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Propagation of the Fundamental Mode in Curved
Graded Index Multimode Fiber and Its Application
In Sensor Systems

Denis Donlagicand Brian Culshaw

transmission medium
(bent) multimode fiber

Abstract—A novel principle of light transmission through very
small radius bend in optical fibers is presented. The potential appli-
cations of the proposed structure are fiber optic sensors and other
fiber optic systems. The design makes use of graded index multi- - f——-——
mode fiber as transmission medium. However, the feed to the mul-
timode fiber is through a single mode fiber to ensure that only the single-mode fiber single-mode fiber
lowest order spatial mode is launched. Similarly the receiver is also
coupled to the sensing element through a single mode fiber. The
fundamental mode within graded index multimode fiber proves to
be very insensitive to macrobends if bend radius is larger than cer-
tain critical value. If bend radius is reduced below critical value the
loss increases very rapidly and this allows for construction of rela-
tively sensitive macrobend fiber optic sensor. This work presents a
guantitative theoretical model of the proposed structure and a de-
tailed experimental investigation of structure with possibilities for
its practical applications.

Fig. 1. SMS structure.

cladding

Index Terms—Bend loss, fiber optics sensors, macrobends, op-
tical fibers.

|I. INTRODUCTION

ADIATION loss caused by curvature of dielectric wave-

guide is very important from the point of view of fiber-
optic transmission of optical signals, fiber optic sensors, and ir
tegrated optics. The curvature loss has been therefore stud
extensively theoretically and experimentally in the past [1]-[7]
In systems where severe waveguide bends are present high
fibers, modified index profile waveguides [8], etc., have beel
utilized in order to reduce bend loss. Additionally, the mac:
robend loss phenomena have been applied to sensor syste
with some success [4], however, their application is limited du
to the relatively low sensitivity and large dimensions.

Recently, we reported fiber optic microbend sensor struc-

ture (called SMS) based on selective launch of the fundamentgl 2. macrobend loss in fiber.
mode in graded index multimode fiber [9]. In addition to signif-

icantly different microbend properties, the proposed structure _ L . ) .
also exhibits significantly different macrobend effects. Thod8 the sensing section is through a single mode fiber spliced to

effects and their applications are considered in this paper in dae ml,!l'umode fiber to ensure that on!y th? lowest order spatial
tail. mode is launched. Similarly the receiver is also coupled to the
The actual transmission and/or sensing element of the SH&SING element through a single-mode fiber. The structure is

structure is graded index multimode fiber. However, the fe&ioWn in Fig. 1. The overall loss of the structure (single-mode
to single-mode transition) is in the range of 1 dB when standard

fibers and standard splicing procedure are used and it can be fur-
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Fig. 3. Straight (a) and bent (b) single-mode step index fiber.

II. THEORY 2) Pure Bend Loss:The pure bend loss results from the con-
. , tinual loss of guiding at the outer portion of the evanescent field
AI Macrobend.Loss: Comparison Between Loss in of the fundamental mode. This loss of guiding is due to the phase
Single-Mode Fiber and SMS Structure velocity of the outer part of the evanescent field becoming equal

In the past the bend loss of fundamental mode was studiedhe speed of light in the cladding [3], [4]. The smaller the ra-
extensively theoretically [1]-[4] and experimentally [4]-[8] fordius of the bend the greater the fraction of the evanescent field
single-mode step index fibers. Extending those studies to t#hifected and hence greater the percentage of light lost at the
SMS concept gives quantitative description of macrobend Idsend. The fraction that is affected is the main reason for the dif-
in SMS structure. ferences in macrobend properties of single-mode, multimode,

In single mode fibers the macrobend loss, consists of tvemd SMS-based systems.
components [2], [4], [5]: a transition loss and a pure bend loss. In the bend region of radiuB and angle® (Fig. 2), the con-

1) Transition Loss: The transition loss in single-mode fiberfining path of fundamental mode is assumed to be circular. In
arises when the mode fields in the straight and the bent fildbe bend the modal wave front will propagate with a phase ve-
segments are not identical. In the bend the central maximumle€ity linearly dependent on the radial distance from the centre
the mode field is shifted radialy outward [2], [4]. At the junc-of curvature of the bend. The propagation constant of the mode
tion between the straight and bent single-mode fiber segmeritswill thus be in proportion td /r
a portion of the incident power excites the guided mode in the R
bent segment and the remaining power is coupled to the con- B(r) = —p(R). (1)
tinuum of radiation modes. "

