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refractive index sensor for biology measurement
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A side polished graded index multimode fiber based refractive index sensor is proposed for use in biology
measurement. The side polished graded index multimode fiber is fabricated using the wheel polishing method,
that is a part of the cladding and core of a graded index multimode fiber are removed to develop a leaking
‘window’ called side polished region. The optical power loss through this structure is sensitive to the refractive
index of the analyte liquid which covering the leaking ‘window’. A greatly linear correlation between the
optical power loss and refractive index has been achieved. Additionally, we also investigated the influence of
each structure parameter on the sensitivity and linearity. From simulation and experiments results obtained,
the fiber core of 50 um and R of 10 pm are considered as the best choice of fiber structure with its sensitivity
is 40.92 dB/RIU in the refractive index range of 1.300—1.450. A bio-solution of fetal bovine serum can be easily
detected with this structure whose concentration gradient is two percent. It provides a simple and quick method
to detect refractive indices in biology measurement from 1.300 to 1.450. .

Keywords: side polished graded index multimode fiber, refractive index sensor, biological measurement, optical
power loss.
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OdaTtunk gnsa namepeHns nokasartens npenomMmneHuns
Ha OCHOBe rpagneéHTHoOro MHoromogoBoro BOJiIoKHa
C nOﬂMpOBaHHOﬁ O00KOBOM NMnOoOBEepPXHOCTbLIO

Ans omonornvyecKnx NpUMeHeHumn
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IIpennoskeH TaTYMK Ha OCHOBE I'PAJUEHTHOr0 MHOTOMOOBOTO BOJIOKHA C MOJMPOBAHHOH OOKOBOI IMOBEPXHO-
CTBHIO JJIsI U3MEPEHHU s MIOKA3aTeJs MPEeJIOMICHHU S B OMOJIOTUYECKUX HCCIeNOBaHUAX. YacTh 60KOBOI ITOBEPXHOCTH
BOJIOKHA, BKJIHOYAs 000JI0UYKY ¥ YACTh CePALleBUHBI, MEXaHUYECKHU CIIOJMPOBBIBAJIACH TAK, YTOOBI OPraHU30BATH
OKHO yTeukH usiydenns. [loTepu MOUTHOCTH U3 BOJIOKHA IIPH 9TOM YYyBCTBUTEJIbHBI K BeJIMYMHE IIOKA3aTeJ A Impe-
JIOMJICHU A KUIKOCTEH, OIpeae/sieMbIX IIPU aHAJIM3e U KOHTAKTHUPYIOIINX ¢ OKHOM yreuku. OGHapyskeHa Kop-
peaAnus BHICOKON CTEIEeHU JMHEWHOCTH MEMKIy MOTePAMHU M BEJINYMHON IMOKAa3aTeld IMPEJIOMJICHUA aHAJIHUTA.
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HccaemoBaHo BIMSHEE KAMKIOT0 U3 IAPAMETPOB H3rOTOBJIEHHOIM CTPYKTYPHI HA YYBCTBUTEJIBHOCTD U JINHEITHOCTH
Ipu nposeaeHun n3dmepenuii. MogeaupoBaHue M SKCIEPHMMEHT IIOKA3AJIH, YTO HAWJIYYIINE Pe3yJbTaThl J€MOH-
CTPHUPYET BOJOKHO C JUaMeTPOM cepaueBuHsl 50 MKM U PACCTOSIHMEM OT €€ OCH /0 IIomanku yreuxku 10 Mmem,
obGecrmeunBasi uyBcTBHTeJdbHOCTH 40,92 1B Ha eguMHMIy M3MEHEHUS IOKA3aTeJNs NPEJOMJEHHS B auamna-
3ome 1,300-1,450 mxm. C IErKkoCcTHI0 00HAPYKUBAIUCH ABYXNIPOIEHTHHIE H3MEHEHH I TIOKA3aTeJ A MPeIOMIeHn s
B KOPOBbeil BHYTPUYTPOOHOI1 chiBopoTKe. O0ecmeunBaercss mpocToe u GhICTPOE OIpenesieHNe MoKa3aTeseil npe-
JomyIeHuA B o6aactu 1,3—1,45 MKM mpu mpoBeJeHHU OMOJIOTHUECKUX MCCIEeTOBAHMIA. .

