Chapter 2  The Optical Fiber

2.2 Optical Confinement


Optical fibers work by confining the light within a long strand of glass. In their simplest form, they are cylindrical dielectric waveguides made up of central cylinder of glass with one index of refraction, surrounded by an annulus with a slightly different index of refraction.


The light propagate down the fiber is based on the principle of total internal reflection at the interface of two dielectric media. Consider an optical-plane-wave incident on an infinite planar interface between two dielectric media, as shown in Fig. 2.1.  The propagation direction of the plane wave makes an angle of incidence i with the normal to the interface. The index of refraction (or refractive index) n of a medium is given by the equation

n = c/v                        (2.1)

where c is the velocity of light in a vacuum (3 x 108 m/sec) and v is the velocity of light in the medium. (Note that n is always greater than 1; for glass, n is between 1.4 and 1.5.) For total internal reflection to occur, the index of refraction of the medium containing the incident plane wave is required to be larger than the index of refraction of the other medium (i.e., the wave is traveling from the higher-index medium into the lower-index medium).
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Figure 2.1 Planar interface geometry


Snell's law governs the transmission of the plane wave through the interface and is given by

n1 sin θi = n2 sinθt



(2.2)

where θi is the angle of incidence and θt is the angle of transmission, From this relation, one can see that θt reaches 90 degrees when θi reaches the value of

θi = θc = sin-1 (n2/n1)                                (2.3)

where θc is called the critical angle of incidence and is given by the latter part of the equation.  


For angles of incidence equal to or exceeding the critical angle, the energy of the incident wave is totally reflected back into medium 1. Light that is incident at an angle below the critical angle is partially transmitted and partially reflected, losing a significant fraction of the power into the transmitted beam.

Example: (a) Assuming that n2 is 1% smaller than n1, find n2 if n1 = 1.45.

Solution: Since n2 is 1% smaller than n1, it is 99% of n1, so we have

n2 = 0.99 n1 = 0.99 x 1.45 = 1.435.        (2.4)

(b)
Find the value of the critical angle.

Solution: The critical angle is found from


θc = sin-1(n2/n1) = sin-1(0.99n1/n1) = 81.9o.   (2.5)


A typical optical fiber looks as shown in Fig. 2.2. The central portion, called the core, is cylindrically shaped and is surrounded by an annular shaped outer region called the cladding. The index of refraction radial variation n(r) for a step-index fiber is plotted in Fig. 2.3. 


The lower index of refraction of the cladding is related to the index of the core by


n2 = n1( l - △)             
    (2.6)

where △ is the fractional change in the index of refraction, given by


△=(n12 - n22)/2n12 ≈ (n1 - n2)/n1           (2.7)

Typical values of △ can range between 0.001 and 0.02 (i.e., 0.1% to 2%) with a nominal core refractive index of 1.47. 


Typically, the cladding is also surrounded by a plastic protective jacket for handling purposes and to protect the fiber surface from forming flaws that will weaken its strength.
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Figure 2.2 Typical step-index fiber showing the core and cladding.
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Figure 2.3 Refractive index profile of a step-index fiber.
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B/125 3 125 0.1% to 0.2% | Long distance, high
single-mode data rate

50/125 50 125 1% to 2% Short distance,
multimode moderate data rate

62.5/125 62.5 125 1% to 2% Local area networks
multimode

100/140 100 140 1% to 2% Local area networks,
multimode short distance





Table 2.1  Representative parameters for standard fibers.

2.3 Waveguide Modes in Step-index Fibers

Waveguides present certain boundary conditions to the electromagnetic fields that must be met at the interfaces between the waveguide regions. As a result of these boundary conditions, only certain combinations of waves (called modes) will meet the conditions and be allowed to propagate. 


The simplest modes are those with an electric field transverse to the propagation direction, called TE (transverse electric) modes, with radial symmetry and those with a magnetic field transverse to the propagation direction, called TM (transverse magnetic) modes. In addition, hybrid modes also exist and are called HEmn and EHmn modes. Some modes are linearly polarized and are called LP modes.


As a mode U(x, y, z, t) propagates down the fiber, it has a longitudinal propagation term that can be separated out. We can represent the wave as phasor,


U(x, y, z, t) = U'(x, y, z)e  j(ωt-βz)                       
(2.8)

We find the actual wave by taking the real part of the phasor. The exponential term represent the propagating optical carrier wave. The temporal radian frequency is  [radians/s] and  is the longitudinal propagation coefficient [radians/m]. The propagation coefficient differs from mode to mode and differs with waveguide geometry and physical parameters. 



