
- 48 -

두 개의 동일한 타원형 구조를 지닌 광 도파관의 특성

장성호*․정상호**․†이승환*,***
한국교통대학교 기계공학과, 한국교통대학교 산학협력단, 한국교통대학교 지역혁신센터(RIC)

(2014년 3월 31일 접수, 2014년 4월 25일 수정, 2014년 4월 25일 채택)

Characteristics of an Optical Waveguide 

with Two Identical Elliptical Structures

SeongHo Jang*․SangHo Chung**․†SeungHwan Yi*,***
*Department of Mechanical Eng., KNUT (Korea National University of Transportation), 

Chungjushi, Chungbuk 380-702, Rep.of Korea
**Industry-Academic Cooperation Foundation, KNUT, Chungjushi, Chungbuk 380-702, 

Rep.of Korea
***RIC(Regional Innovation Center), KNUT, Chungjushi, Chungbuk 380-702, Rep.of Korea 

(Received March 31, 2014; Revised April 25, 2014; Accepted April 25, 2014)

요 약

본 논문에서는 알코올 측정용 센서의 광학적 특성 향상을 위한 고유한 광학적 구조를 제안하였으며, 모의해석

을 실시하였다. 광 도파관은 한쪽에 공통초점을 갖는 두 개의 타원형 광 도파관으로 구성되었으며, 각 광 도파관

의 서로 다른 초점에 적외선 광원과 적외선 센서를 갖는다. 두 타원형 광 도파관의 각도가 30도에서 90도로 증가시

켰을 때, 단위면적당 최대 입사광량은 2.23×10
6
 W/m

2
 에서 5.74×10

5
 W/m

2
 로 감소하였다. 그러나 조사 빔의 반지름

은 1.86 mm로 최소값을 나타내었고, 전체 입사 에너지는 90도 각도를 갖는 구조와 비교하여 약 10 % 작은 값을 보

였다. 모의해석 결과로부터 본 논문에 제안한 구조는 긴 흡수파장을 갖는 광학적 가스센서의 감도향상에 기여할 

것으로 판단된다.

Abstract - A unique optical waveguide structure is proposed to enhance the optical characteristics of alco-

hol screening sensors. This structure is then simulated. The structure consists of two elliptical waveguides that 

have a common focus to one side and has an IR source and detector at each of the other focal points of the 

ellipses. When the angle between the two elliptical waveguides is increased from 30 degrees to 90 degrees, the 

maximum level of irradiance is greatly decreased, falling from 2.23×10
6 W/m2 to 5.74×105 W/m2. However, 

the diameter of the incident rays is at a minimum of 1.86mm and the total incident flux is less than 10% lower 

when compared to the structure at 90°. It can be seen from the simulation results that this structure might en-

hance the sensitivity of an optical gas sensor which has a large absorption wavelength.
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I. INTRODUCTION

Following the invention and commercialization 

of semiconductor gas sensors five decades ago, 

there was a great deal of work to improve the per-

formance of the gas sensors[1-3]. The three types 

of gas sensors that have been widely used in do-

mestic, industrial and also automotive areas, are 

semiconductor, catalytic, and electrochemical cell 

based units[4-6]. Since the principles of the above 

mentioned sensors are based upon the chemical re-

actions between the target gas and the surface of 

the sensor, they are heated up to activate the sur-

faces of the sensors in order to improve the sensi-

tivity of the sensor itself. However, these devices 

show poor selectivity amongst other ambient gas-

es (mainly water vapor, hydrocarbons, and other 

environmental gases) because the surfaces are expo-

sed directly to the environment[7-8]. Even though 

there are some technical methods to improve the 

selectivity of the sensors, there are still huge chal-

lenges to discriminate the target gas from other 

ambient gases in field applications.

