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Choosing a Better Delay Line Medium between Single-Mode and MultiMode Optical Fibers: the Effect of Bending
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Abstract. Optical fiber cables are materials whose core is made of silica and other
materials such as chalcogenide glasses; they transmit a digital signal via light
pulses through an extremely thin strand of glass. The light propagates and is being
guided by the core which is surrounded by the cladding. Light travels in the optical
fiber in the form of total internal reflection in the core of the fibers. The flexibility,
low tensile strength, low signal loss, high bandwidth and other characteristics of
optical fibers favors it for use as a delay medium in many applications. Another
favorable characteristic of optical fiber delay lines is are their relative insensitivities
to environmental effects and electromagnetic interferences. The immunity of
optical fibers to interferences and their less weight added advantages to it for use
as delay medium. Single-mode and multi-mode are the two most popular types of
optical fibers. Single-mode fibers have good propagation and delay properties with
a minimal loss that allows the signal to propagate in a large distance with
insignificant distortion or attenuation. The percentage of power transmission of
single-mode fibers is found to be higher than that of the multi-mode fibers. It is,
therefore, a preferred type for use as a delay line. In this paper, relative studies of
the two optical fibers modes, and the results of power input/output measurement
of the two modes are presented with a view to coming up with a better type for use
as a delay medium.
Keywords: optical fiber; single-mode fiber; multi-mode fiber; delay line; bandwidth.

INTRODUCTION
Basically, optical fibers are made up of three
parts[15]; the core, cladding and the coating. The
core is where the light transmission occurs; it is
made of either plastic or glass. A more accurate
core is made up of silica. The amount of light
transmitted depends on the size of the core. The
cladding is a layer of glass that provides a low
refractive index at the core interference for reflection within the core. It has different refraction
index that allows it to focus and contain the light
by reflecting it back into the core, preventing
Section “Physics”

loss. The coating is mostly layers of plastic material applied at the outer of the fiber optics cable
for the preservation of fiber strength by providing protection and shock absorption. Its purpose
is to increase the strength and add the diameter
of the cable. The coating material is mostly colored for identification (Figure 1).
The qualities of a delay medium for application
as delay-line can be best understood by considering the parameters such as; bandwidth limitations (dispersion); loss; time delay; linearity and
beam propagation factor [42].
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optical source spectrum [20]. Different kinds of
these dispersions contribute significantly to limiting the bandwidth of the optical fiber [47].
Single-mode Optical Fiber

Figure 1 – Basic elements of fiber optics cable
The rise in optical output power from fiber
sources through the use of fiber architectures has
led to an outstanding performance of optical fibers in terms of output power, beam quality, flexibility, and efficiency. This is achieved due to improved fiber geometry which provides resilience
and facilitates efficient conversions of laser
beams to high-brightness output [34].
Optical fibers are mostly made from silica, but it
is also being made from other materials such as
chalcogenide glasses [36]. The optical fibers having advantages such as immunity to electromagnetic interferences and high bandwidth [25]
transfer information in the form of light via a
process of total internal reflection in the core of
the fibers. Optical fiber possesses several favorable features and characteristics that qualify it for
use as a delay medium. The flexibility of optical
fiber cables allows its construction in small and
compact devices. Moreover, provided the optical
fiber cable is not bent below a critical bending
radius, its flexibility does not give any significant
bending losses. The critical bend radius is mostly
dependent on the waveguide properties of the
optical fiber cable and the wavelength of transmission. Optical fibers have high tensile strength
due to their low wall thickness [4].
There has been rapid development of beam quality and efficiency of fiber lasers [10, 34, 52]. Researches K. Wilner and A. P. van den Heuvel [48]
report the attractiveness of optical fibers as a delay medium when low loss and dispersion were
recorded by using three multi-mode optical fiber
delay routes to generate and correlate a 4-bit, 88Mb/s coded sequence. Other effective characteristic of optical fiber delay lines are their relative
insensitivities to environmental effects and electromagnetic interferences. The immunity of optical fibers to interferences and their less weight is
another advantage that favors its application as
delay medium.
Dispersion mechanism depends mostly on the
waveguide properties of the optical fiber and the
Section “Physics”