Knro4yeBbie cnoBa: MHOroMogoBoe rpagneHTHoe orTn4ecKoe BOJIOKHO, rnoJsinpoBaHHas 6okoBasi MOBEPXHOCTb, yXo4s-
Ljme BOJIHbI, 4aT4YNK Ha OCHOBEe rpagneHTHOro BOJIOKHa, buonorndeckmne n3MepeHus.

1. INTRODUCTION
Biological tissue refractive index (RI) is an impor-
tant biophysics parameter correlated with other bio-
physics properties including electrical and optical
properties. It represents not only the intracellular
mass and concentration of a cell, but also provides an
important insight into various biological models [1].
Biological tissue RI measurement has been ex-
tensively studied and measured since the 1950s, and
played an important role in various detection and
diagnosis. As an important branch, the study of op-
tical fiber based on the RI sensor has been getting
increasingly extensive due to its advantages, such
as simple construction, compactness, ease of use,
immunity to electromagnetic waves, potential for
remote operation, and flexibility of directly embed-
ding into a different system, etc. There are a number
of optical fiber RI sensors based on both the single
mode fiber and the multimode fiber [2—4], includ-
ing long-period fiber grating [56—-10], fiber Bragg
grating [11-15], Fabry—Perot interferometer and
Mach—Zehnder interferometer [16—20], macro-bend
single mode fiber [21], surface plasmon resonance,
Single Mode—Multimode—Single Mode fiber [22], etc.
However, all of above optical fiber RI sensors require
precision devices and complex methods to improve
detection resolution, and their RI sensitivities at the
working range of 1.300—-1.330 are not high.
Previous investigations showed that multimode
fiber has been identified as a good sensing medium
which a variety of sensors had been based on [14],
[23-26]. More and more studies now focus on the
graded index multimode fiber (GIMMF) rather than
step index multimode fiber (SIMMF) for its better
transmission characteristics. The fiber side polish-
ing technology has been proven to be an easy and ef-
fective method which is applied in lots of RI sensors
[27]. Thus, combining the GIMMF and the fiber side
polishing technology can increase the sensitivity and
working range for the biological tissue RI measure-
ment and is easy to manufacture. Through the wheel
polishing method, forming a polished region in the
graded index multimode fiber will lead to an optical
power loss during light propagation. So that, the side
polished graded index multimode fiber (SPGIMMF)
would be a better transducer element, and the opti-

cal power loss is decided by structural parameters
and analyte RI. A side polished graded index multi-
mode fiber structure based sensor has the additional
advantages of low cost and ease of fabrication while
being well-behave in the entire biological tissue RI
interval.

2. SIDE POLISHED GRADED
INDEX MULTIMODE FIBER

2.1. Configuration of side polished graded

index multimode fiber

The configuration of the side polished graded index
multimode fiber is shown in Fig. 1. A part of the
cladding and core of the graded index multimode fiber
is removed, which develops into a leaking ‘window’
called a side polished region as indicated as L,
atotallength of this ‘window’. This ‘window’ consists
of a flat and two curved surfaces called the flat

(2) (b)

(©

Flat region

(d)

Fig. 1. The side polished graded index multimode fiber.
The contour and the cross profile of the side polished grad-
ed index multimode fiber (a—b). The flat region and trans-
mission region in the polished area (c). Vertical section
with main parameters marked (d).



region as indicated by L; and a transmission region
as indicated by L,. Meanwhile, R is used to indicate
the residual radius which stands for the minimum
distance between the polished region and the center
of the multimode fiber. In addition, D indicates the
diameter of the graded index multimode fiber core,
while a is the radius of fiber [28].

