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Abstract—We numerically analyze the effectiveness of a nonlin-
ear optical loop mirror (NOLM) based on standard communica-
tion fiber with randomly varying birefringence for demultiplexing ey
streams of picosecond pulses at 100 GHz. A broad switching win-  pC
dow of about three pulse full-width at half maximum (FWHM)
can be obtained. The device performance is defined by the pulse
duration, the dispersion of the fiber, and the fiber length. We show
that imperfect averaging of the randomly varying birefringence
causes amplitude fluctuations on the NOLM transmission curve.
We also show that the Raman self-frequency shift does not Control Pulse in
affect the NOLM switching characteristics at picosecond pulse
durations.

Control Pulse out

I. INTRODUCTION

LL-OPTICAL demultiplexers are key devices in Signal stream in Switched out signal
.proposed hlgh_qata_rate’ all-thIC?.l, tlme_dlwsmnﬁég. 1. Schematic illustration of a NOLM based on standard communication
multiplexed transmission systems with bit rates up to 1Q@er with randomly varying birefringence; PBS1 and PBS2 indicate the

Gb/s. The nonlinear optical loop mirror (NOLM) is apolarization beam splitter, and PC indicates the polarization controller.
promising demultiplexer [1]-[5]. The NOLM uses cross-
phase-modulation between co-propagating control and signal
pulses to switch the signal pulse from one output arm to the Il. NOLM M ODEL
other. Recently, several NOLM experiments were reported thatwe show a schematic illustration of the NOLM in Fig. 1.
use orthogonally polarized signal and control pulse strearmise signal pulse stream to be demultiplexed enters the
in a standard telecommunication fiber with randomly varyingignal-in port of the device and is divided into two counter-
birefringence [6], [7]. The main advantage of this type Qgfropagating pulse streams with equal power by a 50/50
NOLM is that it is simple to design and has lower loss than@upler. The control pulse is coupled into the loop through
NOLM based on cross-spliced polarization-maintaining fibetge polarization beam splitter PBS1 and propagates along
[5]. In this paper we present a theoretical model of a NOLhe clockwise direction. The signal and control pulses have
based on a fiber with randomly varying birefringence. Througitthogonal states of polarization. In the absence of the control
numerical simulations we find the parameter regimes in whiglyise, the device acts as a mirror and the signal is returned
the NOLM has a broad switching window of about thregy the input. Due to the cross-phase-modulation between
times the signal pulse full-width at half maximum (FWHM)the control and signal pulses, the clockwise propagating
We also show that imperfect averaging of the randombfgnal pulse acquires a different phase shift from the
varying birefringence causes small amplitude oscillations @@unterclockwise propagating pulse. Thus, when the two
the switching curve that will decrease the quality of the NOLMjgna| pulses interfere at the coupler the signal pulse can
performance. Finally, we show that the Raman effect has B switched out from the signal-out port of the NOLM.
visible impact for the picosecond pulse durations that we arewe are modeling a NOLM based on standard communi-
considering. cation fiber. As long as the dispersive and nonlinear scale
lengths are long compared to the fiber correlation and fiber beat
lengths, a light pulse that is injected in a single polarization
Manuscript received September 3, 1996. This work was done at thtate will remain almost completely in a single polarization

nggr;ity of Maryland and was supported by DOE, NSF, and ARPA througdtate as a function of time, although this state changes contin-
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The propagation of the orthogonally polarized signal an&/hen the control and signal pulses co-propagate along the
control pulses in a fiber with randomly varying birefringencéiber they will mix together due to the randomly varying
is governed by the coupled nonlinear Sidinger equation [8] birefringence. The resultant field at the input of the polarization

controller can be expressed &s,v) where the polarization

2

i<a“ + 5@) + 18_72‘ + <|u|2 + 2|U|2)u state is not expected to be constant as a function of time. The

9z ot 20t 3 output signal pulse, which will be linearly polarized, can then

" %qu* exp (—=ifz/2) = 0, be expressed as
fOv  _dv 10%v 9 2, uy = (u,v) <“p> (5)
L(az_‘SE)Jr?WJr('”' +5lul ) U

1o . _ The complex amplitudes; of the counter-propagating signal
+ 34 exp (ifz/2) = 0 (1) pulse at the end of the loop can be found analogously. The

where « and v are the normalized amplitudes of the ﬁeldnterference at the coupler is given by

along the local polarization eigenaxes of the fiber. The dis- Uipans = 2 U] +i(1 - a)%uQ (6)
tancez and the timet are given in soliton units, in which
case the length is normalized to the dispersion length-

[to(FWHM)/1.76]*(2mc/ DAF) whereD is the fiber dispersion wherew, is the co-propagating pulse at the end of the loop,
in ps/nm-km, ), is the wavelength is the speed of light, and ;, is the counter propagating pulse at the end of the loop,
t is normalized by pulse width, /1.76. The quantity2é is the . s the radiation transmitted through the signal-out port

inverse group velocity difference which equatsAn/tocand  of NOLM, and u..q is the reflected radiation. The coupling
(3 is the wavenumber difference between the two polarizati@@efficient o here is 0.5.

eigenstates at the same central frequency.

