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Abstract

Speckle patterns in the far-field plane as well as the near-field plane (the exit end face)
of a multimode fiber through which coherent light propagates are studied mainly from the
average contrast and the probability density function of the speckle intensity. These first-
order statistics of the speckle intensity are shown as a function of the fiber length, the source
bandwidth, and the radial distance in the far-and near-field speckle patterns. The second
-order statistics of the speckle intensities at the two points are also discussed on the basis of
a conventional speckle theory. Dynamic speckles corresponding to time-varying properties
of the speckle pattern are analyzed in conjunction with the modal noise which gives rise to
unwanted fluctuations of the transmitted power in the presence of the mode-selective loss,
for example, in a misaligned connector.

1. Introduction

A random grannular intensity distribution is observed in the near-field as well as the far
~field regions of the exit end of a multimode fiber through which the coherent light such as
a laser beam propagates. This random intensity distribution is called a speckle pattern®.
The speckle pattern in optical fibers is produced by random interference between various
modes guided by the fiber®®. The light field launched into the optical fiber is divided into
discrete modes and propagates with a definite phase relationship. At the exit end of the
fiber, a certain amount of the phase difference is produced among different modes which have
different path lengths due to the difference of their angles between the direction of propaga-
tion and the guide axis. Whenever such an intermode path difference does not exceed the
coherence length of the light source*®, the light emerging from the fiber exit end results in
a complicated interference among a number of mode fields. This phenomenon yields the
random distributions of phase and amplitude of the field, and leads to a speckle pattern.

In the above manner, the speckle formation and the modal distribution are closely related
with each other. The fundamentals of the fiber speckle and its statistical properties are
briefly reviewed in this article. The first-order statistics of speckle, such as the average
contrast and the probability density function of the speckle intensity obtained at a single
point in space™?, will be first treated. The second-order statistics that are the joint
statistical properties of the speckle intensities at two or more points are next discussed on
the basis of the speckle theory'™. Then, the modal noise''® is introduced which is caused
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90 Masaaki Imal 2

by dynamic changes in the speckle pattern. The theoretical background for the modal noise
is examined from different speckle regimes. A dynamic variation of speckles causes
unwanted intensity modulation of the light passing through the point of speckle-selective loss
such as a misaligned fiber-to-fiber joint. The loss fluctuations are finally evaluated using
the signal-to-noise ratio which is a reciprocal of the average contrast defined in the speckle
pattern.

2. Modes and speckle pattern
In general, the number of speckles is

proportional to the number of modes guided cladding n, Intenit
ntensity

by an optical fiber**®. Let us consider, for
example, a fiber through which only two
modes of the highest and lowest orders can
propagate. The intensity distribution across

the core of the fiber shows a regular fringe

pattern due to interference between two cladding n,

wavefronts of dotted lines as illustrated in  Fig.1 Interference of the lowest- and highest
~order modes which propagate at the low
-grazing angle and the critical angle in an
speckle and there are several fringes for only optical fiber, respectively.

Fig. 1. Each fringe corresponds to a single

two modes. The highest-order mode under-

goes a critical angle =sin"'(NA)in which NA = (#¢— #$) '* indicates the numerical aperture,
7, and 7, being the refractive indices of core and cladding, respectively. Therefore, the
smallest speckle size Ax may be given approximately by half the fringe spacing, i. e.,

Ax=21/2(NA). (1

When all the modes with intermediate angles contribute to interference, the light with lower
spatial frequencies could be superimposed on the fringe. But the finest structure of the
fringe pattern is determined by the size of Ax. The speckle size also determines the total
number N of two-dimensional speckles, contained in the cross section of a cylindrical fiber,
and yields

N=zr(a/Ax) =z (2a(NA)/1)%, (2)

where A is the wavelength of light and « is the core radius. This number of speckles is
almost indentical with the number of guided modes supported by a step-index fiber'” which
is given by

N =2(ma(NA)/L)2 (3)

The similarities of the number of modes and speckles are obvious from Eqgs. (2) and (3). The
number of the modes increases with an increase of the numerical aperture of a fiber or of the
ratio of the core diameter to the wavelength of light. Thus, the fiber with a large core
diameter and a high NA exhibits a great number of speckles. It is also apparent that an
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Fig.2 Speckle patterns in the near- field (upper) and far-field (lower) regions from (a) a step-
index fiber and (b) a graded-index fiber.

increase of the wavelength reduces the number of speckles and that a step-index fiber
exhibits more speckles than a graded-index fiber because half the modes supported by the
step-index fiber fails to exist in the graded-index profile'®.