2.2. The working principle of side polished graded
index multimode fiber

When light is launched from one end of the fiber, the
light is fully reflected at the interface of the core and
cladding, so that the light passes almost without any
loss output to the other end of the fiber. The leaking
“window” of the SPGIMMF is made by the wheel
polishing method. Changing the environment of the
leaking “window” or the parameters of the SPGIMMF
will influence the optical field distribution in the
MMF. As a result, the output spectrum or the optical
power of the MMF will be changed based on RI of
the biological tissue liquid filling the side polished
region, the biological tissue RI is measured by the
change of the output spectrum or the optical power
of the MMF.

3. FABRICATION OF SIDE POLISHED GRADED
INDEX MULTIMODE FIBER

We conducted three groups of experiments with
different structures of SPGIMMF according to tab-
le 1 using the wheel polishing method. Fiber wheel
polishing method refers to the optical fiber being
placed at the edge of a rotating polishing wheel,
touching it. The wheel, which exerts an axial tension,
will polish away a part of the fiber cladding when it
rotates [28]. Group A and Group B utilized fibers

Table 1. Parameters of the SPGIMMF model in simulation

Parameters Values

Light wavelength 1310 nm

Total length of fiber 20 cm

Total length of SPGIMMF

structure 2em

Length of flat region 1.8 cm

f:;iflh of transition 0.1x2 cm

Group A B C

Fiber diameter 125 um  125pum 125 pm

Core diameter 50um 62.5pum 105um

R, um 0 0 10
10 10 20
20 20 30
25 30 50
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Fig. 2. Measurement of residual radius R.

of different core diameter from the same company,
YOFC50/125-OM2(D=50pum)and YOFC62.5/125-OM1
(D = 62.5 um). The last group, Group C applied
Nufern MM-S105/125-22A with a fiber core diameter
of 105 um. First, the two flat fiber optic fixtures are
respectively fixed on the optical fiber fixture table.
After that, a little bit of the coating layer of optical
fiber due to be polished is removed. Fix the optical
fiber on the fixture after straightening, then move
the polishing wheel so that the abrasive paper of the
grinding wheel is just located above the position of
no cladding optical fiber. The tension control system
is used to ensure the optical fiber clamp horizontally
while moving on the guide rail to exert a tensile
force on the optical fiber axis. Subsequently, the
lifting and lowering motor will move the polishing
wheel downward until the abrasive paper contacts
the optical fiber. The tensile force at this time must
remain the set value in the tension testing system.
The motor then rotates the polishing wheel to start
polishing. To determine whether the fiber side
polishing is complete, the optical power value of
the optical fiber can be checked to see whether it
meets the requirements yet. When the optical power
reaches the predetermined value, the polishing is
complete.

After fabrication, R was measured by using a
microscope. The measured results of R are close to
the designed figures. One of the results is in Fig. 2
shown R of 10 um on the side of polished graded in-
dex multimode fiber.

4. NUMERICAL SIMULATION

4.1. Configuration of simulation model

In the simulation, all parameters were set to the
real value in Table 1. A total of 20 cm length was set
for the whole systems. The length is long enough to
get correct result but not take too much computing
resource. As for the SPGIMMF structure, SPGIMMF
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was set to 2 cm, with the flat region occupying nine-
ty percent of it. Meanwhile, the light wavelength was
set at 1310 nm. A launch field was set in the initial
position of the fiber, while a monitor of an optical
power was used to detect the optical power through
the whole system. The model structures and RI pro-
file are shown in Fig. 3.
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4.2. Simulation result

Weran three groups of simulation with the structural
parameters as shown in table 1 by the method of
three dimension finite difference beam propagation.
In each simulation, we made the step change of the
analyte RI from 1.300 to 1.450 by 0.005. The results
are shown in Fig. 4.

As shown in Fig. 4, Group A and Group B both
show great linearity from 1.300 to 1.450, wheares
Group C with a core diameter of 105 pum also shows
a good linearity from 1.300 to 1.410. We found that
for the same core diameter, the smaller the R is, the
better is the linearity. As the numerical simulation
is done in the ideal environment, the optical power
loss is smaller than the measured value. The simu-
lation results and linearity of each group is shown
in Table 2.

