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BER Estimation for All-Optical Regenerators
Influenced by Pattern Effects

Svend Bischoff, Brian Lading, and Jesper Mark

Abstract—An efficient method is presented for the estimation of A-Data Non-inverted
the bit-error rate (BER) of a system employing all-optical regen- conversion
erators influenced by pattern effects. We theoretically study noise
accumulation and noise redistribution in long distance transmis-
sion systems employing a delayed interference signal wavelength A-CW
converter for all-optical regeneration. The BER is studied for re-
turn-to-zero signals at bit rates of 2.5 Gb/s (no patterning) up t0 iy 1. Schematic of the DISC.
40 Gb/s (strong patterning). The calculation of the BER is based
on pattern dependent transfer functions, which may be obtained

A-CW

numerically or measured. (EDFAs). Amplified spontaneous emission noise from the inter-
) . ) — ferometric wavelength converter is assumed negligible. In the

Index Terms—All-optical regeneration, optical communications, . R .
semiconductor optical amplifiers. case of SOA-based interferometers, this is justified since the

SOA is strongly saturated by the high power levels of both the
data and continuous-wave (CW) signals. The effect of timing
. INTRODUCTION jitter is neglected in our treatment and the model thus only con-

N ALL-OPTICAL high-capacity networks, noise accuy-Siders reshaping and reamplification of the signal by the regen-

mulation due to optical amplifiers, wavelength converter§rator (2R-regeneration). The bit-error rate (BER) penalty re-
and switching require signal restoration procedures. Promisifigfting from timing jitter is beyond the scope of this letter, since
components for all-optical signal regeneration include interfelftis requires a detailed investigation of the combined effect of
ometric wavelength converters, in which semiconductor opticamplitude and timing jitter within SOA-based 2R regenerators.
amplifiers (SOAs) are used as optical phase shifters [1]. TheThe redistribution of the PDF for the mark and space levels by
noise redistribution capabilities of these wavelength convertet3€ interferometer is governed by the nonlinear transfer function
which have been demonstrated experimentally [2], [3], can p&the regenerator. In the numerical implementation, the PDFs
described through the transfer function, which should exhilsit€ discretized, and the corresponding probabilities are repre-
a nonlinear thresholding characteristic. With increasing daignted by vectors. The transformation properties of the regener-
rates of 40 and 160 Gb/s, the devices are influenced by patt8ffr is represented by a matrix, in which the noise is included. In
effects, which will decrease the regeneration performance.th? dynamical case considered here, the nonlinear transfer func-
this letter, an efficient theoretical tool is presented to estimdien depends on the prehistory of the signal, as explained below.
the BER penalty due to pattern effects. The technique is badegequence of links is then analyzed by simple matrix multipli-
on the use of pattern dependent transfer functions, whigftion (see [4] for details).
may be obtained experimentally or theoretically. As a specific Here, we have chosen to use the calculated transfer function
example, we present calculations for the case of an SOA-ba§é@n delayed interference signal wavelength converter (DISC)

interferometer operating at bit rates of 2.5-40 Gb/s. [5], [6]. A schematic of the DISC is shown in Fig. 1. The
working principle of the DISC interferometer is as follows. The
Il. THE THEORETICAL APPROACH return—to—zero (RZ) data signal is combined with a CW signal,

] . at a wavelength different from the data signal, and injected into
The model used to estimate the regeneration performangesoA. The modulated data signal will modulate the gain and

is based on a scheme suggested in [4] for the case of staiactive index of the SOA, and thus, both the phase and the
nonlinear transfer functions. Here, we extend the method SUnplitude of the CW signal are modified. The data signal is
gested in [4] to the dynamical case by introducing pattern depgBmoved after the SOA by a filter and the CW signal passes an
dent nonlinear transfer functions. The probability density fungyterferometer, where the CwW signal in one arm of the inter-
tions (PDFs) for both marks and spaces are assumed known fBiometer is delayed with respect to the other arm by a fixed
tially. In our case, we assume that signal independent Gaussiffe At. The data signal is recovered due to the interference of
noise is added after each transmission link due to signal spefs c\w signals from the two interferometer arms. The phase
taneous beat noise from inline erbium-doped fiber amplifieggifter shown in the lower arm can be adjusted for optimum
operation conditions. Similar results are expected for other
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Fig. 3. BER estimates versus number of nodes for bit rates of 2.5, 10, 20, and

Fig. 2. Transfer function characteristics of DISC at (a) 2.5 and (b) 40 Gb40 Gb/s when pattern effects are taken into account.
Strong patterning effects are observed at 40 Gh/s. The linear transfer function
is shown as a reference (dashed line).