A key parameter that describes the mode structure is the V-parameter, defined by 

V = (2a/λ)[n12-n22]1/2 = (2a/)n1(2)1/2
(2.9)

where a is the radius of the core of the fiber,  is the nominal free-space wavelength of the light, and n1 and n2 are the indices of the core and cladding, respectively. The V-parameter determines the number of electromagnetic modes in the fiber. 


Figure 2.4 shows the "relative" modal propagation coefficient for the lowest-order modes of a step-index fiber as a function of V. The relative modal propagation coefficient is defined as 


b = [(β/k)2-n22]/(n12-n22) 


≈ [(β/k)- n2]/(n1- n2),


(2.10)

where β is the mode's propagation coefficient and k =2πa/λ.
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Figure 2.4   Relative modal propagation coefficient vs. V-parameter 




for a step-index fiber. 



The number of modes present in a fiber is dependent on the value of V (i.e., the number of modes present increases as V increases). The value of the propagation coefficient of any particular mode can vary from a minimum of n2k (i.e., the propagation coefficient of the cladding) to a maximum of n1k (i.e., the propagation coefficient of the core).
Example: (a) Consider a fiber with a = 25 μm, n1 = 1.45 and  = 0.9%. If this fiber is operated at 1550 nm, how many modes will it have?

Solution:  The value of V is found as


V = (2a/)(2)1/2


= 2π (4x 10-6)(2x0.009)1/2]/(1550 x 10-9) 


= 2.17.
(2.11)

From Fig. 2.4, we see that at V = 2.17, there is only one mode; it has a normalized propagation coefficient value, b = 0.35. 

(b)
Repeat if △ is increased to 3.5%.

Solution:  The new value of V is found as 


V =(2πa/λ)(2)1/2                    (2.12)

= 2π[(4 x 10-6) (2x0.035)1/2] /(1550 x 10-9)

= 4.29
From Fig. 2.4, we see that at V = 4.29, there are four modes; they have approximate normalized propagation coefficient values of 0.14, 0.28, 0.65, and 0.88. (Note: fibers are not usually designed to have values of V in this range.)


2.4
Multimode Step-Index Fibers

2.4.1 Number of Modes


For the step-index profile curves of Fig. 2.4, we observe that, for any value of V larger than 2.405, more than one mode will exist. For large values of V, many electromagnetic modes can be supported by the fiber waveguide structure. An estimate of the total number of modes N supported at any given large value of V (V >> 2.405) is





N ≈ V2/2 
    (for V >> 2.405)


    ≈ (kan1)2 △= (2an1/)2
(2.13)

Such a fiber, operated in this region of many modes, is called a multimode fiber. 


As seen in Fig. 2.5, the highest-order modes correspond to the rays that are at the steepest angles (i.e., closest to the critical angle); the lowest-order modes correspond to those rays that strike the interface at low, grazing angles. 


For single-mode fibers, the ray model of the fiber-optic modes is not valid. The electromagnetic wave is no longer confined primarily to the core and can have appreciable energy in the cladding. Hence, the propagation properties of the wave are a combination of the core propagation properties and the cladding propagation properties. 
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Figure 2.5   High- and low-order modes in a step-index multimode fiber. 
2.4.2  Power Distribution Between Core and Cladding


Unlike the metallic waveguide problem where the fields are zero in the walls of the waveguide, the field in the fiber cladding is not zero. Fields exist in both the core and the cladding. Some of the power of the mode is carried in the core and some in the cladding. It is instructive to consider the power distribution in the core and the cladding for the different modes in a step-index multimode fiber, as shown in Fig. 2.6. 


Note that, as the V parameter approaches cutoff for any particular mode, more of the power of the mode is in the cladding. At cutoff, all of the power transfers to the cladding, the mode becomes radiative, and it ceases to exist as a propagating mode. For large values of V, the modes that are close to cutoff can be ignored, compared to the propagating modes, and the ratio of the power found in the cladding to that found in the core can be estimated by 




Pcladding / Pcore = 4/3(N)1/2        (V large),

(2.14)

where N is the total number of modes in the fiber, as given by Eq. 2.13. Efforts to reduce the number of modes by reducing V usually cause more of the total power to be carried in the cladding where it is susceptible to effects from the outside environment, which can lead to undesirable high losses. 
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Figure 2.6  Power distribution in cladding or core vs. V-parameter for a step-index fiber.
2.5   Numerical Aperture


The parameter of fiber’s numerical aperture is used in equations describing the coupling losses of the source light entering the fiber, the mode excitation, connector and splice losses, and other system performance equations.



Figure 2.7 shows a step-index fiber. Consider a ray that is incident on the core-cladding interface at exactly the critical angle. If we extend that ray back through the fiber-air interface at the input by applying Snell's law, it will have an angle of incidence given by θmax. 