Table 2. Simulation result and Linearity in each group

Workspace

Group D, pm R,pym  Linearity
(¢
© RI Color Map (RIU)
A 1.300-1.450 50 0 0.95324
50 10 0.98172
% 50 20 0.93768
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ﬁ | “ ‘ 50 25 0.95121
% MH‘ ‘H H\ W \ ||| B 1.300-1.450 62.5 0 0.92869
£ ‘ ‘ 62.5 10 0.98928
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' “ i 62.5 30 0.96779
0 C 1.300-1.410 105 10 0.94372
105 20 0.96288
Fig. 3. The model structures and RI profile. Three groups 105 30 0.97456
with different core diameter and different R (a), simula- 105 50 0.97744
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Fig. 4. The results of three groups of simulation by the method of three dimension finite difference beam propagation.
Group A and Group B with core diameters of 50 pm and 62.5 pm show great linearity with different R from 1.300 to 1.450
(I—D=50.0pm, R=0pum,2— D =50.0um, R=10 um, 3 — D =50.0 pm, R =20 ym, D = 50.0 ym, R=25um,4 — D =
62.5um, R=0um,5 —D=62.5um, R=10pum,6 — D =62.5 um, R=20 um, 7 — D = 62.5 pym, R = 30 um) (a—b). Group

C with a core diameter of 105 um shows great linearity with different R from 1.300 to 1.410 (8 —
=105.0ym, R=30um, 11 — D

ym, 9 — D =105.0 ym, R =20 um, 10 — D

D =105.0 um, R=10
=105.0 um, R = 50 pm) (c).



Clearly, good linearity in every simulation run
proved that this structure is a reliable one, with dif-
ferent R leading to different sensitivity. But this is
the ideal result, the actual performance of this struc-
ture will be explored by a series of experiments.

5. EXPERIMENT AND RESULT

5.1. Experiment setup

Figure 5a schematically illustrates the experiment
setup used to investigate the sensing characteristics
of the SPGIMMF with differentsizesof corediameters
and different values of R. A 1310 nm wavelength of
optical power source is connected to a 1x2 optical
fiber coupler. The optical coupler is split into two:
one to the SPGIMMF and an optical power meter
with 0.001 dB resolution for output measurement,
whereas the other one is direct to another optical
power meter which acts as a reference. Optical power
loss is monitored to observe the behavior of the
SPGIMMF when the RI liquid is applied. Figure 5b
is a zoom-in of the SPGIMMF structure that used in
the experiment.

5.2. Spectrum of SPGIMMF

To explore spectrum characteristics of the SPGIMMF,
two different group of spectra are measured by
using an optical spectrum analyzer with 0.01 nm.
Resolution is used to observe the output spectra as
shown in Fig. 6.

(@)
Fiber Optic Coaple

Power Source ~
SPMMF Structure

Power Meter

(®)

Core-polished region

MMF RI Liguid

Fixing Box Caldding-polished region

Fig. 5. The experiment setup. The experimental setup (a),
the structure of the SPGIMMF (b).
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Fig. 6. Spectra of the SPGIMMF. Spectra characteristics
of Group A with different R (1 — light source, 2 — 25 um,
3—20um, 4 — 10 pm, 5 — 0 pm) lead to different optical
power loss of the same shape (a). Spectra of different RI
(6 — light source, 7 — 1.450,8 — 1.430, 1.410, 1.390,
9 — 1.375, 10 — 1.360, 11— 1.345, 12 — 1.330, 13 —
1.815, 14 — 1.300) liquids show the same tendency and
little difference (b).

Figure 6a is the spectra of Group A. Obviously,
with different light sources, the four spectra are
similar only in shape. In other words, this structure
does not lead to any wavelength selectivity but the
optical power loss.

Then, as for the influence of different RI liquids
on the spectrum, the SPGIMMF with a core diameter
of 50 pm and R of 10 um, was tested, with its pol-
ished area covered by standard RI liquid the result is
shown in Fig. 6b. Although the spectra of different
RI liquids are not exactly the same, they showed the
same tendency.

