
The working end of the 4f correlator is shown in Figure 2a. The input is moved in back of

the first Fourier transform (FT) lens L, providing the variable scaling to the FT, but also

introducing the quadratic phase factor at the filter plane. The phase factor is proportional to

the distance frem the input to filter, d, and the Fourier spectrum at the filter is given by

Y2 2d 2X (1)

where F'.) is the Fourier transform of the input signal and f1 2. 92 are spatial frequencies equal

to (x2 , y 2)/4d. A phase compensation lens (L3) with focal length equal to d is placed next to the

filter to eliminate this term. The phase compensation term is

[2d 2x + (2)

This configuration is what we called the 3f system' and Is shown in Figure 2b. We move the

second FT lens, L 2 , to the phase compensation lens, L 3 in Figure 2c, and using the thin lens

combination formula,
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1 = 1 + 1

f fI f 2  (3)

combined these I-vo elements into a singlc element L4. In doing so. we Introduce another

quadratic phase factor at the correlation plane which is irrelevant since we detect the

correlation with a camera in intensity. This system is what we called the 2f correlator and is

shown in Figure 2d.

a) ' fi "+- -. t 2  "t" f 2  "]

'1 P2  P3

Input V Filter Correlation
Ll L2

b) I-- f - f f2 f f2 -4

~~Filte ..

I--,- d Correlation
L1 L3 L2

C) I- - fl -"

Input
--- Filte

Correlation
LI L3 12

d) l-- f f2 -

0Input 
Foll

d mCorrelation
Ll L4

Figure 2. Evolution of the Optical Correlator From a 4f t- a ?f System:

(a) 4f System: (b) 3f System; (c) Modifying the 3f System: (d) 2f System.
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After several months of working with the 2f co.-relator, It bec.tate appai'ent we couli use

this idea of combining lenses on the front end of the system. Snce the light is parallel after

the collimation lens, we can move the entire 2f correlator until the first FT lens touches the

collimation lens which is illustrated in Figure 3a.

a) Lens Input

Pinhole Lc L1  Filter Correlation

Laser 00
I- 'l I- f2  -

b) Lens Input
Pinhole L5  Filter L Correlation

Figure 3. Modifying the 2f: (a) Moving the Working End of the
Correlator to the Collimation Lens; (b) the Modified System.

We then use the lens combination formula to combine these lenses and replace them vith a

single lens element, L 5 , eliminating one lens from the system. The final system is shown in

Figure 3b. The working end of the 4f system can be backed up in a similar manner, but no

lenses can be removed. Note that our correlator no ioIngti ubo coIi,.mac k , but we havc

virtual collimation at lens L5 .

3. IMPLEMENTATION

In practice, one does not generally have the exact required lenses on hand so care must be
taken to employ this system and we illustrate by a brief example. Suppose the collimation
lens has a focal length of 20 cm and the FT lenses of the 4f system are 50 cm. Using the lens
combination formula, the single lens, L5 , that Is located in place of the coil!mation/first FT
lens is 14.28 cm, not a typically stocked lens. Suppose the closest lens you have to 14.28 cm is
12 cm and you need to maintain the 50 cm input to filter distance (proper scale) because of the
pixel size of the spatial light modulator voti are using in the filter plan- ' ' I WC now have two
variables, the collimation and FT lens focal length combination to give 12 cm. Let us pick the

4



F lens length to be 55 cm giving a variable scale factor of +/- 10 percent on both sides of the

exact required distance of 50 cm. Using the lens combination formula and solving for the

collimation lens focal length we find its value Is 15.35 cn. Lens L, should be placed 15.35 cm

from the pinhole and the Milter 55 cm from this lens. The input object Is located 5 cm from the

lens (50 cm from the filter) and can be adjusted for exact scale.

The same reasoning can be applied to the conpensation/second Fr lens. The thin lens

combination of the required 50 cm compensation lens (S0 cm irom input to filter) and 50 cm

FT lens is 25 cm, but You only have a 10 cm lens on hand for L 4. Knowing the comlensation

portion must stay at 50 cm. the calculated FT lens must be 12.5 cm. The -orrelailon Is found

12.5 cm behind L4 . Because corTelators without filterc --re imaging systems and there is not a

lens between the input and L4. we can also use simple geometrical optics to calculate the

position of the correlation plane. Using the Gaissian lens flrnula. I/_ = /s, + 1/s,, and

,mbstituting 10 cm for f and 50 cm for s,. s Is 12.5 cm as above FiRgure 2d).

One can easily see an endless combination of possibilities for choosing the parameters to

suit the problem and equipment on hand. The only pitfall we see is If the combined lens for

the input stage Is not large enough, the illumination spot size may not cover the entire input.

However. increasing the objective strength in the lens-pinhole spatial filter will usually solve

this problem.

4. CONCLUSION

We describe a 2-lens correlator that uses two-lens-focal lengths In the working end of the

s, item. This system is typically one-half the physical length of the 4f Vander Lugt system.

eliminates one lens element, has the variable Fourier transform scale property, and provides

eqLaal performance as a correlator, as we have shown experimentally.
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