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We investigate the fundamental insertion loss due to mode mismatch in an optical link involving a singlemode fiber-optic (SMF) transmission with the insertion of a segment of a multimode Cr4+-doped fiber
(MMCDF). With an MMCDF core diameter of ⬃15.5 m that matches the SMF, we obtained coupling efficiencies of 60.3% to 87.5% in the entire transmission spectral range of 1300 to 1600 nm. The high coupling
efficiency (or low insertion loss) makes it possible for the employment of the MMCDF as an inline ultrabroadband optical amplifier in an optical link for the entire transmission spectral range. © 2008 Optical
Society of America
OCIS codes: 060.2320, 060.2330.

Single-mode silica fibers are ideal media for low-loss
optical network transmission in the spectral range of
1300 to 1600 nm. However, the useful spectral band
in a wavelength-division-multiplexing optical network depends on the gain bandwidth of fiber optical
amplifiers. Current optical amplifiers, including Erdoped, Tm-doped, and Pr-doped fibers, can provide
only a total of 140 nm [1,2]. Recently, a Cr4+-doped fiber (CDF) has been fabricated by the use of a codrawing laser-heated pedestal growth (LHPG) method
[3–5] or a drawing-tower technique [6,7]. The CDF
amplifier may be employed in the optical network for
the spectral range from 1300 to 1600 nm. A gross
gain of 10 dB has been achieved at a wavelength of
1520 nm with a pump power of 0.83 W [3]. However,
a single-mode CDF is not available [6,7]. A multimode Cr4+-doped fiber (MMCDF) optical amplifier
suffers a severe insertion loss as an inline element in
the single-mode optical network. The huge insertion
loss is a result of the mode mismatch and the simultaneous excitation of several modes in the MMCDF
[8,9]. By selecting a proper core diameter, it is possible to obtain the mode matching and minimize the
insertion loss.
In Fig. 1, we consider the insertion of a segment of
an MMCDF in a single-mode fiber-optic (SMF) optical link. For circular fibers with a common axis, the
fundamental LP01 mode of the SMF is coupled only to
the LP0m modes of the MMCDF. If we neglect reflection at the junctions, the overall power coupling efficiency can be obtained by the continuity condition
and the orthogonal property of the modes. This leads
to
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tween the LP01 (SMF) and LP0m (MMCDF) modes, ␤m
is the corresponding propagation constant, L is the
length of the MMCDF, and M is the total number of
confined modes in the MMCDF; for a typical
MMCDF, M can be as big as 1000 [10]. The insertion
loss (IL) is thus given by

冏兺
M

IL = 1 −  = 1 −

m exp共− i␤mL兲

m=1

冏

2

.

共2兲

If several modes are excited, the interference can occur owing to the different phases in the exponential
phase factor, exp共−i␤mL兲, which depends on the
MMCDF length and the optical wavelength. If many
modes are excited, the overall power coupling efficiency can be very low and fluctuating, leading to a
huge insertion loss.
A simple and effective way to minimize the insertion loss is to match the mode wave function of the
LP01 mode of the MMCDF to that of the SMF. The
mode matching leads to the excitation of nearly only
one mode (e.g., the fundamental mode). Since both
the SMF and the MMCDF are step-index fibers, it is
possible to find a core diameter of the MMCDF so
that the LP01 mode of the MMCDF is nearly matched
to that of the SMF.
In our simulation, we employ a 3D simulation tool
that is based on the mode propagation [11]. We as-
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where m is an abbreviated index representing the
modes, m is the mode field coupling efficiency be0146-9592/08/080785-3/$15.00

Fig. 1.
Schematic
SMF–MMCDF–SMF.
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sume an SMF with a core diameter of 8.0 m and a
fractional refractive-index change of 0.31%. The refractive index of the core and inner clad of the
MMCDFs are 1.82 and 1.64, respectively. Using the
core diameter as a parameter, we carry out a numerical analysis and obtain the wave functions of the
LP0m mode (MMCDF). We then investigate the mode
field coupling efficiency m between the LP01 mode of
the SMF and the LP0m mode of the MMCDF. The
mode field coupling efficiency depends on both the
wavelength and the core diameter. Figure 2(a) shows
the fundamental mode field coupling efficiency 1
(m, m = 1) as a function of the core diameter for three
principal wavelengths. To cover the entire spectral
range of 1300 to 1600 nm, we select 0 = 1450 nm as
the central wavelength. For this central wavelength,
the fundamental mode field coupling efficiency is
maximum at a core diameter of 14.5 m with 1max
= 94.5%. The mode field coupling efficiency drops to
59.3% for a core diameter of 7.0 m. Figure 2(b)
shows the high-order mode field coupling efficiency
2, 3, and 4 (m, m = 2, 3, and 4) as a function of the
core diameter for the central wavelength 0 of
1450 nm. Figure 3 shows the field distribution within
the MMCDF at various core diameters. We notice
that the field profiles are strongly dependent on the
mode matching between the MMCDF and SMF. With
a nearly matched core of 14.5 m, the mode field size
variation was significantly reduced. This is the case
of a nearly single-mode excitation.
Figure 4(a) shows the overall power coupling efficiency  as a function of the MMCDF length. The
coupling efficiency fluctuates and varies from 9.7% to
70.9%, 83.4% to 95.6%, and 13.6% to 97.5% for core
diameters of 7.0, 14.5, and 28.0 m, respectively. For
a core diameter of 14.5 m of the MMCDF, an optimized mode matching of the LP01 mode between the
MMCDF and SMF is obtained. With the excitation of
a nearly single mode in the MMCDF, the interference
is virtually eliminated. Thus, the fluctuation in the
coupling efficiency with the length and optical wavelength virtually disappears. This leads to a low insertion loss in the entire spectral range from 1300 to
1600 nm.
We have also carried out experimental investigations for the measurements of the overall power cou-

