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All-Optical Switching and Coupling Characteristics of Femtosecond
Pulses in a Nonlinear Fiber Directional Coupler
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We analyze numerically the propagation of ultra-short optical pulses in a nonlinear fiber directional
coupler by taking into account the dispersion effect of the coupling coefficient in nonlinear regimes.
From split-step Fourier analysis of coupled nonlinear Schrédinger equations it is found that the pulse
breakup occurs due to coupling coefficient dispersion. It is also demonstrated that the group velocity
dispersion and its resultant pulse broadening dominate the switching behaviors of nonlinear
directional coupler. To clarify the effect of intermodal dispersion, ultra-short optical pulses of 50 fs
pulse duration from a mode-locked Ti:Sapphire laser are used. Comparing the experimental results
with the numerical calculations, we can estimate the coupling coefficient dispersion provided that
appropriate parameters are given for a nonlinear fused-tapered coupler.

Keywords: Nonlinear fiber directional coupler, Ultra-short optical pulses, All optical switching,
Coupling coefficient dispersion, Coupled nonlinear Schrédinger equations

1 INTRODUCTION

Theory of nonlinear directional couplers (NLDCs)
has been reported by Jensen early in 1980s'". Since
then, NLDCs have received much attention because of
its possible application to all-optical switching and
logic operations for use in ultra-high speed data
processing and ultrafast communication systems.
NLDCs have been realized so far by using a dual-core
optical fiber coupler because it can work as an ultrafast
all-optical switch (Ref(2), p295-301). The operation
principle of NLDCs is based on optical Kerr effect in
which the refractive index exhibits an
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intensity-dependence. An ultrafast all-optical Kerr
shutter® and switching® using NLDCs have also been
proposed. The advantages of such a switching device
are the ultrafast response time less than 10 fs and low
pump power because of its high power-density and
long interaction length. Integrated optical switching
devices have also been considered for wavelength
division multiplexing scheme®. However, the
wavelength-dependent ~ switching and  coupling
characteristics in the NLDC have not been reported
thoroughly®.

The objective of this paper is to study an all-optical
coupling and switching operation that is dependent on
the wavelength of incident light in the NLDC. Coupled
nonlinear Schrédinger equations which take into
account the dispersion property of the coupling
coefficient were analyzed numerically in the new
coupled-mode formulation developed by K.S.Chiang
and his coworkers”®. But, in their paper” the
propagation of short optical pulses has been analyzed
by use of a Fourier series analysis method. As was
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pointed out later''?, however, the results obtained when
coupling coefficient dispersion was taken into account,
ie, R'=C,L, /T, # 0, leads to the mirror inversion of
those of the above paper in time domain. The
discrepancy between these results comes from adopting
an opposite form of the Fourier transform in the Fourier
series analysis method. From such a circumstance,
although a Fourier series analysis using the right
Fourier transform is still applicable, we employed a
modified version of the algorithm known as a split-step
Fourier method to solve the nonlinear Schrodinger
equation'”. The numerical calculations show that pulse
breakup not only occurs but the pulse itself deforms
due to coupling coefficient dispersion.

The experimental verification is carried out by using
a mode-locked Ti:sapphire laser that produces
approximately 50 fs pulses at wavelengths of 820-870
nm with a repetition rate of 81.7 MHz. The effect of
intermodal dispersion in terms of coupling coefficient
of a NLDC was then confirmed by comparison with the
numerical results. It is the first time to our knowledge
to demonstrate theoretically and experimentally how
the coupling coefficient dispersion influences
all-optical switching of femtosecond short optical
pulses in a fused-tapered directional coupler, which
was made in our laboratory.

2 COUPLED NONLINEAR Schrodinger
EQUATIONS

Consider an evanescent-field coupler consisting of
two identical single-mode optical fibers. It is known
that such a directional coupler supports two normal
modes: even and odd modes. The transfer of optical
power in the coupler can be described by the beating
between these two modes. When the optical power is
high enough that the nonlinearity is important, optical
power switching becomes dependent on the optical
power. Though a silica fiber has weak Kerr nonlinearity,
the use of a long evanescent-field coupler results in
modification in the switching characteristics under high
power input pulses. At the same time the long fiber
coupler induces a large amount of intermodal
dispersion”®. The width of optical pulse depends not
only on the intermodal dispersion but also self-phase
modulation (SPM), and then, limits the switching
capacity of the nonlinear coupler. Such an incomplete
switching gives rise to pulse distortion and pulse
breakup.

