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a b s t r a c t

We propose a design method of an optical lens combined with a total internal reflection (TIR) freeform
surface for a LED front fog lamp. The TIR freeform surface controls the edge rays of the LED source. It
totally reflects the edge rays and makes them emit from the top surface of the lens. And the middle rays
of the LED source go through the refractive surface and reach the measured plane. We simulate the
model by Monte Carlo method. Simulation results show that the front fog lamp system can satisfy the
requirement of ECE R19 Rev7. The light control efficiency can reach up to 76%.

& 2016 Published by Elsevier Ltd.

1. Introduction

With development of semiconductor lighting technology,
lighting-emitting diode is gradually replacing the traditional
source used in indoor and outdoor lighting with the advantages of
long life, energy saving, emission reduction, high luminous effi-
ciency, small size and so on. LED has been widely used in auto-
mobile headlights, especially in the low beam and high beam
headlamps [1–10], but few literatures have been reported about
the high-power with small compact LED for front fog lamps. Re-
ference [11] has disclosed a front fog lamp for a vehicle. The rays
from LED are collected by a TIR lens, and then redistributed by an
anamorphic lens. But multiple pairs of LEDs and TIR lenses are
needed for the full fog lamp, which requires much space. Wu did
well on the front fog lamp based on a freeform reflector [12], but
feedback method was necessary because of the non-integrability
on the reflective surface [13,14]. During every feedback calculation,
Wu set 30 sampling points and matched them to set up a new
mapping, then re-calculated the more accurate surface. The opti-
mization procedure was complicated and time-consuming. In or-
der to save the space and the cost, we will focus on the design of
the freeform front lamps based on the high-power LED source
with a small and compact size without feedback method.

Front fog lamp for automobile is an important guarantee for
safe driving in fog or rain and other low visibility driving condi-
tions. United Nations Economic Commission for Europe (ECE)
made very detailed definitions and requirements on the vehicle
front fog lamp of the photometric performance. The original front
fog lamps, Class “B” since inception, has been updated to Class “F3”,
which is designed to increase photometric performance and
making driving safer [15].

Fig. 1 shows the measuring grid required by ECE standard R19
revision 7 for front fog lamp. A clear cutoff line should be on the
target plane where is 25 m away from the front fog lamp. The
luminous intensity of the design for the front fog lamp must sa-
tisfy the requirements in [15].

2. Design method

Total internal reflection (TIR) lenses are often used in circle and
rectangular uniform illumination because of the low light loss and
compactness [16–19]. However, there are still great challenge of
applying TIR system for automobile and motorcycle lamps, be-
cause the light distribution on the target is required non-sym-
metrically, and having a clear cut-off line under the horizontal line,
such as motorcycle headlight and front fog lamp for automobile. In
our previous work [8], we used a TIR to collimate the rays emitting
from LED and then redistributed by the micro-lenses. The simu-
lation results show that the headlamps for motorcycles could sa-
tisfy the requirements of the regulation.
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2.1. Decide the structure of front fog lens

With the advantage of TIR and meeting the challenge, we
propose an optical lens with total internal reflection (TIR) free-
form surface for the front fog lamps. The lens is composed of two
parts of free-form surface, the refraction one and the TIR one, as
shown in Fig. 2. The LED source is placed at the center part inside
the hollow. The light emitted from the LED is divided into two
parts and redistributed by two different free-form surface of the
lens. The center portion light from the LED, of which the solid
angle is φ~0 0, such as line 1 in Fig. 2, firstly passes through the
cylinder at the center of the cavity, and then refracted on the free-
form surface at the top of the lens, forming the outgoing light. The
edge portion of light emitting from the LED, of which the solid
angle is φ π~ /20 , such as line 2 in Fig. 2, firstly passes through the
cylinder at the edge of the cavity, then is totally reflected on the
lateral surface of the lens, and finally refracted on the ring plane in
the upper part of the lens, forming the outgoing light.

2.2. The division of LED source and the target plane

The distribution on the target of Class “F3” front fog lamp is
under the horizontal line, which is different from uniform rec-
tangular illumination. In the ray mapping method, we apply the
traditional spherical ( )φ θ, coordinates to specify the direction of
LED rays, as shown in Fig. 3. In order to control the light coming
from TIR surface upside the X axis, we would cross the rays, shown
as the yellow lines in Fig. 3.

In the spherical coordinate, we divide the solid angle φc of the
center portion rays into m parts. For each part, we divide the azimuth
θc into n parts. So that we can write as φ ( )ic and θ ( )i j,c . Similarly, for
the edge portion rays, we can also write as φ ( )ie and θ ( )i j,e .

Correspondingly the y axis direction on the target plane is di-
vided into m parts. For each part, we divide it into n parts on x axis
direction. Then we get the array ( )y i and ( )x i j, on the target plane
corresponding to the array φ( )i and θ( )i j, . As shown in Fig. 4.

To calculate the relationship between ( )y i and φ( )i , ( )x i j, and
θ( )i j, , we consider the center portion rays firstly. The lighting area
is below the horizontal line, and symmetrical about the y axis, but
not about the x axis. So we should calculate the free-form surface
of the lens by two parts, θ π= ~0 and θ π π= ~2 . We study the long
rectangular on X-axis direction on the target, and consider the part
of θ π= ~0 . Assuming the average illumination in the rectangular
area is Ev, then we have
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where a and b is the length and width of the rectangular illumi-
nation area.

For the long rectangular along X-axis direction on the target
plane, according to the conservation of energy, we have
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Fig. 1. Test points or lines in the measured plane of the Class “F3” front fog lamp.

Fig. 2. Ray trace of TIR freeform lens in 2D diagram. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this
article.)

Fig. 3. Topological mapping from source to target.
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