All incident rays with angles less than θmax will have a core-cladding angle of incidence greater than the critical angle and will be guided down the fiber. 


All input rays with an angle greater than θmax will intercept the core-cladding interface at an angle less than the critical angle, will be partially transmitted through the interface, and, hence, will suffer some loss at each reflection. 


It can be shown that the expression for θmax is given by

θmax = sin-1(n12-n22)1/2 = sin-1[n1(2△)1/2].


(2.15)

Hence, this angle depends only on the indices of refraction of the core and cladding; it is independent of the diameter of the fiber.  
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Figure 2.7 Entry condition for a step-index fiber showing maximum acceptance angele.

The numerical aperture NA of the fiber is the sine of this maximum input angle and is given by


NA = sin θmax = (n12-n22)1/2 ≈ n1(2△1/2.
(2.16)

 ( It is worth noting that the NA of a fiber is independent of the fiber-core radius. )

Example:  Consider a 50/125 fiber with a core index of 1.49 and  1.5%. 

(a)  Calculate the maximum acceptance angle,

Solution:  Using Eq. 2.15,


θmax = sin-1[n1(2△)1/2] 


= sin-1[1.49.(2 x 0.015)1/2] = 14.96o           
(2.17)

(b)  Find the numerical aperture of the fiber.

Solution:  Using Eq. 2.16,

NA = n1(2△1/2 


= 1.49.(2 x 0.015)1/2 = 0.258.


(2.18)

(c)  Calculate the maximum acceptance angle and NA for the same fiber, except with a 62.5/125 diameter.

Solution:  Since θmax and NA are independent of the fiber size, the same answers apply; i.e., θmax = 14.96o and NA = 0.258.

2.6  Step-index Single-Mode Fibers



Single-mode fibers are characterized as having only one propagating mode. These fibers offer superior performance to multimode fibers carrying high-data-rate signals.

2.6.1 Cutoff Wavelength


For V < 2.405, only the LP01 mode will propagate (Fig. 2.4). A small core radius and a small index difference is needed to achieve this low value of V. The value of  λ  that makes V equal to 2.405 is the cutoff wavelength of the fiber.


From the power distribution curve (Fig. 2.6), we note that, at V = 2.405, approximately 84% of the mode's power is in the core; while at V = 1, only 30% is in the core. Also, about 75% of the power is in the core when V = 2.0. Single-mode fibers keep V in the range 2.0 < V < 2.405. 


If V is made too close to 2.405, the cutoff wavelength of the fiber will be too close to the designed operating wavelength; if V is made too small, significant cladding power will be removed, raising the optical losses too much.

Example:  (a) Calculate the required △ if a fiber with an 8 μm core and a 125 μm cladding is to be single-mode at 1300 nm.  Assume that the core index is 1.46.

Solution:  For single-mode operation we want V to be in the range, 2.0 < V < 2.405. We will arbitrarily choose V = 2.1.



      V =
 (2πa /λ)n1(2△)
(2.19)



(2△)1/2 =  V (λ/2πan1)


(2△)1/2 = 2.1(1300 x 10-9)/2π (4 x 10-6)(1.46) 


= 7.44 x 10-3

△= 0.277%.

Note: Tight control on the difference in refractive index is required, as well as the ability to make a small core.

 (b)
Calculate the cutoff wavelength for this single-mode fiber.


Solution:  The cutoff wavelength c is the value that will make V=2.405,


V = 2.405 = 2πa n1(2△)1/2 / λ  (2.20)


λc =2πa n1(2△)1/2 / 2.405(2.21)



= 2π(4x10-6)(1.46)[2(2.77x10-3)]1/2  2.405



= 1136 nm.

This fiber is no longer single-mode for wavelengths below 1136 nm.

2.7  Graded-index Multimode Fibers
A second type of fiber profile has a parabolic variation in the index, as shown in Fig. 2.10. A fiber with this index profile is a graded-index fiber. The index of refraction is a maximum at the center (with value n1) and tapers off to a minimum value (n2) at the edge of the core.


n1[1-2△(r/a)g]1/2,
for r < a

n(r) =

 

(2.31)


n1[1-2△]1/2 ≈ n1(1 - △) = n2,
for r > a,

where n1 is the index of refraction at the center, △ is the fractional change in the index of refraction from the center to the edge of the core, r is the radial distance, and a is the radius of the core. The quantity g is the profile parameter of the graded-index fiber.  


Note that g = 2 is a parabolic profile, g = 1 is a triangular profile, and g =∞ is a step-index profile. In these fibers the cladding (r > a) plays the role of a mechanical support and buffer from the outside world; it has no role in guiding the light. 