Figure 2 (a) shows the typical examples of speckle patterns produced in near- field (N.
F. P.) and far-field (F. F. P.) diffraction regions from a step-index fiber which has a 60 ym
core diameter and a 0.209 relative index difference with the index valley of 6um in thickness
and 0.65% in depth between core and cladding. Figure 2 (b) shows typical examples of the
near-and far-field speckles from a graded-index fiber having 50 zm in core diameter and 0.
3495 in relative index difference with the index valley similar to that of the step-index fiber.
The geometries of step-and graded-index fibers are illustrated in Figs. 3 (a) and (b). A
comparison of Figs. 2 (a) and (b) shows that the characteristics of speckles are somewhat
different from each other and that, as expected from mode dispersion, the speckles from the
step-index fiber have a fine structure both in the near and the far fields in comparison with
those from the graded-index fiber. It is also interesting to note that there is some degree of
similarity between the near-and far-field speckles since the field distributions of the far-field
pattern are given by a Fourier transform of the field over the exit face of the fiber'®. This
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Ny= 1.46

radius radius

(a) (b)

Fig.3 Fiber geometries of (a) a step-index and (b) a graded-index mul-
timode fibers.

fact indicates that an azimuthal dependence of modal structure holds in both speckle

patterns?,

3. First-order statistics of speckles

The statistical properties of speckle patterns produced in the far-field diffraction region
have been examined in terms of the probability density function and the average contrast of
the speckle intensity at a single point of the region. Imai et al”'?. studied the dependence
of the statistics of speckles on the species of the fiber sample, the guide length of the fiber,
and the lateral position in the far-field speckle pattern. More recently, Tsuji et al'™'?.
investigated the variation of the speckle patterns in a graded-index fiber with misaligned
coupling and joints. The statistical approach was taken by analyzing the time-varying
speckle intensity produced by vibrating the fiber, instead of scanning the spatial intensity
distribution of the static speckle pattern'®, The average contrast is defined as a ratio of the
standard deviation to the average mean of the speckle intensity variation :

V=KADY Ty =[<T*(8)>— <L (£) Y2/ < (¢)> (4)

where [ (t), < (t)» and J*t)> denote the time T
-varying speckle intensity, its mean and Optical Fiber ™,

mean-square values, respectively. He‘ggli%sff { Oscilloscope

The experimental setup of measuring the ' I-Channet 1
“, Cover Fiber Holder’

average contrast is shown in Fig. 4. The . Glass

laser light emitted from a He-Ne laser of pooL ‘]\om' i F.;er\
o i< 1
wavelength 6328A, reflected at a half mirror AN P

NT VT 0O

Monitor

M, and transmitted through a polarizer P is

focused by a 4X microscope objective L to a Fig.4 Experimental setup used to measure the
nearly 20 xm spot size. The sample short probability density function and the aver-

-piece fiber is placed in a V-channel fiber age contrast of speckle patterns.
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holder filled with liquid paraffine of index n=1.47 and is mounted on a mechanically
controllable stage in three dimensions. The radiation pattern produced by the laser light
passing through the fiber is observed in the plane about 10 cm apart from the fiber exit end
and detected by a photomultiplier (PM) with a 100 gmé pinhole aperture. The time-varying
speckle intensity from the PM is sampled at the rate of 4 msec and processed by a data
~analyzing system consisting of an AD converter and a pulse-height analyzer. The sample
rate is chosen appropriately to cover the fastest variation of the signal and a total of 10,000
samples is taken at every measurement.

Figures 5 (a) and (b) show the measured probability density functions of the speckle
intensity, as a function of the fiber length, produced from a step-index and a graded-index
fibers of Figs. 3 (a) and (b). Figure 5 (a) shows that the probability density function changes
its form from a negative-exponential type to a degraded shape of low peak with an increase
of the guide length of the step-index fiber. On the other hand, a Gaussian-like distribution
of the probability density function is also observed in Fig. 5 (b) for the graded-index fiber.
The Gaussian type is considered to correspond to the speckle patterns with a low contrast'®.