Figure 7 showed that there is a greatly linear rela-
tionship between RI of cover liquid and optical power
loss during a specific RI interval. In Group A and
Group B, the linear relationship is continuous from
1.300 to 1.450 while Group C behaves comparably
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Fig. 7. Different R leads to different sensitivity. Group A and Group B with core diameters of 50 uym and 62.5 pym show
great linearity with different R from 1.300 to 1.450 (1 — D = 50.0 yum, R=0 um, 2 — D = 50.0 um, R = 10 pum, 3 —
D=50.0um, R=20um,4 — D =50.0um, R=25um,5 — D =62.5um, R=0um, 6 — D =62.5 um, R =10 pm, 7 —
D=62.5um, R=20um,8 — D =62.5 um, R =30 um) (a—b). Group C with a core diameter of 105 um shows great linearity
with different R from 1.300 to 1.410 (9 — D =105.0 um, R=10 pm, 10 — D=105.0 ym, R=20 pum, 11 — D =105.0 pm,
R=30um, 12— D =105.0 um, R =50 um) (c).
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Fig. 8. Sensitivity of different groups.

Table 3. Linearity of three groups of the SPGIMMF

during 1.300-1.410. Similar to the results of the pre-

. . . . - ‘Workspace . .
vious simulation, the experiment exhibits the same Group (RIU) D, pm R,um Linearity
trend. In actual measurement, the polishing sur-

face is not absolutely smooth, thus there is a slight A 1.800-1.450 50 0 0.956
deviation between the measured and the simulation 50 10 0.992
values. As the numerical simulation is conducted in 50 20 0.999
the ideal environment, thus, the optical power loss is 50 25 0.931
lower fchan thg measured value. And the curvilinear B 1.300-1.450 62.5 0 0.991

trend in the figure shows that the optical power loss
decreases with the increase of the standard liquid RI 62.5 10 0.988
(The liquid RI is known). 62.5 20 0.990
The linearity of each groups of the SPGIMMF is 62.5 30 0.954
shown in Table 3. From the table, we observed that C 1.800-1.410 105 10 0.997
the SPGIMMF is highly sensitive and reliable with 105 20 0.998

only one is less that 0.95 of linearity while others are
105 30 0.986

larger than it due to polishing surface. It is because
the higher the linearity, the smaller the fluctuation 105 50 0.988
of the optical power loss with the refractive index,
and the more accurate the refractive index of the

measured biological tissue fluid will be. ent structure parameters gave different sensitivity
On this basis, we found that the sensitivity, name- as shown in Fig. 8.
ly the fitting curve slope which shows the magnitude As Fig. 7 has shown, when the fiber core diameter

of light loss caused by the RI change. Hence, differ- is fixed, the optical power loss increases with the



decrease of R. To check whether the trend is accept-
able, we placed a different R in air and measured the
transmittance of optical power with the change of R.
Figure 9 shows that when the polished area of the
SPGIMMTF is exposed to air, the overall trend of the
curve is that the transmittance of the optical power
increases with the increase of R, which translates to
the decrease of optical power loss decreases. However,
the curve also has a small float in the process of ris-
ing. From Fig. 9, it can be concluded that when R is
0 um, the maximum power loss is achieved. When R is
10 um, the curve has a trough, and the optical power
loss is close to the optical power loss when R is 0 um.
And when R is fixed, the relationship between the opti-
cal power loss and the fiber core diameter is shown in
Fig. 10. It can be understood that the optical power loss
increases with the decrease of the fiber core diameter.

5.3. Discussion

The SPGIMMF is investigated both in simulation
and experimental for its sensing characteristics.
Three types of SPGIMMF structures with different
sizes of core diameter and R namely group A, B and

1.0

o
()

Transmittance
o o o
= > B
I \

0.0

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Residual radius, pm

Fig. 9. The relationship between transmittance of optical
power and R.

