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We propose an optical system employing a compound parabolic concentrator for near infrared
spectroscope in noninvasive blood components testing. A truncated two-stage compound parabolic
concentrator system is designed, which consists of a normal first-stage compound parabolic con-
centrator and a truncated second-stage compound parabolic concentrator. Using advanced ray trac-
ing technique, the optical efficiencies of truncated two-stage compound parabolic concentrator
system, ellipsoidal mirror system and non-optical-focusing mirror system are calculated to be 25.4%,
22.4% and 4.0%, respectively. Furthermore, the total length of truncated two-stage compound
parabolic concentrator is only about 68 mm while the ellipsoidal mirror is 110 mm. It indicates
that the truncated two-stage compound parabolic concentrator system enhances the ability of
concentrating human diffuse transmission light, and it is a benefit to improve signal-to-noise ratio
of noninvasive biochemical analysis system efficiently. Due to the advantage of small size, it tends
to achieve a miniature instrument.

Keywords: optical design, compound parabolic concentrator (CPC), non-imaging optics, near infrared
spectroscopy, medicine optical instrument.

1. Introduction

Blood components analysis is one of the basic methods of health diagnosis. For example,
the current invasive method makes it difficult to perform frequent blood glucose
measurements and keep better control of glucose level, which is crucial in reducing
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the risk of complications. Near infrared (NIR) spectroscopy is a noninvasive, fast,
multicomponent analysis technique and does not require sample preparations or rea-
gents. In 1991, Norris reported possible medical applications of NIR in the 4th Inter-
national Conference of NIR Spectroscopy [1]. After years of research and development,
NIR spectroscopy has been extensively employed in the fields of agriculture, food,
medicine, etc. [2—4]. Because of special advantages, it becomes one of the most prom-
ising approaches to realize noninvasive blood components analysis [5, 6]. When near
infrared light incidents on human body, the light is partially absorbed and scattered,
according to its interaction with chemical components in the blood, before transmitting
to a detector. The transmission spectra contain the spectral signatures of blood com-
ponents such as water, fat, glucose, hemoglobin, efc. Although numerous studies have
been conducted, there is still a long way for the noninvasive clinical application. Com-
plex interferences from skin tissue and weak valid spectral signal discourage the de-
velopment of NIR noninvasive measurement [7-9]. For the second difficulty, the
reason is that water absorption to light is very strong leading to serious light attenua-
tion, and the contents of blood components are lower. Therefore, a high signal-to-noise
ratio (SNR) spectroscope for measuring the blood components precisely and reliably
is needed [7, 10].

The spectral SNR is proportional to the optical throughput @, the optical transmis-
sion efficiency ¢, and the square root of the number of collected and averaged spectral
data for each spectral element N2 [7]

SNR o G¢N'"? (D
The optical throughput @ is defined as
do = 1dQ 2)

where [ is light intensity and € is solid angle. Combing Eqgs. (1) and (2), we obtain
that SNR is proportional to light intensity. Thus, SNR can be improved by increasing
the luminance of source or optical efficiency of apparatus. The improvement of the
luminance of source is limited, while there are more applications of the second method.
Ha1-Bo Liu et al. used a THz time-domain spectroscopy system in combination with
a diffuse reflectance accessory to acquire the reflection spectrum of the explosive RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine) [11]. In the diffuse reflectance accessory, the
THz beam was focused on the sample by an off-axis ellipsoidal mirror, and then a quar-
ter of the diffusely reflected radiation was collected by the second off-axis ellipsoidal
mirror. VAN DER MARK and DESJARDINS proposed to use broadband light that was spec-
trally dispersed, coded and recombined before being delivered to the tissue [12]. In
this method, light from the tissue can be detected with a high numerical aperture
photodetector and then spectrally demodulated. MARUO ef al. assembled a double-beam
type of spectrometer with a unique optical fiber probe for noninvasive blood glucose
measurements [13]. The probe consisted of twelve separated source optical fibers and
one detector optical fiber. This optical fiber not only transmitted light but also was used
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as a device of collecting human diffuse transmission light. Although this optical ge-
ometry enabled the selective measurement of dermis tissue spectra, the spectral signal
received by detector is weak. In 1978, a compound parabolic concentrator (CPC) was
first invented by WELFORD and WINSTON to concentrate the solar radiation on a small
area [14]. Up to now, CPC has been widely used in applications such as collecting solar
radiation, concentrating feeble scattering light and photovoltaic applications [14—17].
The light entering CPC over the large aperture within a small solid angle is concen-
trated into the small aperture. In this paper, we specifically focus our interest on build-
ing an optical system which can collect human diffuse transmission light onto detector
efficiently. This configuration having high optical efficiency increases the optical
throughput. According to Eq. (1), it is conducive to the improvement of SNR, and to
further increase in the precision of the noninvasive biochemical measurement system.

Based on the optical principle of CPC, we present a two-stage compound parabolic
concentrator (TCPC) system. Utilizing a ray tracing technique, the configuration is
confirmed to have superior optical performance when the first-stage CPC is normal
and the second-stage CPC is truncated. Without considering the optical properties of
skin tissue, truncated TCPC system, ellipsoidal mirror system and non-optical-focus-
ing-mirror system are compared and the results are discussed.