Approximately one decade ago, the NDIR (Non-

Dispersive Infrared Rays) principle was applied to 

sensors for ear thermometers, home and office au-

tomation regions with silicon thermopiles or PIR 

(Passive InfraRed) detectors[9-10]. Because these 

use IR filters in order to detect temperature and 

gases, they can enhance the selectivity that hinders 

the improvement of gas sensors. Furthermore, gas 

sensors that use the NDIR principle alleviate the 

contamination of the sensors and increase the sen-

sitivity, reliable operating period, and accuracy with-

out deterioration of the selectivity. There is there-

fore a shift from ceramic gas sensors to optical gas 

sensors in some specific gas sensor applications.

Currently, alcohol sensor systems are becoming 

popular, not only for the screening of drunken 

drivers, but also for built-in alcohol lock systems, 

in order to prohibit DWI (Driving While Intoxicat-

ed). The dominant sensor technology at present for 

alcohol sensors or screening devices is based upon 

catalytic combustion, either with a fuel cell or hea-

ted metal oxide ceramics. However, due to the deg-

radation of heating elements and potential con-

tamination of the sensor surfaces by polluted air, 

the reliability and long term stability are major is-

sues with both sensor types. These devices also 

need a cumbersome calibration process after sev-

eral months of operation. There has been a push 

therefore for sensing technology and devices using 

robust and reliable NDIR sensing principles[11]. 

One of the main components in this technology is 

the optical waveguide, with a unique structure and 

also small feature size, since both the IR source 

and detector have been well developed and stabi-

lized in order to realize NDIR gas sensors.

In order to build and provide an alternative al-

cohol sensor using the NDIR principle, analysis of 

patents has been executed to propose a unique op-

tical waveguide and simulate its operation using 

commercial software, and present its optical char-

acteristics in this paper.

II. PRINCIPLE CONCEPTS AND MODELING

2.1. Principle concepts of a NDIR gas sensor
In an elliptical waveguide structure, when light 

radiates from one focal point, it reflects on the mi-

rrored inside surfaces of the elliptical structure un-

til it reaches the other focal point. If the mirrored 

surfaces reflect whole rays that are directed per-

fectly at one focal point, whole rays will reach the 

other focal point without any loss. 

When this structure is applied to a NDIR gas 

sensor, the radiated beams at one focal point will 

be governed by the Beer-Lambert law, which de-

scribes the absorption of radiation energy by gas 

molecules with geometric dimensions:

Id=I0exp(-α․x․l) (1)

where I0 is the irradiance of light at the source 

[W/m2], Id is the irradiance of light at the detector 

[W/m
2], α is the absorption coefficient of the mol-

ecule, x is the concentration of molecules of gas, 

and l is the optical traveling length [m] from the 

source to the detector.

Eq. (1) presents the relationship between the 

optical irradiance and geometric factors. If the 

characteristics of the target are well known, the re-

ceived light intensity will be determined by the gas 
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Fig. 1. Schematics of 2-dimensional optical wave-

guide with two ellipses.

concentration and the optical path length. There-

fore, the optical travelling length should be enlar-

ged to increase the sensitivity of the sensor in the 

limited conditions. 

When the focused bundle of the radiation beam 

is considered, the output voltage can be described 

by Eq. (2)[12] 

V=ζ(ri/rs)
2․exp(-α․x․l) (2)

where ζ is a proportionality constant that inclu-

des the reflection coefficient of the coating materi-

al of the optical waveguide, ri is the radius of the 

beam of the IR ray, and rs is the radius of the fo-

cused beam in the waveguide structure.

As can be inferred from Eq. (2), the output volt-

age can be enhanced by the square of the beam 

radius ratio between ri and rs. This means that the 

sensitivity of a NDIR gas sensor might be increa-

sed by focusing the radiated beam at the detector.