Graded-index fiber
Step-index fiber

FIBER LENGTH

D FIBER LENGTH

10cm

P(I/<[>)
P(l/<l>)

Fig.5 Probability density functions of the speck-

le intensity produced from (a) step-index
and (b) graded-index fibers with various
lengths. =
>
K
0
> 08}
&
< 0S5F
o
§ 04r A:Step-index fiber
& o3t B: Graded-index fiber
Fig.6 Average contrast of speckle patterns as a %
function of the fiber length. The curve A > 02"
stands for step-index fibers and the curve ik
B stands for graded-index fibers. The ’
vertical lines on the curves denote an error 0 Y P S S S S

0 10 20 30 40 S0 60 70 80 9% 100

bar. FIBER LENGTH (cm)
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The speckle contrast obtained from these probability density functions is plotted in Fig. 6 as
a function of the guide length. The dependence of the contrast on the guide length is
explained from knowledge of modal dispersion. High contrast of the speckle pattern from
the step-index fiber with a short length results from interference between only low-order
modes excited by a laser beam. In due course of light propagation in an optical fiber higher
~order modes take part in interference with the lower-order modes. This effect degrades
the speckle contrast since such an interference plays a dominant role of averaging speckle
patterns”. The average contrast produced from the graded-index fiber is almost constant
over the guide length because the interference still takes place at a relatively long distance
due to small waveguide dispersion. The speckle contrast of the graded-index fiber, how-
ever, is lower than that of the step-index fiber. This is due to the fact that the dominant
Gaussian mode is mainly occupied at the central portion of the far-field diffraction region of
light radiated from graded-index fibers.

The lateral variation of the speckle contrast is shown in Fig. 7 for two short pieces of
40 c¢cm and 80 cm long step-index fiber. The high contrast remains unchanged at the
periphery of the far-field diffraction pattern and, then, decreases in the neighborhood of
acceptance angle of an optical fiber since the radiated light intensity diminishes rapidly near
that angle. Comparing the curves of 40 and 80 cm in length, the contrast produced from the
40 cm long pieces is always higher than that of 80 cm long pieces and takes a maximum far
away from the center axis. The behavior of speckle contrast variation along the lateral
distance can be also explained from the evolution of modal structures in an optical fiber®.
The average contrast of the speckle pattern is lowered on the axis since the specular intensity
of HE,, mode is dominant, which is excited by an incident Gaussian beam. At the lateral
position located away from the axis, the specular intensity decreases relatively to the
increase of higher-order modes and the high contrast is attained due to the diffuse intensity
consisting of the higher-order modes. As a result, the maximum contrast shifts toward the
center axis for a long fiber of 80 cm.

The evolution of modal structures in a multimode optical fiber has been found to affect
significantly the speckle pattern®”. By means of a mode scrambler consisting of sinusoidally
serpentine bends mode-coupling or mode conversion can be externally induced in an optical
fiber®. It may be seen from the experimental result that the contrast decreases inversely
with the increase of a half width of the far-field diffraction pattern. As the bending number
of the mode scrambler increases, the speckle contrast approaches a certain constant low level
where a steady state of mode redistribution is achieved as seen in Fig. 8.

It is well known that the visibility of speckles depends strongly on the coherence time or
the spectral bandwidth of a light source as well. The maximum degree of spatial coher-
ence® at the output of an optical fiber remains unchanged at the entrance if the light source
bandwidth 6f and the maximum transit time difference 6 for all guided modes are such
that*™®

e (5)
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or, alternatively,
L((LC:an/%1(7’l1"'7’lz) (5‘]{ (6)

where C is the light velocity in vacuum, L is the guide length and L. denotes the critical length
at which modes do not interfere with each other. In other words, the speckle patterns smear
out at the exit end of the fiber exceeding the length L, since the total pattern is provided by
the sum of the intensities of independent modes. The relation of Eq. (5) or (6) holds generally
true for a gas laser source and the fiber length used in interferometric application.
However, a semiconductor laser source, which is much more suitable for a compact optical
measuring system, possesses a somewhat broad spectral bandwidth. The speckle pattern
produced by AlGaAs injection laser (Hitachi HLP laser) operating at 0.84 xm in wavelength
has been also investigated by the author'®. The spectral behavior of the injection laser is
measured as a function of injection current as shown in Fig. 9. The single longitudinal mode
oscillation is observed at the injection level as high as twenty percent above the threshold
current I;,.  When the injection current is 70mA that is less than 7., the spectral half width
is measured to be SOA, which is not the lasing spectrum but that of spontaneous emission.
The variation of speckle contrast with respect to the guide length of a step-index fiber is
shown in Fig. 10 for a variety of injection currents. The contrast does not indicate a
uniformly decreasing tendency for an injection current larger than [, ; it decreases rather
abruptly at the length larger than 30 cm up to 100 cm.
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Fig.11 Average contrast of speckle patterns versus guide length of step-index
fibers illuminated by various sources. The broken lines represents approxi-
mate fits to the data®,

