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Abstract

single-mode fibres and especially of those factors causing a rise of
attenuation Que to radiation. A new theory of 1loss caused by mode
conversion is proposed and is applied to the problem of microbending
The factors which must be taken into account during cable
manufacture are discussed.

l. Introduction

Single-mode fibres have several potential advantages when considered
for long-distance communications, in particular that bandwidths of
tens of GHz can be achieved over tens of kilometres limited only by
material and mode dispersions. Coupling to integrated optical
circuits is also easier than with multimode fibres and furthermore
they are easier to use in couplers. Recent attention, however, has
been mainly focussed on multimode fibres.

One of the main disadvantages of the single-mode fibre is the small

Core diameter which makes jointing and launching into the fibre
difficult. Accurate methods for measuring the core diameter 2a and

are known the normalised frequency V and the numerical aperture,NA,
can be calculated. The NA of a fibre is a very important factor in
Propagation studies since it strongly affects the radiation 1loss
which increases as the NA decreases.

Fabrication of single-mode fibres [l] has been made comparatively
simple but some problems still remain. For example the refractive-
index profile of a single-mode fibre may not be a perfect step but
may have a dip at the centre or there may be grading of the core/
cladding boundary due to diffusion of the dopants. The influence of
the dip and grading of the profile on wave propagation is important
but many studies of single-mode fibres, including some methods for
determining the characteristics of the fibre, assume a stepped
refractive index.

The transmission loss of a fibre can be influenced by radiation due
to curvature and microbending._ Th radiation loss at bends arises
from two different mechanisms 2,3 | namely the pure-bend loss and
transition loss. The pure-bend loss occurs because at a certain
distance from the centre of curvature the local Phase velocity
equals the velocity of light and guidance ceases so that energy is
radiated. The transition loss, on the other hand, is due to mode
conversion as the mode of the straight fibre transforms to that of
a curved fibre. Extensive studies EZ,B]have been carried out on
these two mechanisms and it is found that both must be considered in

bending loss. This last result is important as hitherto theories of
microbending loss have only considered mode conversion and have
neglected the pure-bend loss.
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Finally, it is shown that the loss of the LP;; mode is very high near
its cut-off point and fibres having V values up to 3 can be used for
single-mocde operation.

2. Characterisation of Single-Mode Fibres
2.1 Measurement of fibre parameters

For any type of fibre two of the fundamental parameters are the core
diameter "a and the relative refractive—-index difference A=(n1—n2)n2
between the -ore (nj;) and the cladding (nz). From these two para-
meters the normalised frequency V is defined as

© v = (2ma ) (n2- n,2) T v (2ma/)) (2n,28) ()

For multimode .. res the core diameter can be measured by convent-
ional optical te-hniques. However this is not possible with single-
mode ‘ibres as :he core diameter is comparable to a wavelength and
diffraction mak :s measurements difficult.

One metrud has been suggested £4] whereby the normalised cut-off
frequenc; of the 2nd higher-order mode is measured by bending the
fibre. However it has been shown [Slthat this method gives an
effectiv: value of V which is much higher than the actual cut-off
frequency. This is because microbending in the fibre can produce a
high loss of the LP mode just above its cut-off frequency which
increases the effective value of V. 1In practice we have observed
single-mode operation in even short lengths of fibre having V=2.8.

A simple method has been found k]for determining a and & from the
measurement of the far-field pattern at a single wavelength. The
far-field distribution can be calculated from the Fraunhofer diff-
raction equation[]]and the approximate field equations derived by
Snyder[B].

It can be shown from theory, as well as experimentally, that in
addition to the main beam the far-field pattern has several subsid-
iary lobes. The ratio sin®,/sin6y, where 8y is the angular width

to the first minimum and ©h is the output angle at which the
intensity has fallen to half of its central maximum, is an unambig-
uous function of V. Hence measurement of this ratio enables V to be
determined. It can also be shown[G]that another unambiguous function
of V is ay = kasineh cee (2)
Therefore by using the value of V obtained from the ratio sin®,/sinéy
and eqgn. (2) the core radius a can be calculated. With a and V

known A can then be found from egn. (1), where ap is now the normal-
ised half-intensity angle.

