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In order to meet the requirements of uniform illumination for optical palm/fingerprint instruments and overcome
the shortcomings of the poor uniform illumination on the working plane of the optical palm/fingerprint prism, a
novel secondary optical lens with a free-form surface, compact structure, and high uniformity is presented in this
paper. The design of the secondary optical lens is based on emission properties of the near-infrared light-emitting
diode (LED) and basic principles of non-imaging optics, especially considering the impact of the thickness of the
prism in the design. Through the numerical solution of Snell’s law in geometric optics, we obtain the profile of the
free-form surface of the lens. Using the optical software TracePro, we trace and simulate the illumination system.
The results show that the uniformity is 89.8% on the working plane of the prism, and the test results show that the
actual uniformity reaches 85.7% in the experiment, which provides an effective way for realizing a highly uniform
illumination system with high-power near-infrared LED. © 2017 Optical Society of America
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1. INTRODUCTION

Palm/fingerprint instruments are biometric identification
equipment based on human biological characteristics, includ-
ing ten fingerprints, rolling plane fingerprints, palm print, and
side palm print. With the rapid popularization of safety mon-
itoring systems in today’s society, palm/fingerprint instruments
have been widely adopted by government agencies and enter-
prise companies [1]. Palm/fingerprint identification can be
classified into optical types, semiconductor types, and biologi-
cal radio frequency (RF) types [2]. For the design of the illu-
mination systems of the optical palm/fingerprint identification
instruments [3,4], one of the key technical points is the work-
ing table with a high illumination uniformity. Light-emitting
diodes (LEDs) are not only lightweight and have a long life-
time, but also consume less power [5,6]. Such advantages
are very suitable for the illumination system of palm/fingerprint
instruments, especially the directional emitting characteristics
of the LED source, which makes the LED lighting system
an easier way to realize uniform illumination.

Important in the lighting design of the LED source is how to
improve the luminous efficiency and make the output beam
meet the desired photometric specification. This is also appli-
cable to palm/fingerprint illumination systems. Thus, it is
necessary to add and optimize the optical structure of the
secondary optic, so as to minimize the loss of the energy in
the system and make the top plane of the palm/fingerprint
prism meet uniform illumination requirements.

In order to overcome the shortcomings of the poor uniform il-
lumination on the working plane of an optical palm/fingerprint
prism, in this paper, a novel secondary optical lenswith a free-form
surface, compact structure, and high uniformity is presented.
Optical performance of the novel secondary optical lens is inves-
tigated by both numerical simulation based on an optical software
ray-tracingmethod and experiments.Results demonstrate that the
novel secondary optical illumination system has better illumina-
tion uniformity performance of 85.7%, which is significantly
higher than that of thenormal designat 73%[7].Thenovel design
can meet the requirements of palm/fingerprint instruments well.
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2. DESIGN METHOD

Optical palm/fingerprint identification has been used for a long
time all over the world. The principle is to sense the ridges and
valleys of a palm/finger through the total internal reflection
(TIR). As shown in Fig. 1, in order to intuitively describe
the working principle of the palm/fingerprint identification,
the ridges and valleys structures of the palm/fingerprint only
are shown and a partial amplification is made. Light from a
source is incident to the bottom surface of the prism. The rays
hit the top surface of the prism and then are split in two beams.
One beam is totally internally reflected where the valleys of the
palm/finger are located. However, the other beam is absorbed
by the ridges of the palm/finger. The total internal reflected
light is finally passed through the imaging optical system to
a charge coupled device (CCD), so that the bright and dark
palm/fingerprint image is obtained on the CCD. The amount
of reflected light depends on the depth of the ridges and valleys,
and the grease and water between the skin and the prism.

If one wants to get a high-quality palm/fingerprint feature
image for easier data analysis, it is necessary that the plane of the
prism has high illumination uniformity. In this paper, we adopt
a high-power near-infrared LED as the light source, and add a
secondary optical lens with a free-form surface structure in the
illumination system. The uniform illumination effect on the
glass plane of the prism can be realized.