The transition process in the SMS structure is similar, excep®r radial positions larger than a characteristic vaiyehe an-
that the radial shift of the fundamental mode field is also limite@ular phase velocity of the wave front equals the velocity of light
by the graded profile. Additionally, the fraction of power in thdn the propagation medium
bend that does not excite fundamental mode couples to higher w c

order guided modes of the multimode fiber. Blro) — nlre) = plre) = n(re)ko @
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Fig. 4. Bend loss of: (a) fundamental mode launched graded index multimode fiber and (b) single-mode fiber. Fundamental mode of bent gradetharsdex fibe
much wider evanescent field as equally bent standard step-index fiber.

and power in the shaded tafl.s dissociates itself from the [1], [8]. The propagation constant of fundamental mode in typ-
wave front, propagates in a tangential path to the dissociatigal telecommunication graded index multimode fiber is close
point and radiates away [3], [4]. This is obvious when th@.e., somewhat less tham), ko (Nmax IS Maximum refrac-
transversal compone#t- of propagation vector is observed: tive index of fiber core). For example in case of ath fiber

with NA = 0.2(A = 0.0135) andn,.. = 1.475 the prop-
kr(r) = /(kon(r))? — B2(r) agation constans of fundamental mode is abolit4738k, =

= kov/n(r)? — neg(r)? (3) 0.9992n,,.ko).
Fig. 4 represents graphical comparison between single mode

and fundamental mode launched multimode fiber (index pro-

wherekg is propagation number of optical wave in vacuuny

is effective refractive index of the mode. =~ _ files of both fibers shown in Fig. 4 are in proportion to stan-
In bent fiber, one can observe three distinctive regions (F'Qard single-mode and 62,5 core diameter multimode fiber).
3)- Fig. 4 clearly demonstrates the difference bend loss behavior of

* First region: region is limited in the transversal plane anginglemode and fundamental mode launched multimode fiber.
kr is real numbefn(r) > B(r)/ko): This region repre- The propagation constamum,o; of the fundamental mode in
sents a guided wave in the core of the fiber. graded index fiber is significantly higher than for singlemode

* Second region: region is limited in the transversal plafger (3,,,0;). The phase constants of fundamental modes in
andkr is complex numbefn(r) < 8(r)/ko). Thisregion poth (equally bent) fibers decrease with the same rateias
represents evanescent wave. creases [see (1)], The evanescent region is much wider for the

* Third region:k7 is again real numben(r) > 3(r)/ko), multimode graded index fiber, e.g., the point in the cladding
but region is unlimited in the radial direction beyond reghere ;, becomes real (start of third region) appears signifi-
gion 2: this region represents the radiation wave. cantly further into the cladding than in the case of single-mode

In perfectly straight fiben.g is independent of, third re- fiber. This results in much lower macrobend sensitivity of fun-
gion disappears and propagation of the wave becomes loss-lgasnental mode in graded index multimode fiber.
In case of bent fiber, the bend loss depends on the size of evaneshe conclusion that we reached from Fig. 4 also indicate sev-
cent region. eral additional properties of the fundamental mode launched

) . bent graded index multimode fiber: 1) hypothetical infinite ex-

B. Comparison of Pure Bend Loss of Fundamental Mode inenqing parabolic core tends to support loss-less propagation of
Single-Mode and Graded Index Multimode Fiber waves (the third region where becomes real vanishes, 2) in

When the bend radius is large in comparison to the fiber cdiigite core bent fiber the second (evanescent region) increases
diameter, the propagation constants at axis of bent fiber cdoend loss decreases) if core size reduces and/or NA increases,
be approximated by propagation constants of the straight fiteerd 3) in strongly bent fiber the second (evanescent) region
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Fig. 5. Higher order modes and bend loss in graded index multimode fiber.
shrinks rapidly at both sides when the radRislecreases, (i.e., MM fier
this results in a more abrupt change of bend loss below a critic 2 single loop
bend radius). *\ SM fiber M fiber
3 — 0
] ) ) ) SMS splice SMS splice oplicat powet meter
C. Bend Loss of Graded Index Fiber with Triangular Profile te
The graded fiber with triangular profile is an interesting cas:
since it allows for simplified explanations of some interestin single loop
properties of the SMS setup. &
For simplicity, we assume triangular fiber profile with very*\ MM fiber
large core and with index profile ~ i
LED optical power meter

Fig. 6. Experimental setup.

