
Is imaging with millimetre waves the same as 
optical imaging? 

 
 

Bart Nauwelaers 
 
 

13 March 2008 
 
 
“K.U.Leuven” Div. ESAT-TELEMIC 
Kasteelpark Arenberg 10, B-3001 Leuven-Heverlee, Belgium 
Bart.Nauwelaers@esat.kuleuven.be 
 

Abstract 
 
In this paper we look into millimetre wave imaging systems with the eye of 
someone who is familiar with optical cameras. We deal with the similarities and 
the differences, we take a look at dimensioning such a system and we indicate how 
a detector can be build.  
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1  Introduction 
 
With this paper we would like to take a closer look to the possible implementation, 
and use of millimetre wave imaging techniques. The standpoint from which we do 
this is the one of regular optical imaging. This way it becomes clear in what sense 
millimetre wave imaging has advantages and disadvantages as compared to the 
optical equivalent. Also some attention will be devoted to how a detector array can 
be build. 
 

2  Optical and millimetre wave imaging use 
electromagnetic waves 

 
Obviously from a basic physical point of view there is no fundamental difference 
between optical and millimetre waves: they both belong to the category of 
electromagnetic waves. So similarity is definitely present, but what about the 
differences? Can we reuse the simple setup of an optical camera and translate it to 

 



the millimetre wave region? What about the properties of light versus millimetre 
waves? 
 

2.1  Elementary camera construction 
 
A digital (optical) camera is build with very few components: a sensor (with a 
number of pixels in the order of 1-10 Mpix), a lens that focuses the light from the 
object on the sensor and a shutter/diafragma that determines which part of the lens 
is used and how much light passes the lens (Figure 1).   
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Figure 1 Basic principle of a camera. 

 
This exact same principle can be used for a millimetre wave camera. However 
there are a number of differences both in use and in construction that we have to 
point out. 
 

2.2  Optical light versus millimetre waves 
 
While imaging can be done principally in the same way in both frequency ranges 
there are some important differences related to the nature of the waves themselves. 
The first distinction is the frequency. Visible light used in cameras has a 
wavelength ranging roughly between 400 and 700 nm. This corresponds to a 
frequency range of approximately 700 to 340 THz. For millimetre wave imaging 
frequencies are in the order of 100 to 300 GHz or wavelengths range between 
3 mm and 1 mm. So there is a factor of more than 1000 difference.  
A simple scaling of the imaging system is thus not possible: picturing an object of 
1 mm size with an optical system, would scale to picturing an object of 1 m with a 
millimetre wave system that is also 1000 times larger than our pocket camera! 

 



Needless to say that in practice we want to picture the same object, and so we may 
wonder if a millimetre wave camera can be useful.  
Now there is another difference between the two frequency ranges that matters: the 
interaction of the waves with objects is totally different. Indeed optical light barely 
penetrates any solid object, while millimetre waves do penetrate to a certain 
extend. And this makes the use of the latter attractive. Looking through bags or 
clothes in order to detect hidden objects is one of the things security people really 
want and need. So this is the argument for building millimetre wave cameras. 
A third difference is the bandwidth available. In optics the relative bandwidth is in 
the order of 1:2, while millimetre wave systems typically have a bandwidth much 
closer to 1 %. Luckily enough these systems don’t really require a ‘colour’ image, 
a simple intensity image is good enough (just as with x-rays). 
The final difference between the electromagnetic waves in optical and millimetre 
wave is the correlation. In optical imaging we either use natural light or we use 
some ‘flash’ light, but both come from incoherent sources. In case of millimetre 
waves the ambient illumination may be sufficient for some outdoor applications, 
but for indoor use an artificial illumination of the object is always required. And 
any source of microwave or millimetre wave radiation made by engineers is 
coherent. This will make a big difference as we will see later. 
 