The design of the secondary optical lens with realization of
uniform illumination is based on the energy grid division,
Snell’s law, etc., in non-imaging optics [8,9]. At present, given
the emission characteristics of an LED source, it is not difficult
to achieve a circular uniform spot in the desired target surface
by using these methods [10–12]. But in the optical palm/
fingerprint instrument, the secondary optical lens designed
according to the conventional method is no longer able to ob-
tain a good illumination uniformity due to the presence of a
prism with an excessive thickness (see the prism in Fig. 1).
Thus, in this paper, we consider the impact of the thickness
of the prism in the design step as described in the following.

A. Mapping Relationship from Source to Target
As shown in Fig. 2, the near-infrared LED source is located at
the bottom of the palm/fingerprint instrument and the glass
prism with a large thickness is in the middle, the upper and
lower plane of which are parallel. The upper plane of the prism
is regarded as the palm/fingerprint collection surface, i.e., the
target surface of the illumination design. The first step of the
novel secondary optical lens design in the palm/fingerprint

illumination system is to establish the energy mapping relation-
ship from the LED source to the target plane [12]. In this
design method, energy distribution of the LED source and il-
lumination target plane are divided into several grids with equal
optical power and area. Since both the source and target plane
have axial symmetry, only one-quarter of the whole source and
target plane are to be considered in this discussion (see Fig. 2).
First, the energy distribution of the LED source is divided into
N grids with equal optical power. A1 to AN at the bottom sur-
face of the secondary optical lens correspond to the equal en-
ergy grids. The optical power of Ωi can be expressed as follows:

Φi �
ZZ

I�θ�dΩi ; (1)

where I�θ� is the light intensity distribution function, Ωi is the
i-th solid angle, and θ is the angle between the ray and the
optical axis. Because the spatial light intensity of the high-
power near-infrared LED used here is similar to Lambertian
distribution, the equal angle θi with respect to equal division
of energy can be calculated as

θi � sin−1
ffiffiffiffiffi
i
N

r
; i � 1; 2; 3;…; N : (2)

Second, because equal energy in equal area is equal illumina-
tion, an equal area division of the target plane is relatively easily
gained without considering the light Fresnel loss and
absorption loss. It can be divided into spaces T 1 to TN as

T i �
ffiffiffiffiffi
i
N

r
TN ; i � 1; 2; 3;…; N : (3)

B. Construction of Secondary Optical Lens
As shown in Fig. 3, the aim of this design is to achieve uniform
illumination of the target plane, that is, to make the equal en-
ergy edge rays ray1 to rayN emitted from the LED source arrive
at the target plane points T 1 to TN . The lower surface of the
secondary optical lens is a designated surface, which is selected
as a simple sphere. The center of the sphere is on the optical
axis; it can be the origin of the LED source O, or not. When the
center of the sphere is on the origin of the LED source, the

Fig. 1. Schematic of the optical system in a palm/fingerprint
instrument.

Fig. 2. Schematic of light energy mapping between the light source
and target.
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curvature of the sphere is not dependent on the thickness of the
prism. However, once the center of the sphere is not on the
origin of the LED source (on the optical axis), the curvature
of the sphere is proportional to the thickness of the prism.

We consider the upper surface of the secondary optical lens
as the unknown free-form surface that changes the optical path.
The numerical solution of discrete points B1 to BN on the
free-form surface is as follows.

As shown in Fig. 4(a), the height and central thickness of the
secondary optical lens are h1, t1, respectively, so that the coor-
dinates of A0 and B0 are A0�0; h1�, B0�0; h1 � t1�, respectively.
In Fig. 4(b), the total height of the illumination system is h2,
and the thickness of the prism is t2. The coordinates of C0 and
T 0 can be obtained as C0�0; h2 − t2�, T 0�0; h2�, respectively. It
is assumed that point Bi is on the tangent of its previous point
Bi−1. Then the two objectives are to calculate the coordinate
and tangent of Bi. For example, the first ray, ray1, hitting at
point A1 on the lower surface of the secondary optical lens will

exit from the lens at point B1. Using tangent TB0

⇀
of B0 and

refractive ray A1B1

⇀
of ray1, we can directly calculate the hori-

zontal ordinate of B1. The key point of the problem is to solve
the tangent of B1. By the Snell’s law, knowing the incident ray

A1B1

⇀
and the refractive index of material, if one wants to

calculate the tangent at B1, the refractive ray B1C1

⇀
must be

obtained; namely, point C1 must be calculated first.
Figure 4(b) shows that the first ray, ray1, exiting from B1 hits