Since the orientation of the axes of birefringence in the 1
fiber change randomly along the fiber length, we assume in ] ] ] ]
our simulation that the axes periodically undergo a sudden'Ve Simulate a NOLM that is 1 km in length with the

rotation @ after every intervalAz chosen such that dispersion parameteb = 2.6 ps/nm-km and birefringence
of An = 2 x 10~7 which is similar to a NOLM experiment

6Az\ /2 described in [6]. The counter-clockwise and clockwise propa-
0= < ) ran(—1,1) (2) gating signal pulses as well as the control pulse were assumed
to be solitons with the duratioty (FWHM) = 1.6 ps and were
where ran{-1, 1) is a random number in the intervatl, 1), normalized with respect to the power of either the clockwise or
and zgpe; is the fiber decorrelation length. After rotation, thegunterclockwise signal pulses which is half the total injected

Upeg = —1(1 — a)%ul + a%uQ @)

. RESULTS AND DISCUSSIONS

Zfiber

new field (v, +") is given by signal power.
o cosf  sinf)\ [u One of the main requirements for successful NOLM per-
<U,> = <_ <00 c089> <U> (3) formance is insensitivity to the signal pulse timing jitter.

As a signal pulse can arrive either earlier or later than the
in terms of the old field, v)!. In our simulations, we chose control pulse, the NOLM switching window, i.e., the duration
Az = 0.15 m andzgpe: = 76 M. The fiber correlation length of the transmitted signal power curve as a function of the
corresponds physically to the length scale over which the pukelay between the signal and control pulses, should be broader
loses memory of its initial polarization state. For the 1.6 p&an the duration of the signal pulse. For our parameters, the
pulse durations that we will be using, the soliton period is 4Zuration of the switching window was 2.5 FWHM of the signal
m and the orientation will rotate many times in one period. pulse, and the output signal power normalized to the input

To simulate the polarization controller, we first simulate@ignal power was over 0.8 as shown in Fig. 2. The input and
the propagation of a control pulse alone which is initially ithe output signal pulse shapes are shown in Fig. 3. We find
a linear state of polarization. During its propagation througihat the distortion is small and that the signal nearly retains its
a fiber with randomly varying birefringence, the control puls#itial hyperbolic-secant form. The asymmetry of the switching
becomes elliptically polarized, and its state can be expressgtive in Fig. 2 is due to polarization mode dispersion for the
by the complex vectofu.., v.). The polarization controller re- particular realization of randomly varying birefringence that
stores a linear state of polarization frdm., v.), and the pulse we studied. A different realization leads to a slightly different
can then be removed from the NOLM by a polarizing beagurve. Our simulation results are in good agreement with the
splitter. We now define a unit vectou,,, v,) = (v, —u*)/v/I experiment reported in [6].
wherel = |u.|? + |v.|?, which is orthogonal tqu.,v.). We The small dip on the switching curve in Fig. 2 appears
may express the combined action of the polarization controllegcause the value of the accumulated phase change difference
and the polarizing beam splitter by first noting that in thBetween oppositely propagating signal pulses is largerzthan

absence of a signal pulse zero delay. If we increase the length of the fiber loop the width
of the switching window of NOLM grows logarithmically with

(uc,vc)<u”> —0. (4) distance as is shown in Fig. 4; however, the increase of the

Up switching window width is accompanied by the development
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Fig. 2. The NOLM switching window curve fofy = 1.6 ps,A = 1.5 pm,

andD = 2.6 ps/nm-km. The solid line corresponds to a 1 km length NOLMgjq 4. The duration of the switching window normalized to the signal pulse
and the dashed line corresponds to a 4 km length NOLM. The time delaygigration versus fiber length in km.

normalized to the input pulse duration.

around four to five pulse dispersion lengths. For example, for
0.5 and 1 ps solitons, similar performance will be obtained at
fiber lengths 0.2 km and 0.4 km respectively. The change of
the fiber dispersiorD will also require a change in the fiber
length.