2.2 Spot size of the HEj; mode

Another important parameter of a single-mode fibre is the spot size
of the HEjj; mode since this largely determines the coupling
efficiency and the jointing loss due to misalignment. simple
definition of mode spot size has been suggested[?,lo,ll . In the
single-mode region and for V>2.0 the excitation of the HEjj; mode by
a Gaussian beam is greater than 99%. Therefore the spot size of the
HE1] mode is defined as that of the input Gaussian beam which gives
maximum excitation efficiency lﬂ. It should be noted that this
simplified definition of spot size differs from the width to 1/e
intensity of the HEj]j mode in the core but gives good agreement with
that of Reference 13 especially for V>2.0, the difference between
the two values being less than 1% at V=2.4.
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3. The Effects of Departures from a Stepped Refractive-Index Profile

So far it has been assumed that the single-mode fibre has a rectan-
gular index distribution. However in practice a dip in the profile
at the centre of the core and grading of the profile at the core/ -
cladding interface will occur. These effects are due to preferential
evaporation of the more volatile component during the preform-
collapsing stage and diffusion at the core/cladding interface. Both
affect the guidance properties, increase and change the spot size of
the mode.

The propagation of the HE]j] mode in a single-mode fibre having a dip
in the refractive-index distribution has been analysed 14]. The
results show that the cut-off frequency of the single-mode region
increases as the degree of dip increases. A factor G is therefore
proposed, which defines the "degree of guidance" of a fibre and can
be used to estimate the cut-off frequency of a fibre with any
refractive-index distribution. G is defined by

a - -—
G = (r) ~2 rdr so that vV = 2.4(26) "% ee. (3)
€1 - €3 ¢

As mentioned above, the method for the determination of a and Vv [6]
assumes that the fibre has a step-index profile and the effect on

the far-field radiation pattern of a dip must be considered. For
larger dips the radiation angle becomes smaller but otherwise the
far-field pattern is almost the same as for a step-index fibre. Hence
the theory for a step-index fibre is still applicable.

The effect of the dip on the validity of the definition of mode spot
size given in section 2 is also important as with a dip present the
near field is somewhat different from Gaussian in shape. The excit-
ation efficiency has been calculated as a function of input spot
size for various depths of dip and it is found that the optimum
input spot size changes but an excitation efficiency of more than
97.6% can still be achieved. The definition in terms of a Gaussian
beam is therefore still a reasonable approximation of the HEjj mode
spot size.

The effect of grading of the profile on the propagation character-
istics of a single-mode fibre has been considered in reference 10.
It is found that, as in the case of a dip in the core centre, the
normalised cut-off frequency increases as the degree of grading
increases. However for a>50 the grading of the index has little

effect on V.

The normalised spot size of the HE)j) mode varies with o and is in
general larger than that for a step-index fibre at small V and
smaller for large V. Comparison of the mode spot size using the
more accurate definition?fowith the simplified definition for a=2
gives a good agreement and we are therefore justified in using the
simple definition.

4. Bends in Single-Mode Fibres

The transmission loss of single-mode fibres can be increased
by the radiation loss due to bending. It has been observed QS that
radiation emitted in the transverse direction at the beginning of a
bend is not continuous but appears in the form of discrete divergent
rays. Measurement of the radiated intensity in the plane of a bend
shows that the intensity distribution is oscillatory at the beginning
of -the bend with peaks- corresponding rtorthewray radtations o =r.xe *taj
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Miyagi and Yip ﬁ6]have calculated the transition loss (ZPR) due to
coupling between the guided modes of the straight fibre and the
radiation modes at the beginning and end of the curved section of
fibre and have shown the total transmission loss (l{) to be given by
I‘t = ZPR + Z(ICL ... (4) nd
where L is the length of curved fibre and 2a. is the pure-bend loss
per unit length. On the basis of this equation the transmission loss S
can be illustrated schematically by the straight line A in Fig.l.
However in practice the power coupled to the radiation field is not ion
lost instantaneously, as evidenced by the ray radiation. In addition J
the mechanical stiffness of the fibre prevents an abrupt change of
curvature. Therefore, intuitively one might expect the transmission
loss to be of the form shown by curve B in Fig.l. At the beginning
of the bend the transmission loss increases gradually and is oscili- 5
atory because of coupling between the guided HE mode and the is
radiation modes; this region is called the transition region. After
a certain point the loss becomes uniform and increases linearly with f
bending angle; this region is the pure-bend region. i

Both the transition loss and the pure-bend loss can be obtained by
measuring the loss as a function of transmission distance. Fig.l 18
shows that the transition loss is given by the intersection of the i
linear portion of the curve with the ordinate, while the pure bend
loss can be obtained from the slope. Y

The transmission loss has been measured by progressively wrapping a
fibre around a drum of diameter 2R. The results are shown in Fig.2 t
for drums of different diameters. It is seen that the form of the

curves is the same as that suggested in Fig.l. 1In the transition

region the loss is oscillatory but for convenience a smooth curve ‘
has been fitted to the data. The transition loss and pure-bend loss !
can be obtained from Fig.2 and for small lengths of bend, the tran-

sition loss exceeds the pure-bend loss Zﬁ.