The approximation in the above relation follows from the definition of  for the graded-index fiber as


△= (n12 - n22) / 2n12 = [(n1 + n2).(n1 - n2)] / 2n12 


≈ (n1 - n2) / n1,





(2.32)
which is the same expression as in the step-index fiber.


A typical graded-index multimode fiber has an outside diameter of 125 or 140 m with a fractional change of the index of refraction of 1-2% induced by varying the doping level of impurities radially.
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Figure 2.10  Index of refraction vs. radial position for a graded-index fiber.
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Figure 2.11  Ray path of modes in a graded-index fiber.

2.7.1 Number of Modes


The V-parameter for graded-index fibers is defined in the same way as step-index fibers,




V = n1ka(2△) 1/ 2 = 2πan1(2△) 1/ 2 / λ

(2.33)

The number of modes N in a multi-mode graded-index fiber can be estimated by the approximation


N = [g/(g+2)] (4a2π2n12△/λ2)

≈ [g/(g+2)] (V2/2)




(2.34)

Example: Consider a 50/125 graded-index fiber with g = 2. If n1 = 1.48 and 

 n2 = 1.46, (a) Calculate △ from the exact expression of Eq. 2.32.

Solution:  The fractional difference in refractive index is


                         △= (n12 - n22) / 2n12

                           = [(1.48)2 - (1.46)2] / 2(1.48)2 = 1.342%.

(b)
Calculate △ from the approximation of Eq. 2.32.

Solution:  Using the approximation, we find

                          △≈ (n1 - n2) / n1 

                            ≈ (1.48 - 1.46) / 1.48 = 1.351%.
(2.36)

Hence, we see that the approximation is quite good.

(c)  Calculate the number of modes in the graded-index fiber at an operating wavelength of 850 nm.

Solution:  Using Eq. 2.34,


N ≈ [g/(g+2)] (4a2△2n12/λ2)
(2.37)


    ≈ (2/4)[4(25 x 10-6)2(0.0135)π2(l.48)2/(850 x 10-9)2] 


    ≈ 504 modes.

2.7.2  Numerical Aperture

The numerical aperture of a graded-index fiber is more difficult to define than a step-index fiber since the maximum acceptance angle max of a ray is a function of the radial position of the entry location.  A local NA can be defined by


NA(0) [1-(r/a)g]1/2 ,   r < a


NA(r) =


(2.38)


0,
r > a

where NA(r) is the local numerical aperture and NA(0) is the numerical aperture at the center of the fiber core (as computed by Eq. 2.16).  This equation predicts that the local NA decreases from the on-axis value as one moves away from the center of the fiber.

2.7.3 Single-Mode Graded-Index Fibers


The cutoff value of V for single-mode operation in a fiber with a graded refractive index profile that follows Eq. 2.31 is different from the 2.405 value used for a step-index fiber.  For a parabolic-index fiber (g = 2) the cutoff value is 3.53; for a triangular-index profile (g = 1), it is 4.38. 


An estimate of the cutoff value of V for single-mode propagation in a graded-index fiber can be shown to be


Vco ≈  2.405 [l + (2/g)]1/2.
(2.39)



If other parameters are the same, the core diameter of the graded-index single-mode fiber can be a factor of  [1+(2/g)]1/2 larger than the equivalent step-index fiber. This provides an increased ease of coupling light. A parabolic-index fiber (g = 2) provides an improvement by a factor of 1.414; the triangular-profile fiber (g = 1) provides a 1.723 improvement.

2.8   Summary


The basic optical fiber consists of a core and a cladding; more advanced designs can add more cladding layers. The refractive index profile is generally modeled as either a step profile or a power-law profile. 


In a multimode fiber, the fiber V parameter, diameter 2a, and the fiber numerical aperture NA are three of the prime fiber parameters. In a single-mode fiber the mode field diameter and cutoff wavelength describe its characteristics.


Multimode fibers (especially graded-index fibers) are used for applications calling for moderate distances or data rates or both. The larger core size makes coupling light into them relatively easy. Their primary disadvantage is a lack of bandwidth capacity (compared to single-mode fibers).



Single-mode fibers are currently the fiber of choice for applications combining long-distance and high data-rate. Their advantages in high data-capacity and low attenuation have overcome the disadvantages of more difficult fabrication tolerances and more difficult coupling of light from the source. 



Currently, single-mode fibers are price-competitive with most multimode fibers.  Single-mode fibers are more susceptible to increases in losses (excess losses) due to bends in the fiber as it turns corners and to losses induced by core-diameter fluctuations because of spooling and handling.