C1 and then will be refracted into the prism. With the pre-
known point B1 on the incident ray and T 1 on the refractive
ray, Snell’s law and the geometric relationship at point C1 can
be expressed as

sin�θC1
� � n sin�θT 1

� (4)

�C1z − B1z� tan�θC1
� � t2 tan�θT 1

� � T 1y − B1y; (5)

where θC1
and θT 1

are the incident angle and refractive angle at
point C1, respectively. n is the refractive index of the prism, the
optical axis is the z axis, and horizontal axis is the y axis.
Combining Eqs. (4) and (5), we can get the incident angle

θC1
and refractive angle θT 1

, and then find the horizontal
ordinate of C1.

As shown in Fig. 5, the exiting ray B1C1

⇀
has been deduced

at point B1. The tangent line T B1

⇀
can also be obtained by

Snell’s law. The intersection of the tangent T B1

⇀
and second

ray, ray2, is the second point B2; its tangent solution process
is similar to the solution of B1. Likewise, the discrete sequence

Fig. 3. Schematic of the ray trace in a uniform lighting system.

Fig. 4. (a) Schematic of ray1 ’s ray trace in the secondary optical lens.
(b) Determination of the point C1 on the lower surface of the prism.

Fig. 5. Determination of the third point B2 on the free-form surface
of the secondary optical lens.
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points B3 to BN can be obtained in this way. Finally, the
free-form surface design process of the secondary optical lens
has been completed. The profile of the free-form surface is
fitted with these discrete points.

3. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation of High-Power Near-Infrared LED
Owing to the simulation reliability of the entire lighting system
depending on the accuracy of the LED light source simulation,
the optical model for a high-power near-infrared LED is built
first. In this part, an Osram near-infrared LED of SFH 4235
[13] is simulated, which typically gives 950 mW optical power
at 1 A at the wavelength of 850 nm. Figure 6 shows the struc-
ture of the LED provided by Osram and the optical model
simulated in the TracePro software.

Figures 7(a) and 7(b) show the distribution curve of light
intensity given by the technical manual of the near-infrared
LED and the simulated distribution curve traced by two
million rays in TracePro, respectively. The normalized cross
correlation (NCC) [14] is the quantitative value for evaluating
the approximation of two curves, which is written as Eq. (6):

NCC �
P

x
P

y�Axy − A��Bxy − B�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x
P

y �Axy − A�2
P

x
P

y �Bxy − B�2
q ; (6)

where Axy and Bxy are the intensity or irradiance of the manu-
factures (A) and the simulation values (B), respectively. A�B� is
the mean value of the A�B� across the x–y plane.

The higher the NCC value, the more approximate the two
curves. Apparently the simulation result is in good agreement
with the given distribution curve. The normalized NCC value
of the two curves is up to 99.2%, which verifies the accuracy of
this optical modeling.

B. Simulation of Illumination System
In this section, a specific secondary optical design example is
given to verify the accuracy of the above method. The bottom
sphere of the secondary optical lens has a radius of 4 mm and
central thickness of 4 mm, and the lens is made of polycarbon-
ate (PC) material with a refractive index of 1.58 at a wavelength
of 850 nm. The glass prism is made of K9 material with a
refractive index of 1.51 at a wavelength of 850 nm, and the
corresponding thickness and lighting area are 83 mm and
130 mm × 130 mm, respectively. The LED is 6 mm away
from the bottom of the secondary lens. The number of rays
N is 100, and more rays can be used. The more rays used,
the higher the precision of the lens surface. In this paper,
we used N � 100 rays to calculate the free-form surface of
the lens, which is enough for the processing level at present.
The discrete points of the free-form surface, namely, B0 to

BN , are successively obtained by the designing process de-
scribed in part 2. In Fig. 8(a), the blue circle points represent
the discrete points and the curve is the fitting data by the
10th-order polynomial. The residual error of the fitting is also
shown in Fig. 8(b). The error gives a maximum of 0.017 mm,
which meets the accuracy requirement for processing.

Using the Scheme language embedded in TracePro, the 3D
model of the secondary optical lens can be acquired by rotating
the obtained curve against the symmetrical axis. Considering
the actually required illumination of the palm/fingerprint,
three predesigned lenses are arranged in triangle, as shown
in Fig. 9.