4.2 Mode coupling theory and equivalent radiation mode

In this section we outline the theory used to calculate the tran- d
sition loss due to mode coupling between the guided HEy; mode and e
the radiation modes.

A curved fibre may be represented, through a conformal transformatiam,
by an equivalent straight fibre where the curvature distribution

is accounted for by an equivalent refractive index distribution in
the straight fibre h7]given by

ng = nl,z[l + (r/R)cosGl ... (5) |

where (r,®) are circular coordinates, R is the radius of curvature
of the fibre, which is generally a function of distance, and nj, 2 is
the refractive index of the core, cladding.

By applying mode coupling theory to this equivalent straight fibre :
an expression for the transition loss due to coupling between the [1Y
guided HE;j; mode and the radiation modes can be derived. Integration

over 8 shows that only coupling between the guided HEj) mode and the
radiation modes with p=*1 takes place. This theory is developed in
reference 3 and the transition loss P, is derived as

L knja 5 te
P = 2(3)AUW) B(X)F“(L,X) dX ee. (6)
-kn,a '
. 2 2 .2 .2
where A(U,W) is a function of U and W; U+ W= V°; B(X) is the S

S v
L N — %
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coupling coefficient, and F(L,X) is the distortion function.

First consider an abrupt change of curvature between the straight ang
curved sections of fibre. The power density of the radiation modes
for this condition is calculated for V=2.4, A =0.0005, L/a=40C and is
shown in Fig.3. It is found that the radiation power varies non-
uniformly with Ba where B is the propagation constant of the rodiation
modes. Only the radiation modes having propagation constants close
to knjya contain any appreciable power. The power density for the
backward waves is negligible.

Using the mode coupling theory the power in the radiation modes has
been calculated as a function of normalised fibre length (L/a) and is
shown in Fig.4 for the fibre parameters given above. The radiation
power is an oscillatory function of distance indicating that part of
the radiation mode power is coupled back into the HE;; guided mode.
At longer distances a steady-state value is reached. The results
have been compared with existing theories. The solid line in Fig.4
is calculated using the simplest loss formula derived in reference 18
and the dotted line is calculated using the theory derived by Miyagi
and Yip 19]. These two results are near the steady-state value of
the oscillatory radiation power and we can therefore infer that they
only give the loss at large distances from the junction. It is there-
fore important to consider the contribution of the radiation modes
over short lengths because part of the power which they contain can
be coupled back into the guided mode.

Two important parameters can be derived {3]. These are the power
weighted mean value of the propagation constants for the radiation
modes (Xo=Bsa) and the r.m.s. deviation from that mean (0y). The
average propagation constant of the radiation modes,Be, varies
periodically with the fibre length. The weighted r.m.s. deviation
0r is small which means that there is only a narrow spectrum of
radiation modes. Hence the radiation modes behave as a quasi-guided
mode with propagation constant .. If we call the quasi-guided mode
the R(Bg) mode the ray radiation can be simplified by considering
coupling between the HEj] mode and the R(Bo) mode and the power osc-
illation can easily be understoodj?O,Zﬂ . Fig.3 shows the power-
weighted average propagation constant Be of the radiation modes and
it is seen that it is close to kn,.

The parameter, (B -Bg)a=(Xo-Xs), see Fig.3, is an important one. It
can be shown B]that each peak in the radiation power of Fig.4
corresponds to a minimum value of (B;-B,) and at the same time the
r.m.s. spread of propagation constants of the radiation modes is a
minimum. Therefore at each peak in the radiated power the radiation
is approximately coherent and the various modes emerge in the same
dfﬁrction which is in agreement with the rays observed experimentally
15|

4.3 Loss for a gradual change of curvature

The above calculations assume an abrupt change of curvature but in
practice this will not occur. We therefore consider the change in
curvature to occur over a length T/b. By varying the value of b we
can vary the sharpness of the bend. For an abrupt junction 7/b=0.