Power Loss, dB
o ~ [e>]
o
w
~

1.30 1.35 1.40 145
Refractive index of overlaid material (RIU)

Fig. 10. The relationship between optical power loss and
the standard liquid RI in different SPGIMMEF core diame-
ters (I — 105.0 ym, 2 — 62.5 pm, 3 — 50.0 um) for R
is 10 pm.
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C are conducted with different standard of RI liquid.
The results show the structure would affect the
optical power loss rather than causing wavelength
selectivity. The relationship between analyte RI and
optical power loss with the SPGIMMEF structure has
been explored through experimentation. Group A
and Group B fibers with core diameters of 50 um and
62.5 um show great linearity with different R from
1.300t01.450 while Group C fibers with core diameters
of 105 pum shows great linearity with different R from
1.300 to 1.410. When the diameter of the SPGIMMF
and R are invariants, the optical power loss decreases
with the increase of the standard liquid RI. When the
diameter of the SPGIMMF and the standard liquid RI
are invariants, the optical power loss decreases with
the increase of R, and the minimum value is obtained
when R is 0 pm or 10 pum. When the standard liquid
RI and the R are invariants, the optical power loss
decreases with the increase of the diameter of the
SPGIMMF. The larger optical power loss is, the easier
for the sensor to detect. The linearity of R for 10 um
is better than that of R for O um, but the SPGIMMF
is easier to be damaged when R is too small. Thus, we
concluded that at diameter of 50 pm and an R value of
10 pm is the best choice for this SPGIMMF structure.
The specific sensitivity is determined by the kind
of MMF and fabrication parameters. With the best
parameters, the SPGIMMF sensor can achieve at
sensitivity of 40.92 dB/RIU.

6. SPGIMMF IN BIOMEDICAL APPLICATION

In this section, an experiment was carried out to
utilize the SPGIMMF sensor parameters (D = 50 um,
R = 10 um) to detect its practicability in biology
measurement. Fetal bovine serum (FBS) plays a vital
role in bio-culture solutions, whose concentration is
an essential parameter. The bio-culture solution with
different concentration of FBS will get different
composition and different RI. It is unknown whether
this sensor can make out this tiny distinction and
quantify the solutions or not.

Six bio-culture solutions with FBS concentration
from 0% to 10% in the interval of 2% were prepared
in advanced as shown in Fig. 11 at NIR wavelengths.
Visually, the difference is virtually distinguishable
to human eyes. Thus the SPGIMMF sensor is used
and the results for each samples are shown in Table 4.
(Notes: optical loss is measured by the optical power
meter and RI is measured by refractometer).

Table 4. Optical power loss of each bio-culture solution

Concent-
ration

RI 1.3346 1.3350 1.3353 1.3355 1.3356 1.3357
Power loss 12.483 12.464 12.452 12.444 12.439 12.434

0% 2% 4% 6% 8%  10%
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Fig. 12. Optical power loss vs the concentration and refrac-
tive index of the FBS solution.

As shown in Fig. 12, an FBS concentration gradi-
ent of 2% can be easily detected with the SPGIMMF
based sensor and the optical power meter. We found
that, a great linearity of the optical power loss and
FBS refractive index.

Certainly, when the optical power meter with
higher resolution is available, the measurement
ought to be easier. As the same with the experiment
above, we have nothing by using near infrared spec-
troscopy. So the biological tissue RI is measurement
by the change of the optical power of the SPGIMMF.

7. CONCLUSION

After being fabricated by a wheel polishing method,
a SPGIMMF based on RI sensor demonstrated
a great performance for its linear response in a
specific RI interval. The influence of core diameter
and R on this sensor was studied. The results show
that smaller R and core diameter will lead to higher
sensitivity while other parameters are kept the same.
Each SPGIMMF with different core diameters and R
has high linearity, which demonstrates it is a reliable
method. Considering the linearity, sensitivity and
stability of the device, the SPGIMMF with a core
diameter of 50 ym and R value of 10 pm is found
to be the best choice. This provided a sensitivity of
40.92 dB/RIU in the refractive index range of 1.300—
1.450. An FBS concentration gradient of 2% can be

easily detected with this SPGIMMF based sensor.
It provides a simple and quick method to measure the
refractive index of biological material.