The coupled nonlinear Schrodinger equations taking
into account the first-order coupling coefficient
dispersion are expressed as''”

2
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A and A, are the slowly varying amplitude of the
guided mode in each the waveguide, B,,=(d"B/d®™)o-w,
where [is the propagation constant and ® is the
angular frequency of incident light. B, is the group
velocity dispersion, and a is the loss coefficient of the
fiber waveguide. y=2mny/AA.s (n, the nonlinear
refractive index, Ay the effective core cross section)
stands for the nonlinear coefficient, and A is the
wavelength of light. Cy and C, are, respectively, the
linear coupling coefficient and the first-order coupling
coefficient dispersion which are defined by
Co=(d"C/d®™)o-0, where C=C(w) is the coupling
coefficient in a directional coupler made of two
single-mode fibers” (or wave guides). It is noted that
in egs.(1a) and (1b) the effect of second-order coupling
dispersion is neglected""” so that we concentrate on the
first-order coupling dispersion and the Kerr
nonlinearities like SPM and XPM (cross-phase
modulation) that affect the phase of coupled modes in a
NLDC.

To solve the propagation equations for two guided
modes, it is useful to employ a frame of reference
moving with optical pulse at the group velocity v,=1/B;
so that we introduce a time scale normalized to pulse
width Ty as T=(t-z/vy)/To=(t-B,2)/To in eqs.(la) and
(1b). Also, it is convenient to introduce a normalized
amplitude u by the definition A(z,t)=P,"*u(Z,T) and a
normalized distance Z=z/Lp=|B,|z/T,> which is
equivalent to a distance parameter normalized to the
dispersion length Lp=T,%|B,| in terms of optical soliton
in fiber®. Here, T, is the initial pulse width, and P, is
the peak power of the fundamental soliton and is
related to the soliton order N=yP,To%|B,. After
substitution of these normalized parameters, egs.(l1a)
and (1b) may be written as

Oou, oL, C/\L, ou, 1 o’u,
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where sgn(B,)=1, -1 holds for ordinally and
extraordinally dispersion regime, respectively. In the
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Fig.1

above equations, the coupling coefficient C, and the
coupling coefficient dispersion C; are given by”
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The pulse evolution in the nonlinear fiber coupler with C;=0 in (a) and C;=-0.2 ps/m in (b)

where j=1,2 stand for the core and cladding,
respectively, and A=(n;-ny)/n;, n; and n, the core and
the cladding refractive index, a the core radius, D the
separation between the cores. u=ak(n,’-(p/k)*)"? and
w=ak((p/k)’n,>)"? are the normalized transverse
propagation constant and the normalized transverse
attenuation constant, respectivery, and k=2m/A the
wavenumber in free space. Also,
v=(u’+w?)""*~akn,(2A)"* is the normalized frequency,
and Ko the modified Bessel functions of the first and
second order, respectively.

Equation (2) is numerically evaluated by using a
modified version of the split-step Fourier method'".
The parameters used are set to be: 800 nm input optical
wavelength (Ly=2mc/mg), 5.0 cm propagation distance
(2), 100 fs input pulse duration (Tp), 3.3 um core radius
(a), 10.49 pm core separation (D), 89.77 m™ for
coupling coefficient (Cy), 39.26 ps*/km  for group
velocity dispersion (B,), 1.75 cm coupling length

(L=n/2Cy), 2.97 normalized frequency (v). The
incident pulse profile is assumed to be
u,(0,7)=sech(T)

(®)

u,(0,7)=0

where the normalized input peak power is assumed
such that a peak value of u;(0,T)=1 in eq.(8).
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3 NUMERICAL RESULTS AND DISCUSSIONS

Numerical results of the pulse evolution in the
nonlinear fiber coupler are shown in Fig. 1 in which the
coupling coefficient dispersion C;=0 in (a) and C;=-0.2
ps/m in (b). For each case input peak power is assumed
to be 20kW. When the coupling coefficient dispersion
is ignored, the input pulse maintain its pulse shape as
shown in (a). However, when taking account the
coupling coefficient dispersion, the input pulse is
divided into two peaks or more as well as the pulse
profiles are distorted as shown in (b). The distortion in
the pulse profile becomes remarkable when the
propagation distance exceeds the coupling length (L.).
This property results in degradation in the switching
characteristics of a NLDC and appears strongly as the
input pulse becomes to be narrow. The dependence of
power coupling on the input peak power is shown in
Fig.2 in which the coupling coefficient dispersion C,=0
and -0.09ps/m. For the numerical calculations, the
parameters of propagation distance z=5cm, coupling
coefficient Ci=31.58m’", coupling length L. =5cm are
chosen in this case, whereas other parameters of Ty, Ao
and v are remained unchanged from those of Fig.1.
When Py=0kW, the normalized output power of
through port reduces to zero and complete power
exchange occurs at z=L.. This tendency is true for C;=0
and —0.09ps/m. In both the cases, the optical power at
the through port is much greater than that of the cross
port because of the nonlinear effect in the fiber. The
output power does not exchange completely because
the optical power in the leading and trailing edges in
the pulse is not coupled due to small nonlinearity. At
the wavelength of 800 nm, however, the effect of the
so-called intermodal dispersion is not remarkable
compared to those at longer wavelength, e.g., 1500 nm
range that is longer than the zero-dispersion
wavelength (1308 nm) and called the extraordinally
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Fig.2 Dependence of power coupling on the incident

peak power under the conditions of
C=0( Through, ----- Coupled) and
C,=-0.09 ps/m (—-—- Through, —--— Coupled)

dispersion regime'?.