Since in a communication line the phase of signal pulses
will change due to a variety of random factors, the signal
and control pulses will have a phase mismatch. To account
for this phase mismatch in our simulations, we introduced a
random phase difference between the control and signal pulses.
Though NOLM performance is not affected significantly,
and the switching curves have the same characteristics as
when there is zero phase mismatch, amplitude fluctuation
appear, as shown in Fig. 5. Similar fluctuations have been
experimently observed [13]. These amplitude oscillations are
due to imperfect averaging of the nonlinear terms due to
Fig. 3. The shape of the signal pulse at the input of the NOLM (solid linghe randomly varying birefringence, an effect that is called
and at the output of the NOLM (dashed line). nonlinear polarization mode dispersion [12]. When the pulse

evolution is averaged over all the polarization states the am-
of large oscillations on the switching curve as the phase diffgslitude oscillations disappear. Fig. 5 shows that the switching
ence between oppositely propagating signal pulses continuestiove obtained by using the Manakov equation instead of (1)
increase far beyondl. It is obvious that for the needs of signalies at the mean level of oscillations.
demultiplexing the large oscillations on the switching window Besides the phase mismatch, the control and signal pulses
must be avoided. The phase difference between the count&n have an amplitude mismatch. For these calculations we
propagating signal pulses should thus be smaller than.1.®sed a 1 km fiber, and the pulse FWHM was 1.6 ps. When the
From our simulations we found that the broadest switchirgignal pulse power is larger than the control pulse power, the
window of about three pulse FWHM can be obtained whedOLM performance does not degrade, but when the control
the length of the fiber is close to five pulse dispersion lengthsiise has more power than the signal pulse, the NOLM output
which corresponds to a 1.375 km fiber in our case. power decreases significantly. Fig. 6 shows the switching

It should be noted that when the length of the fiber isurves for different power ratios between the control and signal
sufficiently long the pulse evolution can be averaged over allises. For a signal pulse power that is 1.3 times as large as
the polarization states on Poinéasphere [8], [10]. We found the control pulse power, the width of the switching window
that for fibers longer than 3 km, NOLM performance can bis almost the same as when there is no power difference and
exactly described by the averaged Manakov equations [6], [f}e normalized output power is larger than 0.8. The dip at

When the signal and control pulses have the same power, the center of the window is deeper than the dip that appears
performance of NOLM is determined by the ratio between thehen the control-to-signal pulse power ratio is 1 to 1. If the
fiber length and the pulse dispersion lenggh We found that ratio between the signal and control pulse powers is 1 to 1.3,
the optimum fiber length to obtain a broad NOLM switchinghe normalized output power is smaller than 0.5, and we can
window like that shown by the solid line in Fig. 2 should beonclude that the device performance is unacceptable.

Intensity

Time
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Fig. 7. The NOLM switching window for different values of the birefrin-

Fig. 5. The NOLM switching window with random phase mismatch introgence strengthAn = 1 x 10~° (solid line), An = 2 x 10”7 (dashed
duced between the control and signal pulses at the input of the NOLM (soli@€)-

line). The dashed line shows the same switching curve but calculated using

the Manakov equation. o

the NOLM performance do not change significantly, and
the shape and the width of the switching curve in units of
the pulse FWHM do not differ much from those shown in

Fig. 2.

—t

IV. CONCLUSION

- The NOLM based on a randomly varying birefringence fiber
is a promising device for high-speed all-optical switching and
demultiplexing because of its simplicity and effectiveness. Our
7 calculations showed that operation of this type of NOLM is
tolerant to pulse timing and amplitude jitter. We found that
when the fiber loop length is around three to four signal pulse
dispersion lengths a broad and smooth switching window of
about two to three pulse widths can be obtained. The device
has a stable performance when the signal pulse power is larger
4 than the control pulse power, but is sensitive to the increase
of the control pulse power versus signal pulse power. The
output signal power is sensitive to the initial phase mismatch
Fig. 6. Switching window for different pulse powers. The ratio betweepetyyeen the signal and control pulses. This sensitivity may
the signal pulse powep|* to control pulse powefv|* is 1:1 (solid line); . .
[u]2 : Jo]2 = 1: 1.3 (dotted line):|u|? : 0|2 = 1.3 : 1 (dashed line). degrade the device performance. Our calculations showed that
this type of NOLM can work well in the subpicosecond pulse

For the results that we have discussed up to this pOiHui:f:ltlon range and is not affected by the Raman self-frequency

polarization mode dispersion is almost negligible, but that wil
not be the case if fibers with a larger average birefringence A
strength are used. Fig. 7 compares NOLM performance for CKNOWLEDGMENT
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asymmetric, and the normalized output power is significantly
decreased.

The last issue that we will dI.SCUSS here is the effect of th‘[:’l] T. Morioka, M. Saruwatari, and A. Takada, “Ultra-fast optical multi/ de-
pulse Raman self-frequency shift on the NOLM performance. = multiplexer using optical Kerr effect in polarization-maintaining fibers,”
Pulse propagation in the fiber for these calculations Wasz] EleCAtFO/I:-é-etk vol. ?\13, App-o4|53—45i1]1 15878;, T TanbunEk R
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the parallel and the orthogonal Raman contributions to th&l N.A. Whittaker Jr., H. Avramopoulos, P. M. W. French, M. C. Gabriel,

i tibility [11]. We found that even when the R. E. LaMar.e, D. J. Di Giovanni, and H. M. Presby, “All-optical
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