Single-mode fiber cables have a single pathway
and smaller core diameter that allows only a single wavelength of light to travel [6]. It has small
sizes of core and single pathway for light to travel, this enables it to maintain high spatial coherence [51] and constant Gaussian profile of highquality lasers [18]. Due to its small core diameter,
the attenuation is decreased because the number
of reflections due to light propagations through
the core decreases, creating further signal propagation [5].
Single-mode fibers are typically used in connections over a long length. It usually has the diameter of 9/125 for core/cladding. The operating
wavelength in single-mode fibers is determined
by the cutoff and core diameter. When the wavelength is shorter than the cutoff wavelength, the
fiber starts to act like a multi-mode by generating
a beam that changes when a fiber is bent and that
is not a Gaussian beam. At long wavelength, the
core becomes too small to capture the light very
well. The transmission then becomes sensitive to
the fiber bending and eventually lead to the light
not being transmitted by the fiber. One advantage with the single-mode fiber is that the
number of the light reflections in the core as the
light travels decreases, thereby lowering attenuation and creating the ability for the signal to travel longer.
Due to its low loss (˂0.1 dB/ps) and large timebandwidth, single-mode optical fiber is an attractive delay medium for processing microwave
frequency signals [16]. As a flexible optical path,
single-mode optical fibers have often been used
in connections in communications, sensing systems, broadband signal processing and configurations in analytical systems. Single-mode fibers
have excellent propagation and delay properties
with minimal loss and dispersion that allows the
signal to propagate in a considerable distance
with insignificant distortion or attenuation.
Modal dispersion is absent in single-mode fibers
because all the power coupled into single-mode
fibers propagates in a single transverse mode –
as a result, single-mode fibers enables highfrequency signal transmission over a long distance compared to multi-mode fibers [20].
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Therefore, they (single-mode) are required for
devices aimed to provide long delays. The dependence of the fiber refractive index on the
wavelength of the optical carrier (material) limits
the modulation bandwidth of the single-mode
fiber [27, 33]. The limitations are as a result of
the various delays experienced by the other
components of the laser light source. But, even
though the wavelength of the laser source is not
optimal, the material dispersion does not significantly limit the bandwidth of the delay-line devices. Therefore, large or broad bandwidth and
long delays can be achieved with single-mode
fibers.
Multi-mode Optical Fiber
Multiple fiber cables have larger core diameter
that allows multiple pathways and transmission
of several wavelengths of light [3]. Because of
this, the number of light reflections as the light
propagates through the core increases, making
the ability for more data to propagate through
the core at a given period [45]. Multi-mode fibers
do not maintain high-quality spatial properties of
the laser; the light beam is dispersed. The high
dispersion rate with multi-mode fiber reduces
the quality of the signal over a certain distance
[44]. Multi-mode fibers are used mostly for short
distance application. Multi-mode fiber exists in
two sizes; 50 microns and 62.5 microns. Laser
light and LED can be used as a light source for
both 50 microns and 62.5 micron cables. Several
dispersions limit the bandwidth of optical fiber.
In multi-mode fibers, the modulation bandwidth
is limited by modal dispersion [20]. Propagation
of light through multi-mode optical fiber suffers
spatial distortion which leads to scrambled intensity profile [32].
Single-mode and Multi-mode Fibers Power
Measurements
We compared the percentage of transmission of
the single-mode and multi-mode fibers by using
power meters to determine the input and output
powers, thereby exposing the loss due to bending
or length of the fiber. The details of the experiment and the results are presented herein.
Experimental setup
In this paper, we present the optical power input/output measurements of single-mode (SM)
9/125 and multi-mode (MM) 62.5/125 optical
Section “Physics”
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fibers using power meters. A YOKOGAWA tunable laser source (TLS) was used at a 1550 nm
wavelength and 7.96 dBm power connected to
the optical fibers each of SM and MM. A TLS is a
laser that outputs laser light over a predetermined wavelength range [24]. The optical fiber
cable was first spliced and cleaved to achieve optimum output. Pigtails were connected to the optical fiber ends and then connected to the TLS at
one end and the power meter at the other end.
Figure 4 illustrates the process and setup. The
optical fibers of 1 m and 2 m for both SM and MM
were bent with bending diameter of 2 cm, 6 cm
and 10 cm for each to determine the effect of
bending on the propagation of signal by measuring the power input and output (Figure 2).
(a)

(b)

