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1. Introduction 

Roof prisms are often used today for image reversal in binoculars. Compared to the traditionally used 
Porro prisms, roof prisms have the advantage of allowing slim, compact designs. Binoculars of this 
type are therefore generally lighter and more handy than their predecessors equipped with Porro 
prisms.

But what about the imaging quality? Are there fundamental image differences between roof and Porro 
systems?

From the point of view of ray optics, the answer is clearly "no." And yet, light has a peculiarity to offer
—to the annoyance of the optics designer: it possesses a wave character that comes into full effect in 
total internal reflection.

In the roof prism, the pupil halves separated by the roof edge act differently on the light wave. This 
degrades the imaging quality. If special coatings—called P-coating at Carl Zeiss—are vapor-deposited 
on the roof surfaces, the light wave is uniform across the pupil in the roof prism as well. Then there is 
no qualitative difference compared to a Porro system.

In the following, some causes that lead to image degradation are mentioned. The mode of action of roof 
prisms and their wave-optical effects are explained. The image improvement through the P-coating is 
demonstrated by means of examples.

2. Influences on Image Quality 

In optical imaging, it is known to be important that the rays emanating from an object point are 
redirected by the optical instrument in such a way that they are reunited as well as possible to form an 
image point.

Unfortunately, reality confronts us with great difficulties in the form of refraction laws when it comes 
to imaging extended objects sharply with a single lens. The occurring imaging errors cause a more or 
less imperfect ray union. As a result, points of light are no longer imaged as points, but as small "light 
discs" (Fig. 1).

If the light discs of two closely adjacent object points overlap too much, they can no longer be 
perceived as separate. Fine object structures are lost as a result; one says the resolution becomes lower.

In order to eliminate imaging errors or reduce them to such an extent that the remaining image 
deterioration is no longer perceived by the eye, optical systems must be composed of several lenses.

Basic prerequisites for a binocular of high image quality are therefore multi-lens objectives and 
eyepieces. The number of lenses alone is not decisive, but their image error-correcting interaction.

Beyond the imaging errors calculable with purely geometrical ray optics, there are effects that can only 
be explained by the wave character of light.



If a star is imaged with an optical system free of imaging errors, one obtains a light disc surrounded by 
concentric rings of decreasing brightness (Fig. 2), the diameter of which is larger than it should be 
according to the geometric imaging laws. If one changes the free diameter (the pupil) of the imaging 
system, the diameter of the light spot and the rings also changes. This effect is explained by the 
diffraction of the light wave at the limiting aperture, the pupil. Just as waves on a water surface are 
deflected (diffracted) at the edges of an obstacle, light waves are also deflected from their original 
direction of propagation at edges. The larger the limiting aperture, the smaller the diffraction 
phenomena in the image.

Now, for understandable reasons, one cannot make the apertures of optical devices arbitrarily large. 
This is also not necessary, because the eye itself has a resolution limit, determined among other things 
by the retinal structure, the pupil diameter and the imaging errors of the optics of the eye. This 
resolution limit, apart from individual variations, is one angular minute. For this, the eye pupil must be 
open to at least 2 mm, otherwise the increasing diffraction phenomena reduce the resolution.

In twilight and night vision, the eye pupil is known to open to 6 to 8 mm, but no increased resolution is 
achieved, because firstly the eye switches from "cone" to "rod vision", and secondly the geometric 
imaging errors of the eye lens become larger with the open pupil.

For binoculars, it would therefore be required that their exit pupils have a minimum diameter of 2 mm, 
otherwise the theoretical binocular resolution would fall below that of the eye.

We had previously stated that the perfect imaging of a point includes the merging of the rays into a 
common image point. If we consider light propagation as a wave motion and assign individual wave 
trains to the rays, we can view the resulting brightness at the image point as a superposition of all the 
wave trains meeting there.

If two wave trains are superimposed in such a way that their wave crests coincide, the resulting 
amplitude increases—the light is amplified (Fig. 3a). If, however, the wave crests coincide with the 
wave troughs, the amplitudes cancel each other out—darkness is created (Fig. 3b). This mutual 
influence is called interference.

We see from this that in ray union it is important that the wave crests of the light waves arrive 
simultaneously at the image point. Only then does maximum brightness result. The expert speaks of 
"in-phase" arrival as opposed to "phase-shifted" arrival of the light waves.

To summarize: The image quality of optical instruments is reduced by

• an imperfect geometric ray union, 
• the diffraction of the light waves at the limiting aperture, 
• phase-shifted arrival of light waves at the image point. 

In the next section we want to deal with the roof prisms and their influence on the image quality.



3. Imaging Properties of Roof Prisms 

The variety of designs of roof prisms for image reversal is large. Straight-vision prisms have become 
practically established, in which an axially parallel ray experiences no angular deflection and is 
displaced only slightly or not at all laterally.

Fig. 4 shows as an example two types of straight-vision roof prism systems consisting of two individual 
prisms: The Abbe-König system and the Pechan system.

The former produces four reflections by total internal reflection. This is at the same time the smallest 
possible number of reflections, because at least two are needed for side reversal, two more for height 
reversal.

The Pechan system, with its six reflections, produces a larger ray wrap-up and thus allows particularly 
compact designs.

The roof prism systems mentioned here act in terms of ray optics like a thick plane-parallel plate 
standing perpendicular to the optical axis of the binoculars. The roof edge must be particularly sharp if 
it is to remain invisible, and the roof angle of 90° must be made accurate to a few seconds of arc so that 
no double images are produced.