The dependence of power coupling on the
wavelength of incident pulse is shown in Fig.3 in which
C=0, Ty=100 fs in (a), C;=-0.2 ps/m, T,=100 fs in (b),
and C;=-0.2 ps/m, Ty=50 fs in (¢). For each case of
(a)-(c), the input peak power is assumed to be 10 kW,
and other parameters of L, at A,=800nm and z are
chosen as same in Fig.2. At the central wavelength of
800nm, an almost complete power exchange takes
place since the condition of z=L is satisfied.

When the coupling coefficient dispersion is ignored,
the power exchange occurs completely in wide spectral
range of wavelength as shown in (a). However, the
coupling characteristics degrade in the longer
wavelength region, when the coupling coefficient
dispersion is taken into account, as shown in (b). This
feature appears remarkably as the input pulse duration
becomes short. The power does not exchange with each
other in the longer wavelength region. The tendency of
low-level power exchange is shown in (c). At the

Normalized Output Power [A.U.]

Il L Il L Il L Il L Il L
600 800 10001200 1400 1600
Wavelength [nm]

Fig.3 Dependence of power coupling on the
wavelength under the conditions of
C1=0, To=100 fs, Po=10 kW in (a),
C1=-0.2 ps/m, To=100 fs, Po=10 kW in (b),
C1=-0.2 ps/m, To=50 fs, Po=10 kW in (c)
(—— Through, ----- Coupled)
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Fig.4 Experimental setup for measuring the power coupling of a NLDC
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Fig.5 Comparison of experimental power coupling
dependent on incident peak power with the
numerical results under the conditions of

C=0 ( Through, ----- Coupled) and
C,=-0.16 ps/m (—-—- Through, —--— Coupled)
Table.1 The coupler parameters used for numerical
analysis using a split-step Fourier analysis
Central wavelength A 830 nm
Propagation distance z 4.52 cm
Incident pulse width T 100 fs
Core radious a 3.00 pum
Core separation D 10.12 um
Coupling coefficient C, 88.49 m™’
Coupling coefficient dispersion C4| 0,-0.20 ps/m
Group velocity dispersion B, 37.08 psz/km
Coupling length L. 1.78 cm
Normalized frequency v 2.60

longer wavelength region, the pulse evolution is
affected by the coupling coefficient more strongly than
by the group velocity dispersion (B,) because of the
large coupling coefficient and then, the pulse separation
occurs. This is the reason why power exchange does
not take place in the longer wavelength region for a
narrow input pulse.
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4 EXPERIMENTAL VERIFICATION

Experimental setup for measuring the nonlinear
coupling characteristics is shown in Fig. 4. A Kerr lens
mode-locked femtosecond Ti:Sapphire laser pumped by
Ar ion laser is used as a light source. The laser source
produces optical pulses with 54 fs pulse width and 81.7
MHz repetition rate at 830 nm wavelength. The center
wavelength of the emitted laser pulse is tuned over the
range of 820-870 nm. The fused-tapered fiber coupler
that is made in the institute’s laboratory at Muroran IT
is used for the nonlinear coupler. The whole length of
the coupler is 46 cm which consists of a lead (front and
rear) and a coupled section. The insertion loss is
relatively as high as nearly 1 dB. The parameter of the
fiber used for the coupler is as follows: 9.5 um core
diameter (2a), 1.308 pum zero- dispersion wavelength,
1.31 pm cut-off wavelength, 0.31 % relative index
difference (A), 3.01x10%° m*W for nonlinear refractive
index (n,). The NLDC parameters used for numerical
analysis using a split-step Fourier method are listed in
Table.1. As the preliminary experiment wide range
wavelength-dependent coupling was measured by using
a Halogen lamp with 50 W output power and 400-1700
nm spectrum width, instead of a Ti:Sapphire laser. The
output from port 1 of the fiber coupler is detected and
analyzed by an optical spectrum analyzer or a
femt-second autocorrelator. It is noted here that a
femto-second autocorrelator is used as a replacement of
an optical spectrum analyzer and then, connected with
a dotted line in Fig.4.