2. CPC geometry

CPC consisting of two halves of parabolas is a non-imaging concentrator based on the
marginal optical principle. The geometry of CPC is shown in Fig. 1. Parabola A and
parabola B are symmetric with respect to y-axis. F, and F, are the focal points of
parabola A and parabola B, respectively. NF, and MF, are parallel to the axes of pa-
rabola A and parabola B, respectively; the angle between NF,; and MF, is 26,, and 6,
is called an acceptance half-angle.

If the incident angle 0 satisfies 0 < 6,, the light entering CPC at large aperture
(entrance plane) will be reflected once by the inner surface before exiting CPC at small
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Fig. 1. Geometry of CPC.



328 JING Gao et al.

aperture (exit plane). On the contrary, the light will be reflected first above the focus
and then exit CPC at large aperture suffering several reflections. Only the portion with-
in the acceptance half-angle 0, can be collected.

In Fig. 1, the equations of parabola A and parabola B respectively can be expressed
in the following forms:

i ) 2
Jaf— 17— (r- %)y} —dfx-d(f+ %)A/dfffzy _ JdUrd) (fd) (3)

2 2
/\/df_fzx'i‘(f—%)y} wdfx—d(f+ %)A/df—ny _ Jdjrd) (f:*d) @)

where d is the diameter of small aperture, f is the focal length of parabola. Assuming
that O’ is the intersection point of extended line and axis of parabola B, O" is the in-
tersection point of extended line and axis of parabola A, we have

d(1+ sin(6,))

: )

f = |OF| = |0"F,| =

If the acceptance half-angle 0, and the small aperture diameter d are known, the
shape of CPC can be generated. The diameter of large aperture (represented by D) and
the length (represented by /) of CPC are written as

d D+d

D = l =
sin(0,)’ 2

cot(d,) (6)

The geometric concentration ratio of CPC is related to the acceptance half-angle,

c-£2-_
d sin(0,)

(7

According to Egs. (6) and (7), the focusing performance could be improved by de-
creasing 0,, but the larger D and / are leading to a larger CPC. It will certainly be a hin-
drance to acquire miniature instrument.

3. Optical design

The schematic of a near infrared spectral noninvasive measurement system is shown
in Fig. 2. This system consists of 75 W halogen tungsten lamp from 780 to 2500 nm,
convergent lens, rotating plate with eight filters (20 mm) of different wavelengths,
TCPC system, G8605-15 InGaAs PIN photodiode detector of Hamamatsu Photonics Co.
with photosensitive area J5 mm, pretreatment circuit including two stages amplifying
circuit with AD549] operational amplifier and filter circuit, 6281 M multi-function
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Halogen Lens Filter ~Finger Second-stage CPC
tungsten lamp

Detector

Fig. 2. Schematic diagram of near infrared spectra measurement by using transmittance mode.

data acquisition card and spectral analysis software TQ Analyst. We select 6281 M data
acquisition card which is produced from National Instruments whose maximum con-
version resolution is 18 bits, sample rate is 625 kS/s and common-mode rejection ratio
is 110 dB. TQ Analyst is a commonly used spectral analysis software, and it can pro-
vide various qualitative and quantitative analysis tools applied in mid-infrared, near
infrared, far infrared and Raman spectroscopy.

In TCPC system, the first-stage CPC can decrease the divergent angle of diffuse
light; the second-stage CPC can further concentrate diffuse light onto the detector. In the
following optical calculations, we use the software TracePro as an assistant analysis tool.

3.1. Establishment of the first-stage CPC

The structure parameters of the first-stage CPC and the second-stage CPC are denoted
by d,, Dy, 0,,, d,, D,, 0,,, respectively, and the values of D, and D, are equal. The part
of the tested finger is defined to be a circle with a diameter d; = 10 mm. Moreover,
the overall length of TCPC system is less than 110 mm. For convenience of TCPC de-

Fig. 3. Rays reflected by the first-stage CPC.
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Fig. 4. Efficiency of the first-stage CPC with different acceptance half-angles and d; = 10 mm.

sign, we suppose that the measured part of human body is Lambertian radiation surface
source. When diffuse light emitted from it is reflected by the first-stage CPC (see
Fig. 3), the ratio of the power of reflected light, for the angle not greater than the ac-
ceptance half-angle 0,,, to the power of incident light, i.e., the efficiency of the first
-stage CPC is calculated, as shown in Fig. 4.

Figure 4 illustrates that the efficiency of the first-stage CPC decreases with the
increase in the acceptance half-angle 6,,. It can be inferred that the low efficiency of
large acceptance half-angle is due to the small geometric concentration ratio. However,
the length of the first-stage CPC increases with the decrease in the field of view. If
the efficiency is limited to be not less than 70%, 0,, is not larger than 25°. Because
of the overall length of TCPC not beyond 110 mm, the length of the first-stage CPC
is considered to be not more than 55 mm, and then 6, , is not smaller than 20°. There-
fore, the range of 6, is changed from 20° to 25°.
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Fig. 5. Variation of the maximum angle of rays reflected by truncated CPC with 6, =20° and d = 10 mm.
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Although CPC with small 6, has well focusing characteristics, the length is large.
For this reason, the truncation method [18—20] is applied to reduce the length of CPC.
Meanwhile, the large aperture of truncated CPC fits in with the other normal one. Trun-
cation ratio is calculated as the ratio of the length after truncation to the original length.