Figure 2 – Schematic diagram of the experimental
setup
(a) – Single-mode fiber; (b) – Multi-mode fiber
The modal fields in optical fibers are deformed
due to bending such that they become narrower
and shift away from an axis along the bending
plane; the field shifts create geometrical birefringence [13]. Detailed information about the behavior of optical fibers in many literatures are is
based on both numerical simulations and analytical models. Hence, most of the theoretical works
are based on optical fibers that are straight [38].
The power input and output of the straight fiber
cable for SM and MM were measured at 1 m and
2 m lengths. Thereafter, both the lengths were
wound and looped at bending diameters of 2 cm,
6 cm and 10 cm to determine the effect of the
bending at those diameters and the losses due to
2003
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bending of the fibers. The bend magnitude can
also be determined by measuring the fiber’s core
light reduction [14].
Loss (Attenuation)
Attenuation means loss of light energy as its
pulses propagate in the optical cable [22]. It is
sometimes called signal loss or fiber loss. An optical signal degrades as it propagates along the
optical fiber. Attenuation is directly proportional
to the length of the cable and it decides the number of repeaters required from one end to the
other [17]. Components such as connectors, splitters, and switches introduce attenuation. Attenuation α is the ratio of the optical output power Po
to the input power Pi in the fiber of length L:

A  10log10

P0
[dB / km]
Pi

(1)

Absorption and scattering cause the light energy
propagating in an optical fiber to decay exponentially [23]. Scattering is caused by irregularities in
core geometry, diameter or improper alterations
in the fiber axis direction. Bending and any other
dimensional irregularity increases scattering
which leads to attenuation. Measuring the fiber
attenuation coefficient requires transmitting the
light of known wavelength through the fiber and
then measure the changes in the distance. Conventionally, fiber can be coupled to a source and
then measure the output power at the end, then
cut the fiber near the source and measure the
power again (Figure 3).

Figure 3 – A set-up of the attenuation measurement in an optical fiber
The most dominant loss mechanism in optical
fiber is Rayleigh scattering; it is as a result of the
scattering of the propagating electromagnetic
wave by little irregularities in the medium [20].
For Rayleigh scattering, the attenuation coefficient per unit length is proportional to
. Thus,
the attenuation is lower at longer wavelength
than at shorter wavelength [20].
If the length of the fiber and the power at the end
is known, the attenuation coefficient can be determined by calculations via [1]:
P  Psource
AttenuationCoefficient  end
(dB)
Length (km)

(2)

Bending loss
The long optical fiber cables involved in delay
lines requires wounding into a coil. Bending does
not reduce modality in most cases or improve the
Section “Physics”

output beam quality; this is because of the induced mode coupling, modal gain competition
and modal deformation [26, 38]. The refractive
index of the optical fiber changes when there is a
change in density due to bending of the fiber. The
refractive index of the optical fiber is equivalent
to (3):

x
x



nmaterial
exp    nmaterial
1  
R
R


(3)

where nmaterial – straight fiber index profile;
R – bend radius;
x – bending orientation [39].
When the fiber is bent, changes occur to the refractive index of the fiber due to optic-stress effect. The refractive index now becomes (4):
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(4)

where n' – bent fiber index profile;
φ – bending azimuthal angle;
ρ = stress factor.

vex lens. When the single-mode fiber is mounted
on the fiber positioner and aligned, the power of
the output beam, Pfiber can then be measured. We
followed the same process by measuring the
power of the beam before coupling the fiber and
the laser source and then measured the power
again after coupling. The coupling efficiency
ηcoupling is calculated using [19]:

Leakage loss
Due to the fact that the refractive index of some
part of the cladding is equal to the core, all modes
of the fiber suffer from finite leakage losses. This
loss is calculated using the relation (5).
Loss 

40
I m (neff )
ln(10)

(5)

where neff is the effective index of the fiber [35].
Coupling light into an optical fiber
Many applications required that the light emitted
from either laser diode or any source be coupled
into an optical fiber. The challenges in coupling
light into an optical fiber mostly arises from the
complicity of the beam characteristics and the
fiber core dimension [7], which can be very
small. Ball lenses and plano-convex micro-lenses
have been developed and applied in coupling
light into single-mode optical fiber to enhance
the coupling efficiency [8, 21, 37, 43]. Different
shapes of lens can be employed to achieve better
coupling efficiency [28, 31, 41]. The focused
beam characteristics has to match the fiber parameters for excellent coupling efficiency (Figure 4).

Figure 4 – Schematic illustration of coupling light into
an optical fiber
A precise positioning of the fiber to the center of
the core in the focused laser beam is required to
achieve good coupling efficiency. The coupling
efficiency can be tested by measuring the output
power of the beam source (laser diode (LD) or
tunable laser source (TLS) Pbeam without a biconSection “Physics”

.