The statistical analysis of speckle patterns for a relatively long fiber has been conducted
by Rawson et al.®® by scanning the exit face of the fiber. The average contrast of speckles
produced from both a graded- and a step-index fibers illuminated with various sources is
measured as a function of the fiber length over one hundred meters. Some results are
demonstrated in Fig. 11. It is found that high contrast persists in a long length of the graded
-index fiber excited by a single or a near-single wavelength source such as the He-Ne laser
and the Hitachi injection laser. Conversely, the speckle contrast for the source of a broad
spectrum is lowered even at short fiber lengths.

4. Second-order statistics of speckles

Although the first-order statistics of speckles are sufficient to describe the fluctuations
of brightness in the near- and far-field planes, second- and higher-order statistics are
necessary to describe other fundamental properties of speckles such as coarseness of its
spatial structure. As shown in the photographs of Fig. 2, the speckle pattern is, in general,
statistically non-stationary and its statistical properties are space-variant across the fiber
core. As far as the step-index fiber with all guided modes equally excited is concerned, a
simple assumption of space-invariant case is consistent with the measurement®??,

Assuming that the average size of speckles is much smaller than the core diameter of
optical fiber, the exit end face may be regarded approximately as a spatially incoherent
source, where spatial coherence is defined in an ensemble average sense. According to the
Van Cittert-Zernike theorem®® the normalized power spectral density of the speckle
pattern, which was first derived by Goldfisher? using the conventional speckle theory, yields
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Fig.12 (a) Overlap area to calculate the two-dimensional power
spectral density and (b) power spectrum distribution (“Chi-
nese-hat function”) G (v, vy)of Eq. (8).
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where K (£, ) is the angular distribution of light intensity incident upon or emerging from

the fiber end face, A is the wavelength in the medium, and v, v, are the spatial frequencies

in each direction as illustrated in Fig. 12 (a).

normalized to produce unity at vy=v,=
0. Thus, the two-dimensional power
spectral density is proportional to the
autocorrelation function of the apparent
angular distribution of light emerging
from the fiber output. Assuming that
the fiber radiates a uniformly bright cone
with an abrupt cutoff which is the case of
a step-index fiber, the two-dimensional
power spectrum becomes the so-called
Chinese-hat function which is often ab-
breviated by “chat”® :

Py

Gi(vx, vy) =chat(p/po)

=2 eos (p/ps) ~ (0 /)

X (1=(p/po) )], p=p0,(8)
where p=(vli+ )Y, p,=2sin 6,/1,
and G=n/2—6, is the fiber critical
angle. The behavior of G, is schemati-
cally shown in Fig. 12 (b). In the experi-
ment, a projection of the two
-dimensional power spectrum onto the v,
axis is measured by a linear detector
array of 256 elements and the resultant

0.5

For the sake of convenience, G, (vx, vy) has been
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Fig.13 Measured spatial power spectra for a
large NA (core diameter 100 gm, length
1.1 m, NA=0.31) and a small NA (core
diameter 90 xm, length 4.1 m, NA=0.18)
fibers?®.
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power spectra are calculated by taking a Fourier transform on each scan. Typical results
of spatial power spectra are shown in Fig. 13 for different fibers with large and small NA.
The solid lines denote theoretical curves calculated using Eq. (8) with the measured values of
the fiber NA. It can be seen that the agreement between theory and experiment is reason-
ably good except for the experimental values of a small spatial frequency. The slight
differences are likely to be due to deviations of the actual far-field distribution from the
theoretically assumed cylindrical distribution?’.

