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Abstract—A novel transparent window for PV modules and
other surfaces has recently been developed to both eliminate glare
and minimize front-surface reflections.
The new window
technology can be implemented with a thin, ultra-light curvilinear
prismatic film which can be attached directly to PV cells or to
another planar window layer such as glass over the PV cells. The
new curvilinear prismatic window technology can be applied to
both space and ground PV modules using appropriate materials
and coatings. Analysis and testing have demonstrated the
performance gains offered by the new technology as well as the
elimination of glare.
Keywords—PV module window, anti-reflection, anti-glare,
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I. INTRODUCTION AND BACKGROUND
Conventional PV module windows typically comprise planar
glass or polymer layers providing protection for the underlying
PV cells from the environment. In space, the environment can
include charge particles, solar ultraviolet radiation, atomic
oxygen, etc. On the ground, the environment can include rain,
snow, sleet, and hail, etc. Front-surface reflection losses from
such conventional windows reduce the current and power output
of the PV cells, especially for high solar ray incidence angles.
The flat surfaces of conventional windows can also lead to glare
due to the specular component of the reflected sunlight. Glare
problems have led to cancellations of some terrestrial PV
systems near airports, highways, and occupied buildings. Glare
problems from constellations of spacecraft in low earth orbit
(LEO) have also caused problems for ground-based telescopes.
A new curvilinear prismatic window has recently been
developed which overcomes the glare problem and minimizes
the front-surface reflection power losses for PV modules both in
space and on the ground [1].

II. DESCRIPTION OF THE CURVILINEAR PRISMATIC WINDOW
The curvilinear prismatic window is a variation of the linear
prismatic window achieved by changing the prismatic path from
a straight line to a curved line. Fig. 1 shows the basic
configuration with greatly exaggerated prism size. The
curvilinear prisms follow a curvilinear path with the orientation
such that a liquid can run from top to bottom without
encountering a barrier. For terrestrial applications, this liquid
could be rain or cleaning water. For space applications, this
liquid could be a cleaning fluid such as isopropyl alcohol used
before launch. Other textured surface geometries such as
inverted pyramids can trap liquids and dirt in regions where
barriers to flow exist.
Fig. 1 also shows the triangular cross-sectional geometry of
each prism. The sun direction relative to the prismatic pattern is
defined by the azimuth (az) and elevation (el) angles shown in
Fig. 1. Compared to a linear prismatic pattern, the new
curvilinear prismatic pattern offers major performance
improvements for very small values of both az and el angles.
The curvilinear prismatic window can be mass-produced by
thermally embossing a thermoplastic polymer film or by casting
a different polymer against an embossed thermoplastic polymer
film. For terrestrial applications, two preferred materials for the
embossed polymer film are acrylic or aliphatic thermoplastic
polyurethane (TPU). For space applications, the curvilinear
prisms can be formed in space-grade materials including glass,
silicones, or fluoropolymers. The preferred manufacturing

The optical and thermal benefits of texturing window layers
for PV modules have been recognized by many previous
researchers [2 and 3]. Various textures have been analyzed and
tested for transmittance improvements due to reduced frontsurface reflections. Various textures have also been analyzed
and tested for enhanced front-surface waste heat rejection due to
the greater front-surface area of textured windows compared to
flat windows. But these previous textured surface geometries
have not incorporated curved surfaces which eliminate glare.
Fig 1.
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Curvilinear Prismatic Window.

approach for a space PV module is still under evaluation. The
preferred manufacturing approach for a terrestrial PV module is
to laminate an acrylic pressure sensitive adhesive (PSA) to the
embossed acrylic curvilinear prismatic film to enable easy
attachment to the PV module on top of the existing flat glass
window. For terrestrial applications, the curvilinear prismatic
film could be attached in the factory or in the field for already
deployed arrays.
III. HOW THE NEW CURVILINEAR PRISMATIC FILM WORKS
The curvilinear prismatic film works in two ways:
•

The triangular prisms minimize front-surface
reflections for both large and small sun elevation
angles for all sun azimuth angles

•

The curvilinear prismatic path eliminates glare by
spreading the reflected light in all directions due to
the curvature

Fig. 3.