4) The practical meaning of this estimate is presented in experi-
mental section.Additionally, we assume< R and we rewrite

wherez is distance measured from the core axis ansl fiber EXPression (1) in

core radius (i.ez = r — R).

The simplified description of triangular fiber profile repre-
sented above can be also used as a rough estimation for para- R z
bolic fiber with large core. By inserting typical values for stan- Alz) = R+ xﬁ(R) ~ P(R) - Eﬁ(R)' ®)
dard telecommunication fiber wittw = 62.5 pm, A = 0.0285
andn.u.x = 1.5in (8) we get the critical macrobend radifs:  The effective refractive index of the mode is then expressed as
where propagation of fundamental mode becomes impossible

3
Ry =1.6mm nem(z) = % ~ ne(R) — e (R)- (6)
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Fig. 7. Outputintensity as function of single loop diameter introduced to: (a) and (b) standard multimode fibers—characteristics for SMS gindaiffkiy
mode excited) setup; (c) standard singlemode fiber; (d) represents the same fiber as in figure (a) in SMS setup, except the “step charaataddticsVaso
investigated in detail. Around thR. the optical power drops from 90% of initial power to 10% when loop diameter is changed only fgmé50

The bent triangular fiber is loss-less, if there is no third regidmansition from guided to unguided regime is abrupt wiiis
(i.e. evanescent region is infinite). Therefore, for large values décreased belovit;). For a finite core fiber there are always

z, the following condition must be fulfilled: three regions (including finite evanescent region). However in
case of sufficiently large core one might intuitively expect that
nei(z) > n(x). @ the bend-loss 9haracteristiq is_ similar to_ipfinite core case (i.e.,
abrupt, “step” like characteristics near critical radiis can be
expected).

From (4), (6), (7), and assuming.z(R) ~ n(R) = Tmax,
we get an approximate condition for loss less propagation Bf Macrobends and Mode Coupling Loss

fundamental mode in large, triangular core graded fiber: The remaining question is, do severe macrobends cause cou-

pling of fundamental mode to higher order modes in graded
an(R) ®) index fiber and thereby loss similar to microbend loss? Since all
A modes obey equation (1), phase constants of all modes change
equally (at least in first approximation) on departing from the
In a hypothetical infinite core, bent triangular fiber there is naxis of the bent fiber—Fig. 5, i.e., curves representhg)/ ko
finite size evanescent region. The evanescent field is either irdgi-different modes never intersect. This keeps the modes (about)
nite or it does not exist (i.e., this happens when condition (8) égually spaced ifi space. Additionally, modes in typical graded
not fulfilled). This suggests that an infinite core fiber hypothetitelecommunication fibers are about equally spaced space
cally exhibit very sharp “step” like bend loss characteristics (theith typical beat length of the neighborhood modes of 1.1-1.2

Ry >
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TABLE | than 2 mm for standard 50- and 625 telecommunication
MEASURED 2R. AND CALCULATED 2R fibers, respectively! This is in reasonable agreement with ex-
CRITICAL DIAMETERS . . . . . .
pression (8), especially if we take into account that in bent fiber

Fibre 2R, 2R, the photo-elastic effect contributes to bend loss reduction (i.e.,

Fotona 50/125 NA=0.2 2.95mm £0.1mm 5.4mm effective radius of bent fiber is about 25-30% larger than actual

Fotona 62.5/125 NA=0.28 <2mm* 3.2mm physical radius [6]).

FJC 507125 NA=0.2 3. 2mm0 I mm 3-4mm In addition to standard fibers a set of nonstandard fibers with

FIC 62.5/125 NA=0.275 <2mm* 3.75mm :

Alcatel 507125 NA=02 3 70w £ 0T S dm reducgd core were produced forISMS structure e\_/alugtlon. The

Alcatel 62.5/125 NA=0.28 <omm* I 6mm experimental results for those fibers are shown in Fig. 8 and

Fotona 507125 NA=0.15 7 6mmE0. Imm 9. 9mm partially in Table I. Fibers in Figs. 8(b) and (c) and are basically

Fotona 34/125 NA=0.143 5. 9mm=0.Imm 7 Imm standard graded index fibers, but the outside layers of the core
* The fibre broke before we reached single loop diameter where 3dB of were removed. These two fibers and standard telecommunica-
power was lost. tion fibers exhibit about the same microbend sensitivity in the