5. Dynamic speckle and modal noise

In a fiber-optic system, the presence of axial misalignment
speckles at the fiber exit end can cause fluc- - A
. . CORE
tuations of the total guided power when the \ )
fiber is jointed to another similar fiber with
an axial misalignment or a separation of the .
separation

fiber ends as shown in Fig. 14. The loss ——

originating from an imperfect joint depends

strongly on the amount of offset and, in more -

precisely, it depends on the fraction of speck-

Fig.14 Diagram of axial misalignment and end
separation at the fiber-to-fiber joint. The

Thus, the speckle-sensitive loss suffers tem- schematic view of near-field speckles is

also shown for each case.

les falling within the core of the second fiber.

poral variations with changes in source wave-
length and/or with physical distortion such as temperature and mechanical movement of the
fiber since the speckle pattern varies in time and space due to these distortions. This effect
has been recently observed by Epworth'® and called a “modal noise”.

5.1 Open speckle pattern

When we are concerned with modal noise properties we must examine whether core
-guided light can couple with the cladding mode of the fiber at the mode-selective loss such
as a misalignment. There are two statistically different regimes of speckle patterns ; one is
termed the open regime and the other is the closed regime. Its terminology was first
introduced by Hill et al %7, Statistically closed speckle patterns are characteristic of an
electromagnetic field of the core-guided light which does not exchange with the fields of
cladding modes. In contrast, when such energy exchanges occur it becomes statistically
open speckle patterns.

Let us consider the exit end of the fiber through which a large number of modes
propagates. If the amplitude and phase of the different modes fluctuate independently at
this plane, the dynamic speckle pattern is a random process. Provided that the relative
phases of modes are uniformly distributed over a 2z interval, it can be shown that the
instantenous intensity of each linearly polarized component of the field is a random variable
having a negative-exponential probability density function*®. Assuming that the end cross
-section of the fiber is divided into many elementary areas in such a way that each of them
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can be regarded as the speckle cell which is approximately the square of Ax (Eq. (1)). Then,
the characteristic function of the probability density function P (1) crossing a finite area of
the core is given by #®

N 1
¢(]U)“].;I (1_~]'1}<[k>)2m;2 ’ (9)

where<I,>is the mean intensity of the k-th speckle cell and m, is the number of the cells
having the same value of<I,>. The factor 2 in the exponent takes into account the two
polarization states of the transmitted light. The corresponding probability density function
is obtained by inverse Fourier transforming Eq. (9) ; the mean value and the variance can be
evaluated as</> :%2 milli>and o* (1) :%Z mz<{Ilz>2. Defining the signal-to-noise ratio as the
mean divided by the standard value, we obtain for light intensity I (r) falling within a circular

area having radius » £a (a=core radius) ag®*
Adry/cd)=(r/a) N (10)

where N is the number of modes propagating in the fiber. It is assumed in Eq. (10) that <I.>
is constant for every speckle cell and that the respective cell is mutually independent of each
other. In the presence of some correlation or mode-coupling among guided modes, the
signal-to-noise ratio has been analyzed and expressed in a rather simple form?®”.

5.2 Closed speckle pattern

As discussed previously, the statistics of the light transmitted through a limited aperture
for the closed regime is more complicated since the speckles are interdependent from each
other. However, Goodman and Rawson® and Tremblay et al.?” independently have derived
a rigorous expression for the probability density function of the transmitted light. These
functions are a beta density distribution in the statistics literature and a transformed gamma
distribution, respectively. The resultant ratio of the mean to the standard deviation in the
latter case is deduced from the fundamental perspective and yields??”

R=[n/(1—n/N)]", an

where N is again the total number of guided modes which may be equivalent to the maximum
number of degrees of freedom in the speckle distribution®®. This is approximately given by
N =V?/2 for a step-index fiber and N = V?/4 for a graded-index fiber where V =ak (NA)
is the normalized frequency of the fiber’. On the other hand, = represents the number of
degrees of freedom in the transmitted portion of light as illustrated in Fig. 14 and is related
to decibel loss at the fiber-to-fiber joint by

n—= N > 10—(dBlOSS/ 10). (12)

Typical results of simulation experiment on modal noise caused by a misaligned connector
are shown in Fig. 15. Squares and circles in the figure denote experimental points associated
with a graded-index fiber of Fig. 3 (b) having different lengths of 1.9m and 6.5m before and
after the misaligned joint. It is found that the theoretical curve is in good agreement with
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the plots except for those of a small R Graded-index . V=429
~-index , = R

coupling loss where the predicted level .
. i o- separation
is somewhat lower than the experi- 1004 o- axial misalignment
mental values. This discrepancy is 50:
due to the presence of cladding modes
in the second fiber since they can pro-
pagate without a large amount of loss.
In the theoretical analysis of modal 103

noise problem, careful discussion of 5

the assumptions and approximations
which went into the model of a mis-
aligned connector is required to predict

. 1
3 _ - 3 31,32)
the accurate signal-to-noise ratio®+*?. 0 5 10 15 4Bioss

As is apparent from Egs. (10) and

Fig.15 The ratio R of the average intensity to
the standard deviation of transmitted

cases decreases with the decreasing light as a function of coupling loss at the

fiber joint. The solid line represents the

theoretical curve of Eq. (11).