Fig. 2. Mode field coupling efficiencies between the fundamental LP01 mode of SMF and (a) fundamental LP01 mode
of MMCDF; (b) high-order LP0m modes of MMCDF as functions of the core diameter.

Fig. 3. (Color online) Field distribution within MMCDFs
of (a) 7.0, (b) 14.5, and (c) 28.0 m core diameters.

pling efficiency and the far-field patterns (FFPs). The
length of the MMCDF segment that we used in our
experiment was ⬃1 cm. The segment is sandwiched
between SMFs as an inline transmission network.
The core diameter of the MMCDF sample (I) is
15.5 m with a variation of approximately ±3.4 m.
The core diameter of the MMCDF sample (II) is
23.0 m with a variation of approximately ±2.0 m.
A matching fluid with a refractive index of n = 1.515
was employed at each interface of the MMCDF and
SMF to remove the reflection loss. Figure 4(b) shows
the measured overall power coupling efficiency as a
function of the wavelength. The coupling efficiency
varies from 60.3% to 87.5% in the range from 1300 to
1600 nm. Figure 4(b) also shows the simulation results of the coupling efficiency for the core diameters
of 12 and 19 m. These two core diameters are the
maximum and minimum of the actual MMCDF
sample (I) that has nonuniformity in the core diameter. The measured coupling efficiencies are in good
agreement with the simulation results.
Figure 5 shows the FFPs of the SMF and MMCDFs
that were measured at the same distance between
the fibers and the CCD camera. The FFPs express
the mode-matching performance between the SMF
and MMCDFs. The FFPs of the matched MMCDF
sample (I) with a core diameter of ⬃15.5 m are insensitive to the wavelength owing to the excitation of
nearly only one mode. The FFPs of the mismatched
MMCDF sample (II) with a core diameter of
⬃23.0 m are sensitive to the wavelength owing to
the multimode interference.
As discussed earlier, the coupling efficiency is fundamentally limited by the mode matching between
the SMF and MMCDF. For high efficiency coupling
(or low insertion loss), the core diameter of the
MMCDF can be chosen so that the fundamental
mode of the MMCDF is matched with that of the

Fig. 4. Overall power coupling efficiency as functions of (a)
the length of MMCDF and (b) the wavelength.

April 15, 2008 / Vol. 33, No. 8 / OPTICS LETTERS

787

This Letter was partially supported by the Department of Industrial Technology of the Ministry of Economic Affairs under contract 95-EC-17-A-07-S1-025,
the National Science Council under contract NSC952221-E-110-004, and the Ministry of Education Program of the Aim for the Top University Plan.
References

Fig. 5. (Color online) Far-field patterns of the SMF and
MMCDFs.

SMF. The mode matching leads to the excitation of
nearly one mode in the MMCDF; the mode interference and the resulting fluctuation disappear. This
leads to a low insertion loss and the possibility of inline ultrabroadband optical amplifiers with net gains.
In conclusion, low insertion loss is possible in the
inline broadband optical amplifier (SMF–MMCDF–
SMF) via the use of mode matching. Our simulation
results indicate that an optimum core diameter of
⬃14.5 m is needed for the MMCDF in the spectral
range from 1300 to 1600 nm. Using a sample of
MMCDF with a length of 1 cm, we experimentally
measured an overall power coupling efficiency of
60.3% –87.5% with a core diameter of ⬃15.5 m. The
experimental measurements are in good agreement
with the simulation results. This study of the higher
coupling performance between broadband MMCDFs
and SMFs may open up the possibility for utilizing
the MMCDFs as ultrabroadband fiber optical amplifiers to cover the bandwidths in the entire 1300 to
1600 nm range of low-loss and low-dispersion windows of silica fibers.
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