Performance Gain for Smal Lateral Incidence Angle.

Fig. 2 shows how the prismatic film works for large sun
elevation angles. The prisms shown have 45º faces which work
very well to minimize reflection losses for solar rays arriving at
large lateral incidence angles. This minimization occurs because
the tilted faces of each prism intercept the incoming rays at a
more normal incidence angle than a flat window. The rays
which enter each prism make their way to the PV cell below the
window either directly or after total internal reflection (TIR)
from the opposing prism face.

Fig. 4. Glare Elimination with Curvilinear Prisms.

cells below the window are refracted by the curved surfaces of
the new prismatic window and spread into a wide range of
departing angles, eliminating glare from these reflections too.

Fig. 2.

Performance Gain for High Lateral Incidence Angle.

Fig. 3 shows how the prismatic film works for small sun
elevation angles. The prisms shown have 45º faces which work
very well to minimize reflection losses for solar rays arriving at
near normal incidence angles. This minimization occurs
because the rays which are reflected by the outer surface of the
tilted faces of each prism intercept the neighboring prisms which
recover most of the reflected light and deliver it to the PV cell.
The curvilinear path of the prisms eliminates glare by
spreading the reflected light into a wide range of departing
angles, as shown in Fig. 4. Since there are no flat surfaces on
the exposed face of the curvilinear prismatic window, there can
be no glare from rays reflected by the exposed face of the
window. Furthermore, rays which are reflected from the PV

The new curvilinear prismatic window also eliminates the
“weak spot” for first-surface reflections from a linear prismatic
window. The “weak spot” occurs at sun azimuth angles near
zero, i.e., with the rays approaching parallel to the prisms. When
the sun azimuth angle is also near zero, the linear prisms allow a
path for the rays to escape by proceeding along the prisms and
between the prisms from end to end of the window. The
curvilinear prisms eliminate this “weak spot” and provide much
better optical performance for small combined sun azimuth and
elevation angles.
IV. PERFORMANCE
The new curvilinear prismatic window provides excellent
performance over the full range of possible sun azimuth and
elevation angles of incidence. Fig. 5 shows results of a recently
refined parametric optical analysis of the preferred geometry of
the new window made of silicone (1.4 refractive index). Note
that the net transmittance into the window is much higher than
for a flat ceria-doped microsheet glass (CMG) window over the
full range of sun azimuth and elevation angles. The performance
gain is greatest for small sun elevation angles, but still
appreciable for high sun elevation angles including normal
incidence.
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Fig. 5.

Net Transmittance into Curvilinear PrismaticWindow.

For comparison, Fig. 6 shows comparable results for a linear
prismatic window. The “weak spot” is pointed out by the arrow.
Indeed, at zero sun azimuth and zero sun elevation angle, the
linear prismatic window has 0% net transmittance, like the flat
CMG window. The curvilinear prismatic window eliminates
this weak spot as shown in Fig. 5.

Fig. 6.

Fig. 7.

Free-Standing Prismatic Film Test and Initial Results.

The free-standing film has a significantly lower
transmittance than the same film bonded to a solar cell or other
surface because of losses at the smooth bottom surface for the
former, as shown in Fig. 8.

Net Transmittance into Linear Prismatic Window.

Before we developed the tooling to make the curvilinear
prismatic window pattern, we instead ran experiments with
linear prismatic windows over triple-junction PV cells to
validate the predicted results shown in Fig. 6. The measured
results have shown outstanding agreement with predictions. The
same ray trace models are used for both linear and curvilinear
prismatic windows, so we are very confident in the results
predicted in Fig. 5.
We have recently received prototype acrylic molding tools
to make the first prototype silicone curvilinear prismatic
windows. We have performed free-standing prismatic film
transmittance measurements using the simple test approach
shown in Fig. 7. For comparison, we also measured a
commercially available linear prismatic film from 3M known as
OLF-2405 and plano-plano film made from the same silicone.
All three films perform close to their theoretical maximum
transmittance values (within ± 1% experimental error margins).