The coupling characteristics dependent on the
incident peak power is shown in Fig. 5. In this case the
wavelength and the duration of incident optical pulse
are chosen as 830 nm and 100 fs, because at
wavelengths shorter or longer than 830nm
cross-coupling of through and coupled port powers
does not occur fully at incident peak powers less than
10 kW within 800-850nm range, which has been
clarified experimentally and numerically. The
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Fig.6 The auto-correlator outputs of the incident
pulse (a) and the optical pulses at the through port (b)
and the coupled port (¢) of the NLDC

calculated results with and without intermodal
dispersion are also shown with an appropriate line. It is
obvious from Fig.5 that the experimental results are in
good agreement with the numerical results taking into
account the coupling coefficient dispersion, although a
100% switching characteristic has not been achieved so
far. In order to obtain a higher switching power ratio,
however, it is necessary to increase optical power
coupled to a NLDC, as shown in Fig.2. As seen in
Table.1, the fiber used the measurement is beyond the
single-mode operation (v=2.60) at 830nm, but it is
confirmed throughout the experiment that optical
pulses from fs Ti:Sapphire laser are launched carefully
into the center of a mirror leaved input end of fiber
coupler. Therefore, the coupling into the dominant LPy,;
mode of the fiber may be satisfactory in a propagation
through the fused-tapered coupler.

The incident and outgoing optical pulses are
measured by an autocorrelator and shown in Fig. 6. The
pulse duration was measured by a standard
second-order autocorrelation method which is well
known as a fringe resolved autocorrelation
measurement developed by Diels et al'>' The actual
pulse duration (FWHM) was reduced to a scale ratio of
1/1.55, corresponding to sech’ shaped pulses. The

incident pulse duration is 54 fs as shown in (a) and the
output pulse width at the through and the coupled port
are 94 fs and 103 fs, respectively, as shown in (b), (c).
Therefore, it is confirmed that the pulse broadening
occurs due to group velocity dispersion in the leading
(front) part of fiber waveguide and intermodal
dispersion of the coupling region discussed in Section 3.
This is the reason why the parameter of T;=100fs is
chosen instead of incident pulse duration T =54fs in
Table.1. It is also shown that the ratio of upper
envelope and lower envelope of the auto-correlator
outputs in (b) and (c) was different from that of input
pulse in (a). For input pulse the autocorrelation ratio
was found to be 8:1 whereas the output pulses of
through and coupled ports possess the ratio of nearly
1:1. This is due to degradation of optical coherence of
pulses since the ultra-short pulse is chirped by SPM%
(for example, by propagation through a Kerrlike
nonlinearity in optical fiber).

From the results obtained it is confirmed that the
pulse broadening occurs due to the intermodal
dispersion in the coupling region as well as the group
velocity dispersion at the input length of the fiber. It
has been also pointed out that the variation of the input
length of fiber preceding the tapered coupler has a
dramatic effect on the spectral broadening of optical
pulse". From the comparison of numerical results and
experiments of output power vs incident peak power
shown in Fig.5, the coupling coefficient dispersion is
estimated to be —0.16 ps/m. Irrespective of a small
dispersive coupling effect, it should be noted that the
pulse broadening due to intermodal dispersion degrades
the performance of all-optical switching for a nonlinear
fused-tapered coupler. Finally, it should be noted that
the pulse breakup (twin peaks) shown in Fig.1 was not
observed in the autocorrelator’s output (triple peaks)
because in Fig.5, the parameters fitted to the
experimental are Ay=830nm, z=4.52cm, and L.=1.78cm,
whereas Ay=800nm, z=5.0cm, and L.~=1.75cm were
chosen in Fig.1. Even though such a discrepancy of
these parameters influences the all-optical switching
and coupling, the slightly deformed output in the trail
of Fig.6(b) is likely due to the effect of coupling
coefficient dispersion mentioned above.

5 CONCLUSIONS

The coupling characteristics of a nonlinear fiber
coupler were investigated numerically and
experimentally by using ultra-short optical pulses. It
was confirmed that the pulse broadening occurs due to
the intermodal dispersion combined with nonlinear
optical effects and the group velocity dispersion. We
also carried out experiments on NLDC using a
mode-locked Ti:sapphire laser and compared with the
theory. The experimental results of the power exchange
were in good agreement with the numerical ones. As a
conclusion, it is worthy to note that a dispersive
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coupling coefficient could cause significant pulse
distortion so that a nonlinear fused-tapered coupler may
be used for switching of a short optical pulse with
pulsewidth larger than 1ps. For such a pulse of Ty > 1ps,
it has been reported that the intermodal dispersion can
be neglected at the wavelength of 1.55um"". Thus,
other effects such as higher-order dispersion and
higher-order nonlinearities, i.e., stimulated Raman
scattering and self-steepening, in addition to the effect
of intermodal dispersion may lead to strong distortions
for femtosecond pulses (T(<1ps).
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