We can again calculate the transition loss due to this curvature by
using the mode-coupling theory and the results are shown in Fig.5 as
a function of normalised radius of curvature for various normalised
iengths m/ab. The fibre parameters are V=2.4, 4 =0.0005 and L/a=2100.
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We must consider the pure-bend loss in such bends which, in a fibre

of length L and having radius of curvature R(z),may be found from egn.
(20) in reference 3. Using this equation we have calculated the pure-
bend loss as a function of the radius and rate of change of curvature.
Fig.5 shows that for small bending radii the pure-bend loss exceeds
the transition loss. However there is a "cross-over radius" at which
the transition loss predominates, in agreement with the experimental
result of section 3. For larger m/ab, i.e. for more gradual trans-
itions, the transition loss decreases considerably but the pure-bend
loss is only slightly changed, hence the cross-over radius increases.
We can therefore conclude that even at large bend radii the pure-bend
loss may be greater than the transition loss and therefore calculat-
ions of microbending loss which only consider mode conversion may not
be valid.

4.4 Bending loss in cables

The contribution to the overall transmission loss in fibres due to
cabling may be gquite large if sufficient care is not taken. A common
method of cabling fibres is to wrap the fibre in a helix around a
central strength member. If the pitch of the helix is too small a
high bending loss may result.

The bend radius R of a fibre of overall diameter d which is wrapped
in a helix around a central strength member of diameter D'is 22

e D L P

eee (7)
Using this equation and the pure-bend loss theory the pitch of the
helix which gives losses of 1dB/km (solid lines) and 2dB/km (dashed
lines) is shown in Fig.6. The fibre parameters are V=2.4, a=4.05pum,
d=0.2mm. Obviously the limiting pitch depends strongly on both the
diameter of the strength member and the NA, hence both must be care-
fully chosen to keep the loss low.

_ P 2 _ d+D'. . . .
R = Rm [‘+(§Trﬁnj there Rm = =5 P is the pitch of the helix

o o

5. Microbending in Fibres

Besides the radiation loss caused by bends in the fibre, as discussed
abova, microbending loss due to axis deformation also occurs. From
the mode coupling theory the transition loss of a fibre due to random
deformation can be calculated by taking the ensemble average of the
Fourier spectrum of the distribution function. 1In practice the type
of deformation is not known and therefore two particular cases will
be considered.

Case 1  S(u) = 25%exp(-u®/D%) ...(8a)
and 2
Case 2 S(u) = 20 exp(-u/D) ... (8b)

232 is the variance of 1/R(z) and D_is the correlation length. It is
assumed that <1/R(z)>=0 and hence Y20 is the r.m.s. deviation.

The normalised microbend transition loss By= P /{(Ga)z(L/a)z}is shown
as a function of D/a for various A in Fig.7. Phe solid and dotted
lines refer to cases (1) and (2) respectively. The most important
point to note is that the maximum value of the transition loss is
virtually independent of the correlation function, as also is the loss
for values of D/a below the maximum. The loss is a strong function of
A, because (Xo-xe), defined in section 4.2, increases as A increases b
Hence coupling from the HEj;; mode to the radiation modes becomes pro-
gressively weaker with increasing A and a fibre of large NA will

- +exhibit -low-values.of_microbending .loss _as_vell _as _bending loss.
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The above discussion only considers the transition loss componenx;of'
r“*“*W*~microbending<lossMbutmfor most_cases the pure-bend Joss_must also be

allowed for as it forms a large contribution to the total radiation o

loss. Under some conditions the pure-bend loss can be much greater

than the transition loss @,3 .

5.2 Loss due to a single microbend

We now consider the effect on the transmission loss of the fibre
caused by a single microbend. Olshansky @3]has derived a formula for
the curvature of the fibre due to a microbend :

1

R(z)
where k = (g/2nEf)1(1/b), h is the height of the microbend, g is
a constant which depends on the Young's modulus of the encapsulating
material, b is the diameter of the fibre and Ef¢ the Young's modulus
of the fibre.