(11), the signal-to-noise ratio in both

number of guided modes. The worst
case occurs in a two-mode fiber in
which the lowest-order and the next low-order modes only are present. The predicted level
of total power fluctuations has been also determined for a quasi-single mode fiber operated
slightly above the cutoff of the next mode®?*¥. Even in a true single-mode fiber, it is actually
bimodal (two-mode) from the viewpoint of two orthogonal states of polarization which the
nominally circular-core fiber can support. When the misalignments of both transverse
offset and axial inclination exist in a single-mode fiber connector, the loss of a connector
depends on the polarization as well®®. This fact gives rise to the polarization-dependent
modal noise provided that dynamic speckles are induced in the fiber core before the connec-
t0r36'37)-
grating
of polarization will produce intensity noise called “polarization noise”. The polarization

Furthermore, if elements with polarization-dependent loss such as a diffraction

% and a polarizer® are inserted in a single-mode fiber link, fluctuations of the state

noise originating from angular misalignment of the axis in the coupling of two birefringent
fibers and/or the axis of the input fiber has been intensively investigated by the author??.

5.3 Wavelength-dependent noise

In an actual optical communication system, the most serious causes of modal noise are
fluctuations in oscillating frequency of a laser diode®”. The coupling efficiency at the fiber
-to-fiber connector has been analyzed as a function of the emission frequency of a laser
source®®.  The transmitted power of a typical multimode fiber through the connector is
highly sensitive to even a small shift of emission frequency*”. Such a frequency shift occurs
during laser modulation since direct modulation of a laser diode modulates not only the
emitted power but also the wavelength**®. More recently, the speckle contrast for
multimode fibers and, thus, the modal noise have been analyzed in terms of the impulse
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response of the fiber and the power spectrum of the source®™. It is interesting to note that
laser sources with a large spectrum of narrow longitudinal modes may cause high speckle
contrast and important modal noise over more than 1 km length in graded-index multimode
fibers.

In order to obtain a quantitative understanding of the frequency dependence of modal
noise effects, Rawson et al.?** has defined a frequency correlation function that is similar to
the spatial correlation function developed in Chap. 4. Taking a speckle theory approach to
the problem of modal noise, the source frequency interval required to decorrelate the speckle
pattern at the exit end of the fiber is given as a function of the fiber parameters of guide
length and numerical aperture. This frequency correlation function of the speckle pattern
is shown to be proportional to the 3-dB bandwidth of the fiber and is used to estimate the
bandwidth of a multimode optical fiber®®*”. Therefore, a simple measurement of speckle
contrast yields the linewidth of laser sources or the bandwidth of short multimode fiber

pieces by calibrating either the laser or the fiber®.

6. Conclusion

We have reviewed the statistical properties of speckle patterns at the output end of a
multimode fiber through which coherent light such as a laser beam propagates. This speckle
pattern results from random interference among many guided modes with a slightly different
velocity. Thus, the speckles in the near- and far-field regions may be regarded as a random
process over its spatial distribution. Since the properties of speckle patterns are space
-variant, the average contrast of speckles, i. e., the ratio of the standard deviation to the
mean value of the speckle intensity variation, is determined across the core of a step- and
graded- index fibers with various lengths. Consequently, it is confirmed that the evolution
of speckle contrast along the guide length is related to mode conversion or mode-coupling
between propagating modes.

Next, we have discussed dynamic speckles which vary in time due to changes in source
wavelength and/or physical distortion of the fiber. The fluctuations of the speckle pattern,
known as a “modal noise”, are treated from two different regimes of speckle statistics. The
modal noise is closely related to the coupling loss of a fiber connector and its signal-to-noise
ratio is shown to decrease with an increase of the loss occurring at the imperfect joint for a
typical multimode fiber. It should be noted that the statistical properties of speckle pat-
terns, and thus the modal noise depend not only on mode dispersion of optical fibers but also
on the emission characteristics of laser sources.
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