Figure 5 shows the variation of the maximum angle of rays reflected by truncated
CPC with 6, =20° and d = 10 mm. From Fig. 5, the maximum angle of rays reflected
by truncated CPC decreases with the increase in the truncation ratio. Therefore, the
first-stage CPC is designed in normal structure, which reduces the angle of reflected
light.

3.2. Establishment of the second-stage CPC

Suppose the incident angle is 0, 0, is the angle between the ray from the edge E of the
truncated large aperture to the edge F, of the small aperture (see Figs. 1 and 6), then
angular acceptance function F(¢) is considered to be the ratio of the number of received

Fig. 6. Rays reflected by the second-stage CPC.
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Fig. 7. Angular acceptance function F(6) for truncated CPC with 6, = 20°, d = 10 mm, and k= 0.2, 0.4,
0.6, and 0.8.
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rays to the number of incident rays. Using the equations for parabola and performing
some algebra, F(0) is expressed as follows [21]:

1, 0<0,
_J1+cC tan(6)
F(0) 1- , 0,<0<0 (®)
2C ( tan(@t)J : '
0, 0>0,

In Fig. 7, we show the result of (@) for truncated CPC with 6, =20°, d = 10 mm
and truncation ratio k£ from 0.2 to 0.8. It is clear from Eq. (8) and Fig. 7 that truncated
CPC can accept light whose angle is greater than 6, compared with normal CPC. Besides,
the CPC with small truncation ratio is conducive to acceptance of the light with large
angle. Therefore, it is better that the second-stage CPC is chosen to be truncated structure.

3.3. Calculation of truncated TCPC

The results in Sections 3.1 and 3.2 serve as the basis for design of truncated TCPC con-
sisting of a normal first-stage CPC and a truncated second-stage CPC. Figure 8 shows
variation of optical efficiency for different configurations where each figure compares
different acceptance half-angles.

In Fig. 8, the second-stage CPC with d, =9 mm performs higher optical efficiency
than the CPC with d, = 10 mm, and truncated TCPC with large acceptance half
-angle 0,, has better optical performance. That is because it allows some rays beyond
the normal acceptance half-angle to reach the small aperture. Moreover, small accept-
ance half-angle 0,, of first-stage CPC reduces the angle of diffuse light and increases
the diameter of large aperture, hindering the truncation of second-stage CPC. There-
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Fig. 8. Variation of optical efficiency for different truncated TCPC consisting of normal first-stage CPC

and truncated second-stage CPC; d, =

9 mm (a) and d, =

10 mm (b).



Truncated two-stage compound parabolic concentrator... 333

fore, the optimized parameters are as follows: d; = 10 mm, 6,, = 25°, d, = 9 mm, and
0,, = 22°. In this configuration, the optical efficiency is about 25.4%, and the total
length is only about 68 mm.

In the previous research, we obtained the best ellipsoidal mirror in which the length
of major axis is 140 mm, and the distance between two focus points is 110 mm [22].
In this system, the measured part and detector are positioned at two focus points, respec-
tively. Sometimes, the human diffuse transmission light is directly received by detector
without focusing accessory in infrared spectroscopy instrument. We suppose the dis-
tance between the measured part and the detector tilted 45° is 10 mm in the non-optical
-focusing mirror system. The optical efficiency of the ellipsoidal mirror system is
calculated to be 22.4% and the optical system without the focusing mirror is only 4.0%.
The rays’ irradiance distributions of these three structures on the detector are shown
in Fig. 9. We see the use of truncated TCPC can keep the optical efficiency at a satis-
factory level with a small dimension, and make the light irradiate on the detector evenly.
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Fig. 9. Irradiance map. Truncated TCPC system (a), ellipsoidal mirror system (b), and non-optical
-focusing mirror system (c).
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4. Conclusions

In this paper, we propose a truncated TCPC system based on the characteristics of CPC.
This truncated TCPC system consists of a normal first-stage CPC and a truncated
second-stage CPC. Its optical performance optimization is discussed in terms of the
normal first-stage CPC parameters variations and different truncated second-stage
CPC configurations. By changing the aperture’s diameter, acceptance half-angle and
truncation ratio, we realize a high optical efficiency system. Comparisons with the
ellipsoidal mirror system and the non-optical-focusing mirror system confirm that the
truncated TCPC system can concentrate diffuse transmission light from the measured
part onto the detector effectively. Therefore, the optical throughput from the measured
part to detector is improved. According to Eq. (1), we know that it can improve SNR
of the system effectively, providing support for accurate analysis of blood components.
Besides, the new structure is small in size tending to achieve miniature instrument. In
the next step, we will enhance the level of this truncated TCPC and do some experi-
ments.
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