The ray tracing and the analysis of the illumination system
are thereby conducted. Figure 10 shows the ray tracing by
Monte Carlo in TracePro, and we can see that most of the
LED rays are incident to the top plane of the prism in the
palm/fingerprint illumination system.

Figure 11 shows the simulation results of the irradiation on
the glass plane of the prism, which gives a good uniformity of
lighting. The corresponding value of uniformity (U ) can be
obtained in Eq. (7),

U � 1 − ε �
0
@1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM
i�1 �Ei − E�2
ME2

s 1
A × 100%; (7)

Fig. 6. 3D modeling and ray tracing of the near-infrared LED.

Fig. 7. (a) Candela distribution of the near-infrared LED provided
by the manufacturer. (b) Rectangular candela distribution of the
near-infrared LED in TracePro.
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where M is the number of sampling points, Ei is the corre-
sponding irradiance of each point, and E is the averaged
irradiance.

The area of the glass plane of the prism is divided into
7 × 7 grids of equal area. The number of the equal area

grids can be more, which depends on the test accuracy
requirements. Table 1 shows the irradiance (W∕m2) of
49 sampling points. According to Eq. (7), the U is obtained
to be 89.8%.

Fig. 8. (a) Profile of the free-form surface of the secondary optical
lens with 10th-degree polynomial fitting. (b) The residuals of the
10th-degree polynomial fitting.

Fig. 9. 3D modeling of the secondary optical lens array in
TracePro.

Fig. 10. Ray tracing of the palm/fingerprint lighting system.

Fig. 11. (a) Irradiance map on the top plane of the prism in the
palm/fingerprint lighting system. (b) Profiles of the irradiance map
on the top plane of the prism in the palm/fingerprint lighting system.

Table 1. Simulated Irradiance Map on Plane of Prism
Divided by 7 × 7 Sampling Points

1 2 3 4 5 6 7

1 58.4 75.1 80.4 84.2 80.1 75.5 58.0
2 74.9 83.2 85.6 85.5 86.0 82.9 76.2
3 81.8 86.6 87.0 87.4 87.2 86.7 79.6
4 81.2 86.3 89.2 91.6 88.0 86.5 81.0
5 81.5 86.7 87.6 88.5 87.9 87.4 81.6
6 73.5 82.5 86.5 87.7 84.6 83.6 74.9
7 57.3 74.0 80.4 81.5 80.2 73.9 57.5
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C. Experiment of the Illumination System
In this work, the designed secondary optical lens is made of PC,
which can be easily injection-molded. The left part in Fig. 12
shows the processed optical lens, and the right part in
Fig. 12 shows the lens fixed on the circuit board by pins.
Figure 13 shows the completed palm/fingerprint instrument
and photograph of the top plane of the prism. With the pro-
posed design method, a good irradiance uniformity is achieved.
For analyzing the uniformity in application, the area of the glass
plane of the prism is also divided into a 7 × 7 grid, and the
irradiance (W∕m2) is measured by the laser power meter of
NOVA II of the Ophir company. Table 2 shows the measured
irradiance of 49 sampling points. Because of the actual lens
processing, packaging, assembling, test equipment, and other
errors, energy loss is introduced, which makes the actual values
in Table 2 significantly lower than those in Table 1 on the
whole. As a result, the U is calculated to be 85.7%, which
is slightly lower than the theoretical value of 89.8%. The
difference is mainly also derived from optical modeling, lens
processing and packaging, test equipment, and other errors.

The processing, assemblage, and testing of the palm/finger-
print illumination system with a high-power near-infrared LED
is introduced in this paper, and a good irradiance uniformity is
achieved that can effectively avoid the irradiance being too high
at the center and being too low on the edge. As a result, the
over-saturated brightness at the center and the insufficient
brightness on the edge can be removed in the follow-up image
processing.

4. CONCLUSION

To meet the uniformity requirement in palm/fingerprint iden-
tification, a compact secondary optical lens is designed for the
high-power near-infrared LED based on the theory of Snell’s
law and non-imaging optics. Using the optical software
TracePro, we trace and simulate the designed system. The
processing, assemblage, and testing of the palm/fingerprint
illumination system is also conducted in this work. The sim-
ulation results and measured results are both of a satisfactory
uniformity higher than 85%.
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