Fig. 8.

Transmittance into Bonded and Free-Standing Prismatic Film.

We have also just assembled and evaluated the first
prototype of a multi-junction cell employing a curvilinear
prismatic window, with results shown in Fig. 9. For comparison
Fig. 9 also includes results for a cell employing a flat FEP
window. Since the prismatic window was thicker than the FEP
window, we painted the edges of the prismatic window black to
minimize any stray light entry at high incidence angles. The
azimuth angle of the incident light was approximately 0º as
defined in Fig. 1. Since the two cells were not perfectly currentmatched in their bare state and the collimated halogen lamp did
not provide a full AM0 spectrum, we have normalized the
results shown in Fig. 9 to show the ratio of short-circuit current
to irradiance for various incidence angles relative to a normal
incidence angle. The measured results for both cells are in
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relatively good agreement with our predicted results from ray
trace models. Note the substantial performance gain provided
by the curvilinear prismatic window compared to the flat FEP
window at large incidence angles. FEP has a much lower
refractive index than ceria-doped microsheet glass (CMG),
resulting in significantly lower reflection losses and higher
transmittance than previously shown in Fig. 5.

Fig. 11.

Fig. 9.

Anti-Glare Demonstration on Mirror.

thereby maintaining the same optical performance but
eliminating glare. This shows that a reflective spacecraft surface
could still maintain a high solar reflectance (and corresponding
lower surface temperature) on orbit while eliminating glare with
the new curvilinear prismatic window.

Measured and Predicted Results for First Complete Prototype.

V. DEMONSTRATION OF GLARE ELIMINATION
We have used a piece of the first silicone prototype prismatic
parts to demonstrate the glare elimination attribute of the
curvilinear prismatic window. As shown in Fig. 10, we bonded
this prismatic film with transparent adhesive to a piece of glass
with the backside of the glass painted flat black to simulate a PV
cell or module. A circular LED lamp illuminated the model at
about 60° incidence, and we rotated the sample to simulate
different sun azimuth angles. The round white lamp reflection
glare from the top surface of the glass is readily seen, but the
quasi-curvilinear prismatic window sample eliminated the glare
as expected for all simulated sun azimuth angles.
We also demonstrated the anti-glare properties of the new
curvilinear prismatic window on non-solar-panel surfaces by
bonding a piece to an optical mirror, as shown in Fig. 11. The
reflected light still emerges from the curvilinear prismatic
window, but it has changed from specular to diffuse reflection,

In addition to optical performance benefits, the new
curvilinear prismatic window provides some unexpected
benefits in thermal performance. For space applications, the
prismatic surface provides an increase in effective emittance for
the window compared to a conventional flat window surface. It
is easily shown using radiosity analysis that the effective
emittance is defined by the following equation:
1

𝜖𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =
(1 +

𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
)
𝜀 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒

The flat aperture area of the window (Aaperture) is smaller than
the prismatic surface area (Asurface) of the window which causes
the effective emittance (effective) to be larger than the basic
material emittance () of the window. For example, if the basic
window material emittance is 80%, the effective emittance for
the curvilinear prismatic window will be 85%. This small
increase in effective emittance equates to about 3ºC reduction in
cell operating temperature at the hottest point (subsolar) of a
LEO solar array at 400 km orbital altitude, resulting in about
0.6% higher power output for a 30% multi-junction cell.
For ground-based applications, the greater surface area of the
curvilinear prismatic window offers both better convective heat
transfer and radiative heat transfer, leading to slightly lower cell
operating temperatures. Others have previously demonstrated
this thermal performance advantage for ground-based linear
prismatic windows on photovoltaic panels [2].

Fig. 10.

Demonstration of Glare Elimination.