(6)

To achieve maximum coupling into an optical fiber, the incident field distribution should match
that of the fiber mode and the core size should
match the focused spot [29]. The core incident
angle should not exceed the arcsine of the NA of
the optical fiber. A high numerical aperture lens
has to collimate the diverging output beam of the
laser. M. Hoque [19] introduced a biconvex
microlens to maximize coupling of light between
an edge emitting laser diode and an optical fiber.
The two convex surfaces were with different profiles along their x-and y-axes to enable the elliptical light beam from the laser diode to be fed into
the optical fiber core. In this work, we have used
pigtails to couple the light from the TLS into the
optical fiber.
Optical fiber interconnections
An interconnection is used when two or more
pieces of optical fibers are used to mate them together [40]. The interconnection in optical fiber
is practically the use of two connectors or plugs
that are aligned in a nose-nose manner and
manned with an adapter called coupler. The efficiency of the optical fiber connections depends
highly on the connectors and couplers alignment
[9]. They are properly aligned and connected
tightly in a connector-coupler-connector configuration to minimize loss of light energy propagating within the fiber optics [2].
Accurate and tight connector-coupler-connector
alignment reduces the loss of light energy at the
interconnection points. Optical fiber of different
nature should not be mixed and mated together.
For instance, in the multi-mode fiber, if 62.5 µm
and 50 µm are aligned together, some reasonable
percentage of the light energy escapes at the interconnection point. Whereas, if the misalignment happens in a single-mode fiber, there may
be a total loss of light energy [46].
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RESULTS AND DISCUSSIONS
Changes in optical fiber behaviors caused by
bending are mostly observed, when perturbation
method is applied with regards to the properties
of the straight fiber cable [13]. In this work, power meters were used to determine the losses due
to bending of both the single-mode and multimode fibers instead of perturbation technique.
The percentage of the losses due to bending at
some diameters were highlighted. This method
works well for single-mode fibers because the

ISSN 2413-9009

field propagation along the single-mode fibers
can only be distorted by bending [38]. Table 1
illustrates the results of the measurements of
single-mode fiber recorded for 1 meter and 2 meter fibers bent at 2 cm, 6 cm and 10 cm while Table 2 shows the average total percentage of the
transmission.
Some factors that determine propagation between straight and bent fibers show a clear difference between the two.

Table 1 – Single-mode 9/125 Power input/output results with TLS
S/N Optical fiber TLS Wavelength Bending turns
Loop
Length (m)
(nm)
(loop)
diameter
(cm)
1
1
1550
Straight
2
1
1550
1
2
3
1
1550
2
2
4
1
1550
3
2
5
1
1550
4
2
6
1
1550
5
2
7
1
1550
1
6
8
1
1550
2
6
9
1
1550
3
6
10
1
1550
4
6
11
1
1550
5
6
12
1
1550
6
6
13
1
1550
1
10
14
1
1550
2
10
15
1
1550
3
10
16
1
1550
4
10
17
1
1550
5
10
18
1
1550
6
10

Haven calculated the percentage of transmission
and the average percentage of transmission as
presented in Tables 1 and Table 2, a graph of the
total percentage of transmission against the
bending diameters is plotted in Figure 5. From
the graph, we will see that the effect of diminishing of transmission is less when the bending diameter increases. Even though the bending was
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not critical, at a very narrow bending of 2 cm
loop diameter, the power output diminished.
74
72

Percentage Transmission (%)

Table 2 – Single-mode 9/125 total percentage of
transmission of 1 m for the bending diameters
S/N Bending Diameter (cm) % Transmission
1
2
59.7
3
6
71.7
3
10
72.3

Input
Output
%
Power Power (dBm) Transmission
(dBm)
7.96
6.01
75.5
7.96
5.72
71.9
7.96
5.67
71.2
7.96
5.60
70.4
7.96
5.51
69.2
7.96
5.40
67.8
7.96
5.85
74.1
7.96
5.80
72.9
7.96
5.76
72.4
7.96
5.68
71.4
7.96
5.60
70.4
7.96
5.43
68.8
7.96
5.97
75.0
7.96
5.85
73.5
7.96
5.78
72.6
7.96
5.69
71.5
7.96
5.64
70.9
7.96
5.57
70.0

70
68
66
64
62
60
58

0

1

2

3

4
5
6
Bending Diameter (cm)

7

8

9

10

Figure 5 – Graph of the illustration of the percentage
transmission against the bending diameters for
single mode 9/125 optical fiber
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Table 3 illustrates the results of the
measurements of multi-mode fiber recorded for
1 meter and 2 meter fibers bent at 2 cm, 6 cm
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and 10 cm while Table 4 shows the average total
percentage of the transmission.