SMS set-up (i.e.AS3 of neighborhood modes is about the same
mm, which is comparable to very good HB fiber). This mearfér all fibers in Figs. 7(a), (b), and 8(b), (c)), while macrobend
that neighborhood modes remain well separated ispace. Sensitivity decreases as core size increases—this is graphically
Even in strongly bent fiber there will be low mode coupling. Presented in Fig. 9.
Fig.8(a) shows the typical macrobend response for a low NA
E. Mode Selectivity of Macrobends graded index fiber. Similarly to standard NA fibers one sees a

Description given above explains low loss SMS propagatigfasonably sharp step characteristics in SMS and gradually de-
in bent fibers. Higher order modes behave differently. The valG8Ying power for conventional multimode setup. In both cases
of propagation constant decreases with increasing mode num macrobend se_r!5|t|V|t_y Is increased as expec_ted due the re-
and evanescent field extends further into the cladding. The diced NA. The critical diameter for SMS setup is around 7.5
uation is depicted in Fig. 5. From Fig. 5 one can see that at cBmn: i ,
tain bend radiugt the highest order modes of the fiber become F19- 10 presents typical 56m (2. = 2.95 mm) multimode
completely radiative, while the lowest order modes exhibit nefjPer bend loss in SMS setup versus arc length for three different
ligible loss. _end radii neaf?.. An all three cases f[he _Ioss is linearly propor-

A macrobend therefore behaves as low-pass modal filter. Difghal to arc length on alog scale, indicating the presence of only
to the fast decaying nature of evanescent field, one can exgede Pend loss mechanisms [4], [5]. Fig.10 also demonstrates
quite significant modal selectivity of the macrobend loops. Thiemendous differences in bend loss néiar At a bend diam-

suggests that one can significantly reduce macrobend sensiti§itg" ©f 3:6 mm the bend I(O)SS coefficient is only 0.0035 dB/mm,
of conventional multimode fiber by restricted modal launch. yvh|le at 2.6 mm (only 27_/0 change in dlameter) the bend loss
increases to 0.4 dB/mm (i.e., more than £0@ dB scale).

Ill. EXPERIMENTAL RESULTS . L L
B. The Experimental Investigation of Modal Filtering

SMS Structure . - .
] ) . o . Previously, we anticipated that macrobends act as spatial
The basic experimental setup is shown in Fig. 6. A single l0gRodal filters.

output optical power was observed as function of loop dian Fig, 11. The SMF was aligned with the multimode fiber and
eterd [see Fig. 6(a)]. The single-mode lead fibers were suffisfter that both fibers were offset by a distancéf y is the offset
ciently long (i.e., few meters) in order to strip cladding modegetween single-mode and multimode fiber axes one launches

The setup shown in 6(b) was used to demonstrate the diffgndes with propagation constants that are about in the range of
ence between SMS and conventional setup. In all experiments

we used 1300 nm LED sourc&@ = 60 nm). y\©

The experimental results for some typical standard telecom-  Blaunchea(y) = kon1y/1 —2A (5> fory <a. (9)
munication fibers are shown in Fig. 7. For the SMS setup a very
sharp, “step” like characteristic with very small critical mac- The launch is more selective for small offgetdue to the
robend bend radius is typical, while in the case of conventioniaétter overlap integral (i.e., when offset is 0 we launch mostly
fiber we observe a gradual loss of optical power as the diathe fundamental mode). Finally, we observed light intensity at
eter of the macrobend loop decreases. In fully mode launchthe output of the multimode fiber at different fiber offsets and
setup, significant loss of optical power can be observed at rdifferent loop diameters. The results are summarized in Figs. 12
atively large diameters of the macrobend loop. For compaand 13. Fig. 13 represents critical macrobend radius as a func-
ison we added typical SMF macrobend loss characteristics [Fiign of effective refractive index of the mode dived by refractive
7(c)]. We also define a new experimental paramétgras di- index of the core (i.e/3/kon,). Data for Fig. 13 was extracted
ameter of single macrobend loop where optical power drops fioom Fig. 12. Expression (9) was used to (approximately) de-
3 dB from initial intensity in straight fiber. Table | summarizetermine the effective refractive index of the mode from the dis-
R. and Ry of the tested fibers. Th&, is about 3 mm and less placementy of the fibers.
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Fig. 8. Output intensity as function of single loop diameter introduced to some nonstandard multimode fibers for SMS setup and conventioniginfiodig)mu

161‘2Rc[mm] achieved in the SMS set-up. However any restricted launch of

14) lower order modes can significantly reduce the macrobend loss.

