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1 Lecture 6 – Fourier Optics 

6 – Fourier Optics 

! See any ‘harmonics’ 
in this?  You will get 
what I am saying by the 
end of this lecture… 

! One more image on 
next slide too : ) 
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2 Lecture 6 – Fourier Optics 

6 – Fourier Optics 

http://groups.csail.mit.edu/netmit/sFFT/images/fourier.jpg 

! This week will be the 
most ‘real’ and maybe 
‘fun’ that the Fourier 
transform has ever 
been for you : ) 
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3 Today… 

Credit: Fund. Photonics – Fig. 1.0-1 Credit: Fund. Photonics – Fig. 2.3-1 

! Today, we will mainly use a bit of ray and wave 
optics, but it will be far more complex than that and 
hard to visualize (need to rely on the mathematics). 

! Topics: 
 
(1)  Fourier Transform (mathematical) 
(2)  Example Application to Diffraction from a Slit (mathematical and optical) 
(3)  Fourier Transform and Lab this Week (optical) 
(4)  Example Application to Image (qualitative) 

Some of the figures today are from 
CH4 of Fund. of Photonics or wiki. 
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4 Fourier Transform 

Were you still wondering how they 
calculated the pattern needed for 
the holographic gratings we tested?   
 
The answer soon! 

! Fourier Transform  … transforms a function function in the time domain y(t) 
or spatial domain y(z), into the frequency domain y(w) or y(f) (w=2πf). And the 
inverse as well! 

y( f ) = y(x)× e−i2π f x
−∞

+∞

∫ dx ⇔ y(x) = y( f )× ei2π f x
−∞

+∞

∫ df
eix = cos x + isin x
e−ix = cos x − isin x

! The harmonics (sines, 
cosines) are introduced by 
Euler’s formula: 
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5 Fourier Transform 

Credit: Fund. Photonics 

! Any waveform, image, etc..  can be expressed as the superposition of numerous harmonics…  
the more harmonics you are willing to have, the closer the representation of the original waveform/
image (sound like quality level in jpeg or mpeg compression?). 
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6 Single Slit Example 

! Consider the irradiance (I, W/m2) pattern for the single slit diffraction experiment… easiest function, y(x) 

     … Fourier: time (s) to frequency (f=1/s) domain 
     … Fourier: distance (m) to wavenumber (k=2π/λ, 1/m) 

y(x) = 0 for x > d / 2
y(x) =1 for x < d / 2y(x)!"

d "

Emax (k) = 1× e−i2π f x
−d /2

+d /2

∫ dx

sinc(x) =
sin(x)

x

Emax (k) = d sinc
πd
λ
sinθ⎛

⎝⎜
⎞
⎠⎟

I = I0 sinc(πd
λ
sinθ )⎡

⎣⎢
⎤
⎦⎥

2

(W /m2 )

I = E 2
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7 Rectangular Slit Example 

! Can do the same for rectangular slit (Ex. in Fund. 
Photonics), only difference is 2D… Emax (k) = 1× e−i2π ( fx x+ fy y)

−Dy /2

+Dy /2

∫
−Dy /2

+Dx /2

∫ dxdy
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8 How to do with Optics… 

! Light coming from infinity (parallel rays) onto a lens all converges to the focal point of a lens, the beam is 
broad and unchanging so only ‘DC’ component (no harmonics or ‘AC’ frequencies)… 

! What if we have an object with sharp edges?  Diffraction!  Projected to discrete angles… 
    … a surface that changes rapidly has ‘higher frequencies’ that comprise it. 
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9 Filter Images at Light Speed! 

! This week you will filter AC and DC 
components of a wire mesh!  See at right… 

! So why do we get the cross dot pattern in 
the Fourier plane?  Why the big bright 
central dot? 

! Now, add a vertical filter, why only 
horizontal lines are left in the final 
image? 

! Could we use to clean a dirty laser 
beam (dust, scratches, etc..)? 

! Same question for horizontal filter… 
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10 Review!  Take a break! 

! Whew! That’s enough.  Lets take 
a break! ! The Fourier transform can be: 

 
(a)  used to predict diffraction patterns. 
(b)  implemented at the focal point of a simple 

lens at the speed of light. 
(c)  be utilized to ‘clean up’ imperfections created 

on a laser beam by sharp features such as 
scratches on lenses and mirrors, etc.. 

(d)  all the above. 
 
