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Adaptive illumination systems with programmable freeform optics ?
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Abstract. Adaptive illumination systems are capable of changing their emission pattern in a dynamic and
flexible manner. Such systems can be realized with tunable optical components. We analyse the possibilities
and limitations of phase-only spatial light modulators, implemented as a kind of programmable freeform optics,
to realize adaptive illumination systems. First, the calculation of the required phase shift patterns to generate
specific target irradiance distributions from arbitrary incident wavefronts, is elaborated. Second, the practical
limitations of generating prescribed target patterns are experimentally tested and critically discussed.

1 Introduction

By combining freeform optics with compact light sources
it is possible to create accurate, prescribed light pat-
terns [1]. But once the freeform reflector or lens is fab-
ricated, the resulting illumination pattern is more or less
fixed. In recent years however, there has been a growing
interest in adaptive illumination systems for lighting. Such
systems can change their radiation pattern depending on
the specific external situation. Examples are adaptive car
headlights [2], but also for other lighting application there
is interest [3].

In order to create a variable radiation pattern, tuneable
optical components can be used. Besided refractive and
reflective optics, also diffractive optical elements can be
considered. Phase-only spatial light modulators (SLMs)
are programmable diffractive optics that can manipulate
the incident wavefront. State-of-the-art phase-only SLMs
are capable of modulating the optical path length by multi-
ple wavelengths. The similarity with shaping the outgoing
wavefront via freeform optics, motivated Bawart et al. [4]
to introduce the term programmable freeform optics.

2 Phase shift calculation for illumination
control

To calculate the smooth phase shift pattern that needs to
be aplied to the SLM, to transform the incident wavefront
into the desired target pattern, a ray mapping algorithm is
used. A smooth and continuous source wavefront S, with
arbitrary shape and intensity, as well as a desired far-field
target irradiance T are given (see Figure 1).

The procedure starts with the calculation of an initial
optimal mass transport ray mapping from an intermediate
starting grid S’ at the position of the SLM to the target
distribution T [5]. The normal vector field N orthogonal
to the outgoing wavefront W that results in the target dis-
tribution 7', is then sampled by the ray direction vectors
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Figure 1. The incoming source wavefront S, sampled by orthog-
onal ray vectors I, is given. A smooth, continous target wavefront
W that results in the prescribed irradiance pattern 7' can be con-
structed from an integrable surface normal vector field N.

from the starting grid S’ to the target grid 7. In principle,
this surface normal vector field N can be used to calculate
the orthogonal wavefront W via a suitable fitting proce-
dure. A vital condition for obtaining a smooth, continuous
wavefront however, is that the surface normal vector field
N satisfies the integrability condition, or equivalent that
N is curl-free. In order to adapt the initial ray mapping
in such a way that the resulting normal vector field N is
indeed curl-free, we rely on an algorithm that has been de-
tailed in [6]. The resulting smooth, continous wavefront W
can now be used to calculate the required SLM phase shift,
such that the incident wavefront S will be converted into
the outgoing wavefront W. Following Fermat’s principle,
the optical path length from the source grid points on S
(which are directly connected to the grid points on S’) to
the corresponding grid points at W, should be equal. The
additional optical path length that should be induced by the
SLM, to transform S in W, can thus be calculated from the
optical path lengths from S to S’, and from S’ to W [7].
The resulting optical path length difference, can then sim-
ply be wrapped to a phase shift pattern with a maximal
retardation of 27, 47 or 67 (see Figure 2).
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(a) Unwrapped

Figure 2. (a) Example of calculated optical path length dif-
ference that should be induced by the SLM. (b) Corresponding
wrapped phase shift pattern with a maximal retardation of 2.

3 Experimental analysis
3.1 Coherent, zero-étendue illumination

Calculated phase shift patterns to generate a uniform tri-
angle with an angular extent of 2.6° were implemented on
the reflective (PLUTO 2.1) phase-only SLM of HOLO-
EYE, and illuminated with a collimated green laser beam
(532 nm). The obtained experimental patterns are clearly
much less uniform, compared to the geometrical/physical
optics simulation results (see Figure 3). These large devia-
tions are due to the zero-order and higher-order diffraction
modes, which are a direct consequence of the unavoidable
spatial phase discretization and phase depth discretization
in a practical SLM. One notices that the angular separation
between the higher-order modes can be reduced by consid-
ering a larger maximum phase delay (e.g. 47 or 6r). Also
the fact that the diffraction efficiency of the applied phase
pattern is significantly smaller for larger deflection angles,
reduces the uniformity of the target pattern, and is also a
severe limitation to the angular extent of the light patterns
that can be realized with current SLM technology.
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Figure 3. Obtained target irradiance patterns via simulations and
in practice (using a collimated laser beam).

3.2 Broadband, non-zero-étendue illumination

The laser illumination is replaced by an extended high-
brightness white LED with variable diaphram to control
the illumination étendue. Hyperspectral images of the ob-
tained target patterns are captured with a specimlQ. For
sufficiently small illumination étendue, accurate target pat-
terns can be obtained when considering the wavelength
for which the phase shifts are calculated (see Figure 4(a)).
This pattern even has improved uniformity compared to
fully-coherent laser illumination, at least with a 27 max-
imum phase delay. For broadband (white) illumination,
color separation due to the intrinsic wavelength depen-
dency of the various diffraction orders, prevents the real-
isation of accurate target patterns. A reduction in phase
wrappings by increasing the maximum phase depth, re-
duces the angular separation between the higher/lower or-
ders, which clearly reduces chromatic effects.

Figure 4. Obtained target irradiance patterns for green light,
white light, and maximal phase delay of 27, 47 and 67.

3.3 Conclusion

Current SLM technology seems not yet ready for using
them as programmable freeform optics in the non-paraxial
regime, for broadband (extended) light sources. A signif-
icant increase of the diffraction efficiency for larger de-
flection angles, and further increase of the maximal phase
depth would be required to make this happen.
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