2k2h (sin|kz|- cos|kz|) exp(-k/z) e (9)

By using this form of curvature the pure-bend loss and transition loss
have been calculated as a function of h for various fibre diameters.
The results are shown in Fig.8 for bk=0.2 and Vv=2.4. The solid lines
show the transition loss and pure-bend loss for NA=0.1, indicating
that the pure-bend loss is greater than the transition loss for micro
bends higher than 15pum. For comparison the transition loss for NA=
0.06 is shown by the dashed lines.

Calculations for different values of bk show that the loss

decreases rapidly as bk decreases, because a material with a lower
Young's Modulus will exert a smaller restoring force of the fibre and
a more gradual bend results. The loss also depends strongly on the
fibre diameter and the NA, increasing as these two parameters
decrease. From these calculations it can be seen that both the pure-
bend and transition loss components must be considered in calculations
of the microbending loss.

6. Single-mode Operation for v>2.4

Recent studies on propagation of the LPjp; mode have shown that its
loss, as it nears its cut-off point, is very sensitive to slight

bends and pressure applied to the fibre. For example, bend radii of
3.2cm and l.6cm at V=3.0 and NA=O.1l give losses of 3dB/cm and 50dB/cm,
respectively,while the loss of the HE mode and mode conversion bet-
ween the HE and the LP mode are negligibly small. It has been
found that %}bres with v%&.o have a radiation pattern which is in-
distinguishable from that of a single-mode fibre after a length of
only 1 metre so that single-mode operation can be obtained in practice
at relatively high V values.

As shown in section 3 the cut-off value of the LPj, mode increases
if the index profile is graded and we can therefore expect single-
mode operation for values of normalised frequency as high as v=5.
The advantage of having a higher value of V is that either the core
radius or the NA of the fibre can be increased. As we have already
shown the radiation loss depends strongly on NA. Therefore by using
a fibre with a larger NA the radiation loss can be decreased
considerably.

7. Conclusions

rmr—Iin—-this paper qe,ggge,cogg;dgggdqugigus_ggggg&irpf propagation 1
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single-mode fibres. A method for measuring the V value and core
radius of the fibre by measurement of the far-field pattern of the
HEy, mode has been described. This method, however, assumes that the
fiére has a step-index profile which is usually not the case. We also
give a simplified definition for the mode spot size of the HEjj mode
in terms of the Gaussian beam which gives maximum excitation
efficiency.

The effect of a graded-index profile, and of a dip in the centre of
the profile, on wave propagation has been cansidered. It is found
that both cause the V value of the fibre to increase, which is to be
expected since the guidance factor of the core decreases. However
unless the grading or dip effects are very severe, there is little
difference between parameters calculated assuming a step-index profile
and those calculated using the exact profile.

The radiation loss in a fibre due to curvature and microbending has
been studied and is found to comprise two components, namely a tran-
sition loss and a pure-bend loss. Both of these mechanisms are found
to contribute to the uniform curvature and microbending losses. It
is therefore important to consider both mechanisms in any estimation
of attenuation due to bends.

A theory has been developed for calculating the transition loss due

to coupling between the HEy, guided mode and the radiation modes. It
is found that the radiation modes can be represented by a single
quasi-mode with propagation constant 8,. Using this modified coupling
theory the transition loss due to an abrupt change of curvature has
been calculated as a function of fibre length and is found to be osc-
illatory at the beginning of the bend as observed experimentally. We
can therefore consider the transition loss as being due to coupling
between the HE;; mode and the quasi radiation mode. With increasing
distance along the curved fibre the radiation loss approaches a steady
state value. A continuous change of curvature between the straight
and uniformly bent fibre reduces the transition loss considerably. It
is found that for longer lengths of the continuous region the radius
of curvature at which the pure-bend loss exceeds the transition loss
increases.

The pure-bend loss due to helical bending of the fibre which will
occur due to the lay of fibres in cables has been calculated. It is
found that the lay length must be carefully chosen to keep the loss
at a low value.

The transition loss due to microbending has been considered by using
a Gaussian type of autocorrelation function. It is found that the
maximum transition loss is almost independent of the type of auto-
correlation function used. Both the pure-bend loss and the transition
loss contribute to the overall loss of a single microbend, the pure-
bend loss being greater than the transition loss for larger bumps.
The loss depends strongly on the Young's modulus of the encapsulating
material, the diameter of the fibre and the NA.

Finally it is shown that single-mode operation is still possible for
V values as large as 3 for a step-index fibre and 5 for a graded-
index fibre. This has the advantage that the NA can be increased
and hence the radiation loss will be decreased.
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