124

10; C. Application of the SMS Structure in Macrobend Fiber

8 Optics Sensors

6 ) .

4] The SMS structure can be configured as very simple, small

2] and effective displacement (and/or force) sensor or fiber optic

0 R attenuator. In order to achieve the best sensitivity and linear
0 10 20 30 40 50 60 70 response characteristics the bend diameter in vicinitg/of

fibre core diamter{um] should be varied in response to an environmental change.
A simple example of displacement sensor is shown in Fig.
Fig. 9. Critical diameteRR. versus fiber core diameter in case of fibers14 Fiber is initially spooled to the radi®k and glued to flat
with same refractive index gradient (all fibers have about the same spacing' . . . .
of neighborhood modes i space and therefore about the same microberﬂI format'o_n plates.. When pla_tes are vertlf:ally d'SpI.aced (i.e.
sensitivity). in z direction) the fiber spool is deformed into an ellipse and
local radius at the sides of spool decreses, which increases mac-
From Figs. 12 and 13, one can see that macrobends actasend loss. The actual choice of the initial radius depends on
very effective spatial low-pass mode filters. The macrobend seatfesired sensitivity, initial loss, and the application of the sensor.
sitivity of the multimode fiber system can be therefore signifit should be determined experimentally. The displacement sen-
cantly reduced by selective modal launch (the best results artvity (A7/Ax) also depends on number of loops. The higher
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Fig. 14. An example of SMS based macrobend sensor for force and
displacement and force sensing.
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Fig. 12. Light intensity at the output of the multimode fiber as function o ¢.2 {
launch offsety and diameter of the single macrobend loop introduced to tr 04
fiber.
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loop diameter{mm]

_ o 0 50 100 150 200 250 300 350 400 450 500
the number of loops the higher is displacement sensitivity (i.¢ dispalcement Ax{um]
each loop, when distorted removes the same fraction of initial

optical power), but the higher number of |OOpS also increasg§- 15- Experimentally measured sensor response for displacemfiber
collwas made of 3, 10, and 20 loops of standarg®@fiber. The inner radius of

initial loss. The situation is reversed in case of force MEeaSUkfe coil was 3.8 mm. The maximal achieved sensitidty/ Az was 0.35%km,
ments (i.e. when self-rigidity of the fiber spool is used as ans%pum, and 1.1%im, respectively.
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I[relative units] teristics. The macrobend loss remains low for bend diameters

o.; ' —+— 3loops larger than a certain critical bend diameter of the fiber, but when
08 —a— 10 loops the diameter of the bend is reduced below this critical value mac-
o7 | —=— 20 loops robend loss rises abruptly. The critical diameter is in the range of
06 | few millimeters for standard graded index fibers. The structure,
05 | called SMS, uses selective launch and filtering of the funda-
04 | mental mode in graded index multimode fiber. An approximate
03 | guantitative theoretical model and an extensive experimental in-
02 vestigation of the proposed structure were presented.

04 Simple, compact and relatively sensitive macrobend sensors

___ basedonthe SMS structure were demonstrated. The basis for the

6 1 2 3 4 5 & 7 8 9 1 m 12 13 14 Mmacrobendsensorconstructionis step like characteristics of the
Force[N} proposed structure. We practically demonstrated sensitivities in
the range ofAI/Az = 1.1%/um andAI/AF = 130%/N
Fig. 16. Experimentally measured sensor response for fbrca fiber coil ; T ik ; ;
was made of 3, 10, and 20 loops of standarg/s@{iber. The inner radius of and even_hlgher sensiivities are p053|ble by proper mechanical
the coil was 3.8 mm. The maximal achieved sensitiity/ A F was 130%/N, Construction of the sensor element. The same setup can be used
50%/N, and 15%/N, respectively. as a well-behaved, simple and compact fiber optic attenuator.
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IV. CONCLUSION

A novel structure was proposed for obtaining sharp bends in

d'el_ecmc Wavegwdes without S!gn'f'can_t increase in loss. Ths@ian Culshaw, photograph and biography not available at the time of publi-
major property of the structure is step-like macrobend charasation.