3  Dimensions of a millimetre wave imaging system 
 
Let us start with some dimensions of an optical camera. If we use a classical 
35 mm film or sensor, the basic lens has a focal distance of 50 mm, the aperture 
has a diameter in the order of 5 to 25 mm. The sensor at best is 24x36 mm2 and has 
some 5 Mpixel. So one pixel has an area of close to 2 10-4 mm2, and if we take into 
account that there are 3 colours in the sensor, this is 0.6 10-4 mm2. At a wavelength 
of 500 nm this is still a pixel with a size of 15 wavelengths. 
Imagine we would scale this sensor for a frequency that is 1000 times smaller and 
we are really in trouble. The minimal size that a millimetre wave pixel should have 
is 0.5 to 1 wavelength or at 100 GHz 1.5 to 3 mm, otherwise no decent receiving 
antenna is possible. So this is a first strong limitation to the system: if the sensor is 
not to be any larger than say an A4 sized page, than we have a resolution of at best 
27 kpixel. Translate this back to a human body of roughly 1 m2 and the resolution 
corresponds to an area on that body of 37 mm2 (6 x 6 mm). Of course this is not 
good enough to pick point a needle, but definitely sufficient to detect a gun. 
As for the lens aperture, again scaling would become very impractical, 
nevertheless the size of the lens is very important as is shown in Figure 2. From 
this figure we observe that for a total body picture either a very large lens is 
required, or one should use a scanning system that deals in a stepwise way with 
different parts of the body. 

 



 
Figure 2 Two different lens sizes lead to different images (left lens diameter D= 6 m, 
focal distance f= 4m, distance lens-object d= 8 m; right D= 1m, f= 0.75 m, d= 3m). 

What is very clear from this simple illustration is again that size matters in this 
context, and that a good system design has to overcome the problem of excessive 
dimension of the millimetre wave camera. 

4 Specific problems for coherent imaging 
 
As mentioned above, any practical millimetre wave source is coherent. This 
implies that imaging should not merely be treated from a geometric optics point of 
view, but from an electromagnetic point of view. This is basically the same as 
optical imaging using laser light. In the optical field one talks about Fourier-optics 
to indicate the way this can be treated mathematically. The name of this field arises 
from the observation that the optical field (in a Gaussian beam) at a distance from 
the source can be calculated as the Fourier-transform of the source-field. At 
millimetre wave frequencies very similar thing happen although the distances 
between objects, lenses and detectors are not so large in terms of wavelengths as in 
the optical case.  
There are mainly three different imaging effects that appear as a result of the 
coherence of the waves. 
The first effect is called ringing and is a text-book effect that appears if a 
waveform is represented by its Fourier-series or –transform in case the frequency 
range of the this series or transform is limited. This actually happens in the case of 
imaging: the truncation is the result of the limited size of the lens. While the too-
small-lens effect was already shown above, in Figure 3 it is obvious that it is the 
sharp edges that lead to the distortion of the image. Apart from using lenses or 

 



apertures that are large enough, there is not much one can do about ringing. The 
effect will have an impact in any case sharp edges, or for small objects. 
 

 
Figure 3 Gibbs-ringing as a truncation effect in a millimetre wave image. 

A second effect that deserves our attention is speckle. This is the result of surface 
roughness in combination with coherent light. From a smooth surface an incident 
wave would be reflected in predominantly one direction depending on the surface 
orientation. But if the surface is rough (relative to the wavelength) the reflection 
will be not so ‘nicely organised’, the wave will be scattered in many different 
directions. As a result the image that is formed will show speckles that may hide 
the basic shapes that one wants to detect. In optics this is a well known 
phenomenon, and also in millimetre waves it risks to undermine the quality of the 
images. In Figure 4 the speckles in the image are very prominent. The surfaces of 
both background and foreground object have a random roughness pattern that 
corresponds to a peak-to-peak deviation of 0.75 mm. Features of similar 
dimensions are in the range of interest to be detected by the imaging system, so it 
we can work on removing this effect without loosing useful information from the 
image. The way to improve the image quality is by making the incident waves less 
coherent.   
 
 

 
Figure 4 Speckle in a millimetre wave image at 100 GHz due to surface roughness of 

maximum 0.75 mm (original object – left and speckled image – right). 