An inaccurately manufactured prism leads in any case to an imperfect geometric ray union - the 
imaging quality is reduced.

Now to the behavior of the light waves at the roof prism, whereby we assume that the prism is 
geometrically perfectly manufactured and that flawless glass material is used.

The internal ray deflections of the roof prisms mentioned here are based on total internal reflection at 
the glass-air interfaces (exception: mirrored surface on the Pechan prism). In total internal reflection, 
something unexpected happens to the light: The light waves that oscillate parallel to the plane of 
incidence are phase-delayed compared to those oscillating perpendicular to the plane of incidence (Fig. 
5). The expert speaks of "elliptically polarized" light that is created by total internal reflection.

In the roof prism, the incident beam bundle is divided into two halves. The two halves differ in the 
order in which they pass through the roof surfaces, but also in the type of phase shift they acquire. 
About 70% of the light waves of one half are phase-shifted by half a wavelength compared to those of 
the other half.

Since both partial bundles are recombined during observation through the eye, extensive extinction 
occurs at the geometric image point due to interference. However, the light does not simply disappear, 
but is found again to the side of the geometric image point. Fig. 6a shows the light distribution in the 
image of a luminous point when phase shifts of half a wavelength exist between the partial bundles.

Fig. 6b shows the case for phase equality of the partial bundles.

The light distribution normally produced is about a 7:3 mixture of the two special cases. It is given in 
Fig. 6c and corresponds to the image of a star through a roof prism binocular shown in Fig. 7.

How does this wave-optical roof prism effect manifest itself when viewing natural objects?



First of all, one can imagine each object composed of many tiny more or less luminous dots. Each dot 
experiences a "smearing" in the manner indicated above. For very bright points in dark surroundings, a 
kind of "ray" appears in the direction perpendicular to the roof edge. This glare leads to a reduction of 
contrast in the surroundings.

The resolution of the binoculars is different for horizontally and vertically running structures. This is 
particularly evident in the example of a so-called "Siemens star" (Fig. 8a). The spokes in the vertical 
direction are resolved at every point. The spokes in the horizontal direction [parallel to the roof edge] 
become increasingly blurred inward until the contrast disappears completely. Still further inward, dark 
stripes are suddenly reproduced light and light stripes dark. In this case, the expert speaks of pseudo-
resolution; the image no longer corresponds to the object.

The zone of strong blurring can be shifted outward to a certain extent either by changing the diopter 
setting or by accommodation of the observer's eye, but this is at the expense of the areas further out. 
Fig. 8b gives an example of defocusing by 0.5 dpt.

An experienced observer will shift the zone of vanishing contrast by accommodation when viewing 
certain details. He is therefore constantly trying to find a compromise adapted to the respective object. 
Prolonged observation is tiring, and concentration on the object diminishes.

With binoculars having large exit pupils, it is occasionally possible to sneak past the image-degrading 
phase effect. In good illumination, the observer can place his now small eye pupil eccentrically to the 
binocular pupil, i.e. in one pupil half. Thus he notices nothing of the contrast-degrading influence of the 
other pupil half. However, a binocular is not designed, let alone optimized, for such use.

4. Effect of the P-coating 

At Carl Zeiss, roof surfaces of inverting systems are provided with multilayer coatings to avoid the 
phase shifts of the two partial bundles. The coating process is very similar to that of antireflection 
coatings. Because of their phase-correcting effect, the coating is called "P-coating" for short. The P-
coating eliminates all wave-optically caused disadvantages that a roof prism inherently brings with it. 
The resolutions perpendicular and parallel to the roof edge are equal. Areas of pseudo-resolution are 
avoided (Fig. 9).

The light distribution in the image of a luminous point corresponds to Fig. 6b. The "ray effects" no 
longer occur when viewing brightly luminous point-like objects. The image appears sharper and more 
contrasty to the experienced observer right away, especially when high-contrast objects are viewed. 
Longer observations can be performed with less fatigue, since accommodation does not have to be 
structure-dependent.

5. How can binoculars with P-coating be distinguished from others? 

A comparative test chart observation with coated and uncoated reference binoculars would remove the 
doubt, but it is not a practicable solution for the optician who does not want to put reference binoculars 
in the drawer.



With the help of two polarizing filters and a little practice, the test can be performed as follows: Two 
polarizers, whose axes (transmission direction, blocking direction) are clearly marked, are arranged at a 
sufficiently large distance from each other so that a pair of binoculars still fits in between. Green-
filtered lamp or daylight is suitable as test light. In the crossed position, the polarizers let no test light 
through; in the parallel position, they let most of the test light through.

If a pair of binoculars is brought into the beam path with the roof edge parallel to one of the 
polarization axes, one can distinguish:

• Binoculars without P-coating: The binocular pupil appears brighter between crossed polarizers 
than between parallel polarizers (Fig. 10a, 10b). 

• Binoculars with P-coating: The binocular pupil appears darker between crossed polarizers than 
between parallel polarizers (Fig. 10c, 10d). 

It is important—and this should be explicitly emphasized once again—that a polarization axis and the 
roof edge are aligned parallel, otherwise no clear statement can be made.

6. Summary 

The roof prisms of Carl Zeiss binoculars are provided with a multilayer coating - the so-called P-
coating. The P-coating corrects the wave-optical effects of phase shift between the two light bundle 
halves separated by the roof edge. This increases the resolution and improves the contrast of fine 
structures. Longer observations can be performed with less fatigue.
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