8. APPENDIX
As a result of the considerable decrease in modal
dispersion, most multimode fibers (MMF) are
graded index and weakly guiding fiber whose core
has a refractive index that decreases with increasing
radial distance from the optical axis of the fiber
and approximates the cladding refractive index.
The most common RI profile for a graded index
multimode fiber is nearly parabolic to refocus the
rays in the core and minimize modal dispersion.
When the core closer to the fiber axis that have
a higher refractive index than the cladding, lights
propagate sinusoidal through the fiber. The most
common refractive index profile is very close to
parabolic curve as shown in Fig. 13 and equation (1),
where n, is the RI of fiber cladding, n, is the RI of
fiber optical axis, and r is the distance from area to
the fiber optical axis.

n12 [1—2A(r/a)2},r <a

n3 ,r>a

n? r)= (1)

To get the mode property of the graded index mul-
timode fiber, we solved the wave equation in GIMMF
with the WKB approximation to find approximate
solutions [29, 30]. In the scalar wave Equation
shown in equation (2), y is the eigenmode of MMF
determined by fiber core diameter, fiber core and
cladding RI indices,  is the propagation constant
of each eigenmode of the MMF, and k is the wave
vector.

32\p+1a\p 1 0%y

k2 4+ B2 |y =0. 2
. r26‘(p2+( +B2 )y )

For further approximation with TEM wave ap-
proximation, we focus on electronic field E, in the
cylindrical coordinate system. The wave Equation in

n(r)

np

Iy

a r_cladding r

Fig. 13. Refractive index profile of graded index multi-
mode fiber.



the cylindrical coordinate system is shown in equa-
tion (3).

O’E, L10E, 1 O’E,
or? r ar 2 pe?

+(k§n2 (r) —B2)Ex (r,9)=0.

In equation (4), we segregate E (r, ¢) into E(r)
and exp(ile) with the segregation variable method,
where E(r) indicates the radial intensity of E (7, ¢)
and exp(ilp) indicates the phase. Combing equation
(3) and equation (4), we get the Equation of E(r) as
shown in equation (5).

@)

E,(r,9) Z%E(r)exp(il(p), @)
d?E(r) [12—1]
5 +|Kgn® (r)—pB? 24 E(r)=0. (5)
dr r

E(r)
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Setting two new parameters M (as show in equa-
tion (6)) and U(r) (as show in equation (7)) equation (5)
can be simplified to form equation (8).

M = Kgni %, (6)
=
U(r):{kgnlz—kgnz (r)}—i— R (7)
2
TE) M —v(r)E(r)=0 (8)

The relationship of M and U(r) in the graded in-
dex multimode fiber results in specific E(r), namely
each specific optical mode. This situation is shown in
Fig. 14. Only when U(r) < M, can it form the propaga-
tion modes rather than evasion modes. Figure 14 (a—c)
shows the situations of propagation modes, leaky
modes, and radiation modes.

Propagation modes
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Fig. 14. The Figure shows the relationship of M and U(r). The corresponding E(r) and the area where light modes exist (in red).

2

When n%kg <p2< ny

propagation modes and leaky modes exist at the same time (b). When [32

kg propagation modes exist in a ring region from r; to r, (a). When n22k2 — (12

—1/4)/a® < p2<nk],

< n22k§ — 12— 1/4)/a2(z only radiation modes exist (c).
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Only when the propagation mode is TE or TM,
r; can be equal to zero. When it comes to the step in-
dex fiber, the function r, = a will be established.

In the propagation modes, one possible propaga-
tion mode in a graded index multimode fiber has
been simulated as shown in Fig. 15.

Once a part of cladding and core of multimode
fiber is removed and replaced by the analyte liquid,
this waveguide structure is essentially destroyed.
However, it can be considered that with the decrease
of R, more and more light will leak from this ‘win-
dow’. In the other words, smaller R indicates a big-
ger window and more optical power loss. Obviously,
if only a little cladding and core are wrapped and R
is bigger than r,, it almost does not affect the wave-
guide structure for most specific modes. Hence, the
results of previous simulation and experiments are
qualitatively inadvertently.
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