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Figure 2 is the optical path difference (OPD) graph with
respect to the normalized pupil coordinates for three different
field angles. The graph with respect to pupil x-coordinate is
symmetric, but shows different wavelengths (Fraunhofer F, d
and C lines) at different places and the curve is typically of
fourth order by nature. This means that there is some residual
chromatic aberration left, and that in this direction, the major
contributing aberration is spherical aberration. There is
between -0.5 to 1.5 waves of it remaining, curiously the
maximum of wavefront error in the pupil x-direction is
achieved at the intermediate field angle, 17.5 degrees from the
horizontal plane. The left side of the graph shows the
wavefront error with respect to pupil y-coordinate, and this
graph is non-symmetric. Third order functional behavior hints
at coma being the worst offender along this axis, along with
color aberrations. Reader is asked to note the scale of the
graphs; the wavefront error is seen to start from -1.5 waves to
2.5 waves, about two times more than in the x-direction.

reflective conical surface somewhere in it. This surface crosscouples the tangential and sagittal optical power, and leads to
several design complications. Unlike, for example, with a fast
and slow axis cylindrical lenses used in fiber coupling, this
case a single change in either the diameter of the cone or the
apex angle of the cone will cause changes in both the tangential
and sagittal performance of the system. This leads to the
conclusion that the configuration is prone to astigmatism
(differing spot sizes regarding tangential and sagittal axes) and
coma (comet like appearance of the spot), and the job of the
optical design is to minimize these effects as well as possible.
Additionally, some care should be placed on the control of
the lateral color, while there are two reflective surfaces on the
optics that do the majority of the work, there are still two
refractive surfaces that contribute on the lateral color
characteristics. By looking in Table 1, it is also seen that the
aperture ratio has slightly decreased from the original F/2.8 of
the camera phone. This is attributed to two factors, first is that
the conical surface functions as a convex mirror, and spreads
light. The light must then be collected by the rest of the optics,
and still provide sufficient correction over the field of view.

The fact that the graphs also differ in x- and y-axes tells
that astigmatism is present. Despite all this, the correction is
sufficient to achieve 100 lp/mm resolving power after
tolerances. We would like to point out that the minimum in ydirection aberration is actually achieved in the same
intermediate field angle as the x-direction achieves its
maximum and they are about the same, which hints that the
spot will be close to circular within this field angle and this is
indeed the case.

Additionally, a length restriction was placed so that the
supporting structure of the add-on piece would not protrude far
from the mobile phone, and this is accomplished by having the
beam of light slightly diverge when it enters the lens. This is
equivalent of having a closer focus, and this changes the
working aperture ratio slightly.
In our work related to omnidirectional lenses, we have not
been able to keep the original aperture ratio throughout the
system and because of the reasons listed above; we are yet to
find a way to keep the original aperture ratio and still provide
sufficient image quality. It is our experience from the design
that the objective lens after the omnidirectional lens should
have its aperture stop as close as possible to the add-on
package. This eases the design work considerably, but also
tends to limit this optical construct for smaller sensor sizes;
common larger sensor objectives (e.g. C-mount) typically use
structures derived from Double Gauss design, which makes the
design more difficult because of the preceding lens elements
can affect the beam more before the aperture stop.
IV.

PERFORMANCE ANALYSIS

This section is devoted to the analysis of the simulated
performance curves. The reason for this is simply that there are
too many unknowns to reliably attribute each change in the
measured performance to a single factor. These unknown
factors are, for example, the mobile phone camera and the
sensor themselves. Some experimental difficulty arose from
the fact that the mobile phone mount itself was not correctly
aligned with the optical axis of the camera and we could not
correct this mechanically. As a result, there is a slight
blurriness in one corner.

Fig. 2. Optical Path Difference graphs along pupil x- and pupil y-directions

The graph of lateral color is presented in Fig. 3. The
behavior of lateral color is even in the respect that it never
changes its sign. The designed maximum error of about 5.7 μm
equals about 2 pixels in this class of camera phones, and during
the usage in general photography, we did not find the lateral
color itself being present in the photographs. However, much
bigger deviation in color graphs is attributed to the diamond
turning grooves, which do produce rainbow patterns on the

Some manufacturing technique related complications arose
as well; diamond turning produces a periodic structure on the
optical surface, which leads to slight diffraction effects that
make characterizing some of the performance parameters
difficult, specifically Modulation Transfer Function (MTF) is
affected.
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proximity of areas with high contrast differences. In our
measurements, we found the period of the grooves to be around
6 μm, and their amplitude was about 20 nm, surface roughness
(Rq) value was measured to be around 30 nm RMS with a
white light interferometer. Little information on modeling the
diamond turned grooves in optics is publicly available [15],
and the estimation of their effect on the total performance is
comparatively difficult.

The distortion graph has been calculated using (3),

(3)
Here Hy is the nominal position for a field angle given by
(2), and Hm is the actual measured position. The best fit focal
length can be obtained from by minimizing the error between
measured data and the positions given by (2). Thus our optical
omnidirectional camera system has an equivalent focal length
of one millimeter to the equi-distance mapping fish-eye lens. It
can be seen from the Fig. 2 that there is a departure from the
nominal position, resulting the calibrated distortion being
between -15 % and + 10 % values depending on the field
angle. The authors believe that this kind of lens allows different
kind of control on the distortion characteristics, which may be
of advantage on some cases.
V.

DISCUSSION

A proof-of-concept omnidirectional lens was designed and
manufactured, and the overall design was found to be
functional and feasible with regards to manufacturing. Several
manufacturing issues were discovered, including uncertainty
with regards to the mobile phone camera, but the most serious
of them were related to the diamond turning process itself, and
are expected to be remedied in the injection molding process
which uses super polished master elements.

Fig. 3. Lateral color as a function of field angle

The field angle versus the position on sensor graph and the
calibrated distortion graph are represented in Figs. 4 and 5.

For future work, we are already preparing a new run of the
optics which doubles the vertical field of view, and uses 7 mm
diagonal sensor with custom made objective lens. In this case,
we are able to eliminate the uncertainty regarding the exact
type of the objective lens and optical alignment, but no
measurement results are available, but we look forward on
reporting them in the future as they become available.
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