2.2. Modeling and Simulation
The performance of a NDIR gas sensor might 

be enhanced by varying two factors, the optical 

path length and the diameter of the incident rays, 

as described in Eq. (1) & (2). A longer optical path 

length can be achieved using a long cylindrical 

structure, or by multiple reflections of light within 

a small waveguide[13,14]. The focusing of light can 

be satisfied using an optical lens[15] or curved-

mirror structure[12]. However, the optical lens will 

increase the cost of materials and also the number 

of manufacturing steps, therefore it would be bet-

ter to focus the beam without any redundant parts. 

As a result of these considerations, a novel optical 

waveguide that has two elliptical structures is pro-

posed as shown in Fig. 1. 

Generally, when the light is emitted from one 

focal point in ellipse, it reflects once at the inside 

of elliptical mirror surface and then it reaches to 

the other focal point. If the mirror is a perfect re-

flector, the emitted light energy could be focused 

at the other focal point. So the energy density 

could be increased tremendously and enlarge the 

output voltage of IR sensor. Therefore the sensi-

tivity might be improved effectively. By using this 

fundamental principle, the proposed optical wave-

guide, as shown in Fig.1, consists of two identical 

ellipses that have a common focal point at one 

side (right-side, A_2). At the other two focal points 

an IR source (left upper: A_1) and an IR detector 

(lower left-side: A_5) are located in order to in-

crease the optical path length and focus the in-

cident rays onto the IR detector. The lengths of the 

major and minor axes in the ellipses are 100 mm 

and 40 mm, respectively. The properties of the IR 

source, detector and mirror surfaces are assumed 

to be as follows; the IR source type is a Lamber-

tian disc with 5,000 rays and 10 watts at a wave-

length of 3.4μm, the detector absorbs the incident 

beam perfectly and the reflectance of the mirror 

surfaces is 0.95. The diameter and thickness of the 

Lambertian disc are 1mm and 0.05mm, and the 

detector has a 16 mm diameter with a thickness 

of 0.05mm. 

After modeling the elliptical waveguide using a 

3-D CAD tool named Pro-E
®, the 3-D model was 

converted by Trace-Pro® in order to construct the 

optical structures of the elliptical waveguide. Then 

the parameters of each component (mirror surfa-

ces, IR source, and IR detector) were input in or-

der to simulate the characteristics of the elliptical 

waveguide according to the angle between the two 

major axes in the ellipses. The proposed optical wa-

veguide has an opened area that is not covered by 

original ellipse, so the light that transits a common 
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Fig. 4. Incident rays as a function of the angle 

between the two elliptical waveguides.

Fig. 2. Schematics of the simulation processes.

a)

b)

Fig. 3. Ray tracing within the elliptical waveguide: 

(a) 30°, (b) 90° with 100 rays. 

focal point might affect the trajectory of the light 

after passing it. Therefore the optical characteristics 

should be analyzed according to the angle between 

two major axes in optical waveguide. The simula-

tion processes are depicted in Fig. 2. 

III. SIMULATION RESULTS AND DISCUSSION 
FOR THE ELLIPTICAL WAVEGUIDE

The ray tracing inside of the elliptical waveguide 

is shown in Fig. 3. The IR radiation from the source 

(the first focal point located at the upper-left side) 

travels inside the structure and the bundle of rays 

passes a common focal point to the nearest mirror 

surfaces, from where it is reflected to reach the de-

tector located at the lower-left side of the cavity. 

In this simulation, the number of rays was assum-

ed to be 100 in order to reveal the trajectory of 

light. As can be seen in Fig. 3 a), there is signifi-

cant irregular scattering, which is due to the imper-

fect ellipses at the center of the two elliptical wave-

guides. However, the irregular scattering has almost 

been eliminated in Fig. 3 b) and this is as a result 

of the small overlapping area between the first 

and the second ellipses. Furthermore, even though 

incoming light passes through the common focus, 

the light changes trajectory after passing through 

and so the light reflects at an abnormal mirror sur-

face as shown at the upper right corner, and then 

disperses onto the detector side that is located at 

the lower part as can be seen in Fig. 3 b).

Figure 4 shows the incident rays as a function 

of the angle between the two elliptical waveguides. 