One major advantage of the new curvilinear prismatic
window for space applications relates to solar photovoltaic array
specific power. The optimal thickness of the window to provide
radiation protection to the underlying photovoltaic cell depends
on the mission-specific orbit and lifetime. A parametric analysis
of the effect of window thickness on solar cell equivalent 1 MeV
electron fluence for four different missions is summarized in
Fig. 12. These results were obtained using the online tool known
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Fig. 13.
Fig. 12.

Prismatic Geometry Selected for Prototypes.

Equivalent 1 MeV Electron Dose Versus Window Thickness.

as SPENVIS (Space Environment Information System)
managed by the European Space Agency (ESA) at
https://www.spenvis.oma.be/regulation.php. Note the rapid
falloff in dose with equivalent ceria-doped microsheet glass
(CMG) window thickness for all the missions considered.
For the curvilinear prismatic window, the thickness can be
selected at any value since the window is cast or molded from
polymers, such as space-qualified silicone material. For
conventional CMG windows, only specific values of the window
thickness can be selected, and these are limited to values that
provide reasonable tolerance for handling without breakage,
typically above 75 microns. In addition, CMG windows require
a minimum thickness of silicone adhesive, typically about 50
microns, to bond the window to the cell. Since silicone has a
density of only 40% of CMG, its effective thickness is only 40%
of CMG. So, a 75-micron CMG window with 50 microns of
silicone adhesive has an equivalent thickness of about 95
microns. For many missions, especially LEO missions, a thinner
window would offer substantial benefits in terms of mass and
specific power. The new curvilinear prismatic window offers
these benefits.

Fig. 14.

Possible Prototype Module Size.

VI. PRESENT DEVELOPMENT STATUS
A prototype design has been selected with prisms shown in
Fig. 13. Prototype tooling is under development to produce
prototype silicone windows about 15 cm x 15 cm in area. This
area will enable multi-cell module encapsulation with a single
curvilinear prismatic window as shown in Fig. 14.
We have just received the first plastic prototype tooling and
we expect additional prototype cells and modules to be equipped
with curvilinear prismatic windows and evaluated in the next
few months. We have made and tested the first prototype singlecell articles with performance improvements matching
expectations as presented above.
VII. GLARE MITIGATION APPLICATIONS FOR THE NEW WINDOW
Glare is a big problem for both ground and space
applications, as shown for example in Fig. 15. Ground-based
solar arrays near buildings, roadways, and airports can cause
glare which is unpleasant and sometimes hazardous.

Fig. 15.

Glare Problem Examples.

Constellations of many thousands of LEO spacecraft can
disrupt ground-based astronomy due to glare especially near
sunrise and sunset. Such spacecraft glare is not always due to
solar arrays but instead to other specularly reflecting surfaces.
Fortunately, the new curvilinear prismatic window can be
applied not only to solar arrays but also to other reflecting
surfaces, as shown in Fig. 16. The preferred materials for the
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Curvilinear Prismatic Windows for Glare Elimination.

curvilinear prismatic window will be different for space and
ground applications, but the functionality will be the same.
VIII. SUMMARY AND SIGNIFICANCE
The new curvilinear prismatic window offers power output
advantages over conventional PV module windows for both
space and ground applications. It also eliminates glare, which is
a significant and growing problems both on orbit [4] and on the
ground [5]. The new window also provides advantages in heat
rejection, lowering cell operating temperature a few degrees
compared to flat windows both in space and on the ground. The
new window also offers advantages in optimizing radiation
shielding thickness to maximize specific power. Very thin
silicone windows can be made using processes previously
developed for ultra-thin space Fresnel lenses [6]. The new
window also offers a number of other advantages which will be
presented in future publications on the new technology.
Mass-production processes have been identified and
development efforts are ongoing to advance the technology
readiness level of the new window. One key advantage of the
45-degree prism faces is that the prismatic pattern is the same
for both positive (molding tool) and negative (molded copy)
versions of the pattern. Therefore, copies of masters can be used
as second-generation masters, simplifying tooling replication.
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