 



Basically two methods can be used to reduce the coherence effect. One can use 
multiple frequencies and combine the different images so that the different 
speckles average out, or one can use a single frequency with different illuminations 
and again average out the speckles.  
Let us concentrate on the latter method. It uses a set-up that is shown in Figure 5. 
Additional to the illuminating source and its lens, it also contains a diffuser that 
will reduce the coherence of the incident beam. For the sake of simplicity the 
object is depicted as one that transmits the incident wave, but this just an 
equivalent to a reflecting object. At the detector side the lens and detector array 
complete the set-up. 
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Figure 5 Millimetre wave imaging set-up with diffuser to make the incident beam less 
coherent. 

The way in which the incident beam is reduced in coherence is thus by adding a 
diffuser in the wave-path between source and object. This diffuser will locally 
change the phase of the beam so that a non-uniform pattern is projected onto the 
object. One can borrow the patterns derived from the Hadamard matrices. These 
patterns are orthogonal to each other and so a sum (or average) image can be made 
by summing up the power levels of the different images (Figure 6).  
The Hadamard technique does a decent job as shown in Figure 7. The catch in this 
picture however is that the Hadamard pattern for calculating this figure was applied 
directly on the object, and not through a (dielectric) diffuser as it should in reality. 
The cells used in this example have a size in the order of less than a wavelength, 
and of course it would be extremely difficult to project such a fine pattern on an 
object. Thus in practice the Hadamard pattern will be more course, and will not 
perform as well as indicated in Figure 7. How we can understand the performance 
of smaller and larger Hadamard cell sizes will be discussed during the presentation. 
 

 



 
Figure 6 Hadamard 16 pattern (with 0 and π phase shifts). 

 

 
Figure 7 Speckle in a millimetre wave image: without Hadmard averaging (left) and 

with a Hadamard (16) pattern and averaging (right). 

 

5 Construction of pixels and arrays 
 
In optical detectors the pixels and arrays are fully solid state and combined in a 
single chip. Since the individual pixel is several wavelengths in size, it can easily 
collect the light that is incident on it. Essentially there is direct conversion from 
light to electrical current due to the optical properties of the materials used. 
In the millimetre wave case each pixel needs an antenna and this indeed has a 
minimal size of 0.5 wavelengths. Each antenna is then coupled to a detector diode 

 



that converts the millimetre wave signal to baseband. In Figure 8 the main building 
blocks of a pixel are shown. The antenna is an inverted F-antenna, that has been  

 
Figure 8 Three components for a millimetre wave pixel (left to right): inverted F 

patch antenna with CPW feed, stub matching to couple antenna to diode, simple diode 
detector. 

chosen because of its small size (only 0.25 wavelength) and thus can fit in an array 
with at least some distance between the patches. The detection itself is a very 
simple (but not as cheap) diode detector, which in turn is matched to the antenna 
with parallel stubs. The three elements are all build on a CPW type of transmission 
line, which in this case allows us to combine antenna and circuit on a single 
substrate.  
An outlook of a detector array of 8x4 pixels is shown in Figure 9.  
 

 
Figure 9 Lay-out of a 4x8 pixels detector for millimetre wave imaging. 

 
Alternative systems are possible in which not only amplitude but also phase is 
detected, but these methods fit into another philosophy than that of the simple 
image forming camera. In such cases we talk about inversion methods and the 
additional phase information is used to extract more information about the object 
from the detected field. At present the cost per pixel is still so high that phase 
detecting pixels are out of scope. 

 



6 Conclusion 
In this paper we have given an overview on millimetre wave imaging and its 
relation to optical imaging. While in the very basic sense the two techniques are 
the same, quite a few differences appear. Several practical issues result from the 
difference in wavelength, which reflects in all aspects that relate to size of the 
system and its components. These issues have a strong impact on the design of the 
system. Also the fact that millimetre wave imaging systems use coherent waves, 
makes a difference with respect to regular optical imaging. However the effects are 
similar to optical imaging using laser illumination. Finally we have shown how a 
millimetre wave detector and array may be designed. 
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