Haven calculated the percentage of transmission
and the average percentage of transmission as
presented in Tables 3 and Table 4, a graph of the
total percentage of transmission against the
bending diameters is plotted in Figure 6.
Transition loss and pure bend loss are the two
dominant power loss mechanisms in optical fibers, when they are subjected to small radius
bend [14]. Transition loss happens at the point
between the bent and straight optical fiber segments where the mode fields differ [11, 30].
While the pure bend loss occurs in the curved
region in which the phase velocity of the fundamental mode is equal to the speed of light in the
optical fiber cladding, which subsequently induc-
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Percentage Transmission (%)

Table 3 – Multi-mode 62.5/125 Power input/output results with TLS
S/N Optical fiber
TLS
Bending
Loop
Input
Output
%
Length (m)
Wavelength turns (loop) diameter
Power
Power
Transmission
(nm)
(cm)
(dBm)
(dBm)
1
1
1550
Straight
7.96
4.32
54.1
2
1
1550
1
2
7.96
3.76
47.2
3
1
1550
2
2
7.96
3.54
44.5
4
1
1550
3
2
7.96
3.31
41.6
5
1
1550
4
2
7.96
3.11
39.1
6
1
1550
5
2
7.96
3.00
37.7
7
1
1550
1
6
7.96
3.79
47.6
8
1
1550
2
6
7.96
3.75
47.3
9
1
1550
3
6
7.96
3.70
46.5
10
1
1550
4
6
7.96
3.53
44.3
11
1
1550
5
6
7.96
3.27
41.1
12
1
1550
6
6
7.96
3.19
40.1
13
1
1550
1
10
7.96
4.27
53.6
14
1
1550
2
10
7.96
4.21
52.9
15
1
1550
3
10
7.96
4.14
52.0
16
1
1550
4
10
7.96
3.89
48.9
17
1
1550
5
10
7.96
3.72
46.7
18
1
1550
6
10
7.96
3.55
44.6
es the light wave propagating and radiate away
[12, 49].
Table 4 – Multi-mode 62.5/125 total percentage of
transmission of 1 m for the bending diameters
S/N Bending Diameter (cm) % Transmission
51
1
2
44.0
50
3
6
44.5
49
3
10
49.8
48
47
46
45
44
43

0

1

2

3

4
5
6
Bending diameter (cm)

7

8

9

10

Figure 6 – Graph of the illustration of the average
percentage of transmission of the 1 m multi-mode
fiber against the bending diameters
Average of total percentage of transmissions
were calculated for the 2 cm, 6 cm and 10 cm
bending diameters to evaluate the effects of
bending on the signal transmission in the fiber.
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As the light wave propagates along a fiber by total internal reflection, acoustic waves which induce the periodic fluctuations density in the optical fiber are excited [49]. The backscattered
Stokes light is affected by a Doppler shift known
as Brillouin frequency shift given by (7):
,

(7)

where = acoustic velocity;
= refractive index of the effective core;
= pump wave wavelength [50].
CONCLUSIONS
Low-loss has provided possibilities of wide-band
delay lines using optical fibers. One of the significant characteristics that make an optical fiber
unique
from
other
delay-line
devices/components is that; the propagation loss of
the fiber at a given wavelength is independent of
the modulating signal frequency. Bandwidth limitations, small number of taps, difficulties to uniformly illuminate and detect light from a large
number of bundled optical fibers, infrared absorption losses at longer wavelength makes multi-mode fibers inefficient for use as delay lines.
Even though there are difficulties in obtaining
efficient and productive taps in constructing a
single mode fiber delay-line, it’s extremely large
bandwidth, and low signal loss qualifies it as a
better delay-line.

Transition loss and pure bend loss are the two
dominant power loss mechanisms in optical fibers when they are subjected to small radius
bend. Transition loss happens at the point between the bent and straight optical fiber segments where the mode fields differ. While the
pure bend loss occurs in the curved region in
which the phase velocity of the fundamental
mode are equal to the speed of light in the optical
fiber cladding. This subsequently induces the
light wave propagating and radiate away. Average of the total percentage of transmissions were
calculated for the 2 cm, 6 cm and 10 cm bending
diameters to evaluate the effects of bending on
the signal transmission in the fiber.
Optimization parameters for a delay-line were
elaborated and presented. We have also highlighted some results of the power optimization of
the single mode and multi-mode fibers of 1meter and 2-meter-long with bending diameters
of 2 cm, 6 cm and 10 cm. A high percentage of
transmission was achieved with single-mode fibers compared to multi-mode fibers. Therefore,
it is a better media for delay-line as it gives long
delay and large bandwidth.
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