When the angle between the two elliptical wave-

guides was 30 degrees, the incident ray count was 

4,549 rays. However, when the angle was increas-
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Fig. 5. Maximum irradiance as a function of the 

angle between the two elliptical wavegui-

des.

a)

b)

 c)

Fig. 6. Irradiance maps of incoming IR light onto 

the detector according to the angles between 

the two elliptical waveguide: a) 30°, b) 60°, 

and c) 90°. 

ed, the ray count also increased to 4,800 rays at 60 

degrees and then saturates at around 4,900 rays at 

90 degrees. This means that the quantity of IR light 

diminishes with a decreasing angle and this might 

be caused by multiple scatterings on the inside of 

the elliptical waveguide due to the enlargement of 

the imperfect ellipses.

The maximum irradiance as a function of angle 

is shown in Fig. 5. When the angle between the 

two elliptical waveguides is 30 degrees, the irradi-

ance is 2.23×10
6W/m2. However, as the angle is 

enlarged, the maximum irradiance decreases by 

approximately one order of magnitude at 90 de-

grees, with an irradiance of 5.74×10
5W/m2. The 

maximum irradiance for one elliptical waveguide 

is 9.29×10
6W/m2, and there is no elimination of 

radiated light on the detector. When the results 

mentioned above are compared, the maximum ir-

radiance is decreased by a factor of 4 and one or-

der of magnitude, respectively. This may be due 

to the enlargement of the open areas of the ellip-

tical waveguide, which causes imperfect reflection 

of the incident rays onto the mirror surfaces, be-

fore and after passing the common focal point. 

This could also be potentially caused by the ab-

sence of a reflecting mirror near to the focal point 

for the radiated beam from the IR source.

The incident rays and also the maximum irradi-

ance are also presented when the IR source is out 

of focus from the focal point as shown in Fig. 4 
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Fig. 7. Diameter of the incident rays as a func-

tion of the angle between the two ellipti-

cal waveguides.

and Fig. 5. In this case, the incident ray count is 

more than 10% lower than that for a perfectly 

aligned structure and the maximum irradiance is 

approximately the same as when there is a 50 de-

gree angle between the two elliptical waveguides.

Figure 6 shows an irradiance map of the incom-

ing IR light according to the angle between the 

two elliptical waveguides.

The dotted circle represents the periphery of the 

detector and the color indicates the irradiance of 

light. As can be seen in Fig. 6, when the angle is 

30 degrees, the incoming light is focused onto a 

small spot of around 2mm diameter. However, 

when the angle is enlarged to 60 or 90 degrees, the 

irradiance of incoming lights shows the dispersed 

mapping also regions where the IR light cannot 

reach the detector. This might be understood by 

the enlargement of the abnormal trajectories and 

mirror surfaces. As a result of these factors the IR 

light passing through the common focus travels in 

a different path and exhibits patchy and dispersed 

light distributions on the detector.

The diameters of the incident rays on the de-

tector are shown in Fig. 7. Due to the effects men-

tioned earlier, the diameters of the incident rays 

increase with an increase in the angle between the 

two elliptical waveguides. The diameter of the in-

cident rays shows a smaller spot size when they 

are +1mm from the focal point, however, the max-

imum irradiance is slightly less than a factor of 

two lower as shown in Fig. 5.

IV. CONCLUSIONS

In this study, the irradiance of IR rays, incident 

rays and the diameters of the incident rays are si-

mulated with two identical elliptical cavity struc-

tures. Despite the fact that the incident ray count 

is increased with an increase of the angle between 

the structures, the maximum irradiance is drasti-

cally decreased and shows a scattered pattern of 

a large diameter.

In conclusion, it is efficient to decrease the an-

gle between the two elliptical cavity structures in 

terms of the irradiance and the diameters of the 

incident rays in order to enhance the performance 

of the optical characteristics in optical sensor 

applications. 
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