!  If you use the vertical wires shown at right, 
what would you see in the Fourier plane?  Hint, 
think of how light would diffract off the wires… 

(a)  Vertical and horizontal 1D arrays of dots. 
(b)  Vertical 1D array of dots. 
(c)  Horizontal 1D array of dots. 
(d)  Straight lines, like that shown at right, but 

larger (magnified) due to the lens. 
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11 You Can Do Complex Images Too! 

! So how do these examples work? (from Fund. of Photonics CH4) 
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! Some really cool ‘fast Fourier transform’ or FFT examples (and credit for next few slides) can be found here: 
  

   http://www.imagemagick.org/Usage/fourier/ 

12 Example FFT on Images 

! You can also do 
transforms in MATLAB 
(will be a homework 
problem this week). 
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13 Example FFT on Images 

! Now, lets simply try a Fast Fourier Transform round trip on the Lena image. That is, we simply do the 
forward transform and immediately apply the inverse transform to get back the original image. Then we 
will compare the results to see the level of quality produced… 

! The images are only about 0.22% off..  Why?  
The software (like most) uses the ‘Fast Fourier 
Transform’ 

“By far the most commonly used FFT is the 
Cooley–Tukey algorithm. This is a divide and 
conquer algorithm that recursively breaks down 
a DFT of any composite size N = N1N2 into 
many smaller DFTs of sizes N1 and N2, along 
with O(N) multiplications by complex roots of 
unity traditionally called twiddle factors (after 
Gentleman and Sande, 1966).” 
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14 Example FFT on Images 

! Here are the transform images: 

! If you restore just from magnitude or phase, here is what you get…   for 
phase only the outlines make sense (why do they pop out and dominate?) 

! Recognize this?  Like 
diffraction big features 
become small, and small 
features become big… 
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15 Example FFT on Images 

! One can adjust the contrast in an image by performing the forward Fourier transform, raising the 
magnitude image to a power and then using that with the phase in the inverse Fourier transform.  

! To increase, the contrast, one uses an exponent slightly less than one and to decrease the contrast, 
one uses an exponent slightly greater than one. 
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16 Example FFT on Images 

! How about removing this ‘screen’ overlay from 
the image below?  Screen is very high frequency 
and only in X/Y so like the mesh we will 
experiment with this week, can easily filter! 

Original image. 

Fourier filter. 

Final image! 
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17 Example FFT on Images 

! Here is a simple sine wave – why only TWO dots around ONE center dot? 

! Center dot is the ‘DC’ portion, and the 
two dots on either side represent that a 
sign wave can be represented/drawn in 
a positive or negative direction and look 
the same! 

! Do it again with different sine wave… why dots further out now? 

! Simple, higher frequency sine wave!  
So in Fourier plane higher frequencies 
should appear further away from the 
lowest frequency (0, DC). 



Dept. of Electrical Engin. & 
Computing Systems 

EECS 6048 – Optics for Engineers © Instructor – Prof. Jason Heikenfeld 

18 Example FFT on Images 

! Here you just put two dots and use to create a tilable image…  wow, that is a lot of info coming out of 3 dots! 

! You actually only needed one of the outer dots (as they are mirror images of each other). 

! Any opportunities in this image for compression? 

! 750 x 558 pixels, 1.3 MB in .bmp and 94 kb in .jpg! 

! Compression is this good or better for any image 
(just used this one to help you ‘visualize’ larger 
harmonics…) 
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! We use a lens this week to focus light into the Fourier plane, which 3 of the following 
are true (one is not true). 
 
(a)  Any lens with a positive focal length will work. 
(b)  All the DC portion of the light collapses to the focal point because the incoming light 

is collimated (all parallel rays). 
(c)  A negative lens would work, just observe the Fourier plane at the focal point.  
(d)  The AC portions are simply light that is diffracted and therefore traveling in a non-

collimated manner (at an angle). 

! Of the two filters in the Fourier plane shown at right, which will BLOCK the vertical 
lines in the object (the mesh)? 

(a)  The vertical filter (top one). 
(b)  The horizontal filter (bottom one). 
(c)  Both. 
(d)  Neither. 
 
! You want to create a system that captures an image and at the speed of light only 
shows the sharp edges of objects in the image (removes all ‘DC’ components such as 
uniformly colored areas, etc.).  What would your Fourier filter look like? 

(a)  a simple opaque dot at the focal point of the lens used. 
(b)  a vertical or horizontal filter slit at the focal point of the lens used. 
(c)  a simple transmissive hole at the focal point of the lens used. 
(d)  All the above could work. 

19 Review, Then Finished! 

What is this? 