1.4 -
g 12] I

functions. A description of the large signal model of the g 1ol LTI
SOA can be found in [7]. An example of calculated transfer E o8l / /,/‘/ “~_\\x
function characteristics at 2.5 and 40 Gb/s is shown in Fig. 2. 3 ' s
The transfer functions are calculated by first optimizing the 3 061 7
DISC for observing a clear and open optical eye in case of N 0.4r A
wavelength conversion. The transfer function is then calculated g 0.2} '//'/."‘
by injecting a sequence of bits, e.g., four bits. The pulse power 3 L

0.0 : . : . . : :
0.0 0.2 04 06 08 1.0 1.2 1.4 16 1.8
Normalized input power

following this initial short bit sequence is subsequently varied
to determine the nonlinear transfer function. This is repeated

for all possible combinations of mark and space levels for the ) )
Fig. 4. Transfer functions for the case of 1 (solid), 2 (dashed), and 3 (dotted)

'n't'all four b'tS'_ In this way, one Obta'n.s.non“n?ar tranSfeéascaded regenerators at each regenerator node. The dashed—dotted line is the
functions (16 different for the case of an initial 4-bit sequence@ear transfer function, which corresponds to the case of no regeneration.

that are labeled by the initial bit pattern. The initial number of

bits is chosen such that no additional change of the transfetl_he upper BER curve marked “linear” corresponds to the case

function will be observed when increasing the bit-sequenc? no regeneration, while the lower curve marked “step func-

with an additional bit. In general, the length of the initial bi{). » . . .
ign” corresponds to an ideal regenerator with a step-function

sequenccla.wnl of course be determl.n_ed py thg memory time Raracteristic. The small improvement of the BER compared to
the amplifier, and the number of initial bits will, thus, depen@ . . ) .
e “linear” BER curve is due to the small nonlinearity of the

on the bit rate, transfer functions of the DISC interferometer. The nonlinearity

The strong patterning effects at 40 Gb/s in Fig. 2 arise becau . : ) -
the SOA has not been optimized for high-speed operation; bet ﬁhe transfer function can be improved by cascading a finite

. . "~ number of DISCs at each regeneration node. Fig. 4 shows how
results can be obtained using, e.g., a longer SOA. The aim hgre . . : S
: : ; € nonlinearity (step-like character) of the transfer function in-
is, thus, to study the general influence of patterning effects an .
the regeneration performance. Creases when c_ascadlng 1,2, and 3 regenerators at each node.
The BER estimates when cascading two DISCs at each node
are shown in Fig. 5. Clearly, the regeneration properties are
strongly improved compared to the case of using just one inter-
ferometer at each node (at the price of increased complexity),
Fig. 3 shows the estimated BER as a function of the numberimft the penalty due to pattern effects is almost unchanged.
regenerator nodes. The BER of the first span, i.e., transmissiorit should be emphasized, that the BER before and after a re-
fiber, amplifier, and regenerator has been set equal td*,0 generator is the same in case of pattern independent nonlinear
which is a measure of the noise (loss) of the span [4]. Thensfer functions. The noise of the mark and space levels is
transfer functions for 10 and 20 Gb/s have not been shown, fugt redistributed in such a way, that the BER observed after
as seen from Fig. 3, only a very small penalty due to patternitite next EDFA will be reduced compared to the case of no re-
effects is observed at 10 Gb/s, while we find large BER penaltigenerator. However, in the case of pattern dependence, the BER
at 20 and 40 Gb/s. At a bit rate of 2.5 Gb/s, patterning effects audl only be the same in case the nonlinear transfer functions
negligible, while it is evident that the pattern dependent transfenoss each other at the input power threshold level. The input

functions at 20 and 40 Gb/s result in significant BER penaltiggower threshold level corresponds to the power level resulting

Ill. PATTERN DEPENDENTREGENERATION
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Fig. 5. BER estimates at 2.5, 10, 20, and 40 Gb/s when cascading two,

regenerators at each node.

100

been presented. Compared to previous results [4], the method
takes into account pattern effects by introducing pattern depen-
dent transfer functions, which may be obtained numerically or
experimentally. We analyzed the specific case of a DISC-regen-
erator, and calculated the BER dependence on number of nodes
and bit rate, revealing large penalties for bit rates above 10 Gb/s
in the specific case considered. We also showed how cascading
of interferometers at the nodes may significantly improve the
performance.
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