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Semiconductor optical amplifier pattern effect
suppression for return-to-zero data using
an optical delay interferometer
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Abstract. An optical delay interferometer (ODI) is employed to suppress
the pattern effect manifested on a 10 Gb/s return-to-zero (RZ) data
stream when amplified by a semiconductor optical amplifier (SOA) oper-
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tence of the scheme to confront the problem for this signal format by

achieving a far better performance than that with the SOA alone. © 2010
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3481137]
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1 Introduction

The technology of semiconductor optical amplifiers (SOAs)
has evolved to the point that they have become indispens-
able elements in optical communications. However, the use
of SOAs in their classical roles as power boosters,1 in-line
ampliﬁers,zf4 and receiver preampliﬁers5 is limited by the
pattern effect that occurs due to the strong saturation and
1ncomplete recovery of their gain in between excitation
pulses One method to alleviate this impairment is to con-
vert the phase change that accompanies the amplified opti-
cal srgnal to an amplitude modulation of the opposite mag-
nitude to the SOA signal amplitude distortion, which
compensates for the irregular gain variation. This can be
achieved by means of interferometric structures; several
versions have been proposed7 ~ but they have been re-
stricted to non-return-to-zero (NRZ) coding. In some prac-
tical applications, the return-to-zero (RZ) format is prefer-
able in terms of receiver sensitivity and transmission
performance % In this case, the nature of the pattern effect
phenomenon is different because it incurs ﬂuctuatlons be-
tween the peakamplitudes of the data pulses " instead of
overshoots at their leading edges.7 Its impact on the
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pulses is also more severe, because by definition their du-
ration is shorter than the bit period, which in turn imposes
a greater strain on the SOA gain dynamics. In this paper we
tackled this demanding situation using an optical delay in-
terferometer (ODI) and significantly reduced the pattern-
dependent distortion on a 10-Gb/s RZ data pulse stream
amplified by an SOA. Compared to the other schemes that
we recently proposed for the same purpose,lz’13 the ODI
has a similar comb-like transfer function'* that is exploited
to suppress the spectral components of the amplified signal
broadened due to gain saturation."”” However, the operation
mechanism of our new scheme relies on the crosswise in-
terference of the amplified signal with its delayed replica,11
whereas that in Refs. 12 and 13 was based on polarization
discrimination. Therefore, the ODI is less sensitive to
changes in the polarization state of the input signal as op-
posed to that of Ref. 12. Also, it is compatible with planar
waveguide technology14 and can be integrated with the
SOA on a single chip,16 so it is a more compact option than
that of Ref. 13. For these reasons, our new scheme can
provide a practical solution to the pattern-effect problem
and allow the amplification of RZ data by an SOA without
performance degradation.
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Fig. 1 Experimental setup.

2 Experiment

Figure 1 depicts the experimental setup for testing the po-
tential of the proposed scheme to suppress the pattern effect
induced on RZ pulses when they are directly amplified by
an SOA. The RZ pulses were generated using an electroab-
sorption modulator (EAM) and a LiNbO; Mach-Zehnder
modulator (MZM) in cascade, which were driven by the
internally synchronized clock (CLK) and the data output of
a bit pattern generator (BPG), respectively. The EAM first
modulated a continuous wave (CW) signal generated by a
tunable laser source at 1550 nm and boosted by an erbium-
doped fiber amplifier (EDFA) to 17 dBm. This process pro-
duced a train of continuous optical pulses that were subse-
quently carved by the MZM to form a 10 Gb/s RZ 27-1
pseudorandom binary sequence (PRBS) with a duty cycle
of 31%. This encoded signal then passed through a variable
optical attenuator (VOA) to control the power it sent to the
SOA. The SOA was a 1-mm-long, bulk InGaAsP/InP de-
vice (Kamelian, model OPA-20-N-C-FA) with a fiber-to-
fiber small-signal gain of 23 dB, a 3-dB saturation input
power of —7 dBm, a gain polarization dependence of
0.5 dB, and a gain recovery time of approximately 75 ps at
1550 nm when biased at 270 mA and thermally stabilized
at 20 °C. The amplified RZ data stream was launched into
an ODI constructed by connecting two 3-dB, polarization-
maintaining, fused couplers with a length difference be-
tween the upper and lower arms that resulted in a relative
time delay A7. The insertion loss (IL) of the ODI was mea-
sured to be 7 dB, which was lower than the ~8 dB and
8.5 dB measurements for the schemes proposed in Refs. 12
and 13, respectively. This difference is attributed to the fact
that the structure and operation of the ODI are compara-
tively simpler, so the total contribution of the passive com-
ponents involved in its construction to the IL parameter is
smaller. Under the conditions of the conducted experiment,
the SOA provided an amplification that made this signal
attenuation practically tolerable. In the more general case,
and regardless of the SOA functional characteristics, the IL
introduced by the ODI can be further reduced if the latter is
monolithically integrated with the SOA. This is possible by
the relevant fabrication process, where instead of a bulk
implementation, the ODI is built using passive optical
waveguide technology.17 This technology minimizes the
coupling and propagation losses to an extent that the over-
all IL can be kept below 3 dB." Finally, where necessary,
polarization controllers (PC), optical bandpass filters
(OBPF), and isolators (ISO) can be used to properly align
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the modulated light’s polarization state, cut off the out-of-
band noise, and ensure unidirectional propagation without
back reflections, respectively.

3 Results

The average power of the pulses injected into the SOA was
—2 dBm, which brought it into deep saturation. The differ-
ence between the pulse repetition period and the full-width
at half-maximum pulsewidth was less than the SOA gain
recovery time. These operating conditions are capable of
provoking a pronounced pattern effect at the SOA output.
When the amplified signal is introduced in the ODI from
port 1 of the first coupler, it splits into two beams of equal
intensity that travel along its two arms. Due to their relative
delay, the beams reach the other end of the ODI at different
times, which creates a phase difference between them given
by Ae=(2mcA7)/\, where ¢ is the speed of light in
vacuum, and A=1550 nm.'* Thus, when they recombine at
the second coupler, the intensity that is produced at port 2
varies periodically with A¢ and subsequently . This is
shown in Fig. 2(a), which was obtained by connecting a
broadband white light source to the ODI input and measur-
ing the output with an optical spectrum analyzer (OSA) of
0.06-nm resolution bandwidth.

The transfer function of the ODI consists of alternating
maxima and minima depending on whether Ag is an even
or an odd multiple of 7, respectively. The wavelength spac-
ing between adjacent peaks or the free spectral range (FSR)
is approximately 5.4 nm, which allows us to calculate from
FSR=(\?)/(cA7) the value of the employed time delay,
A7=1.48 ps.14 Because of this form, the ODI can act as a
notch filter and suppress the spectral components of the
amplified ?ulses that have been spread toward the longer
sideband." This is shown in Fig. 2(c), in contrast with that
in Fig. 2(b) before the SOA. This result can be achieved by
biasing, with the appropriate choice of A7, the ODI at the
quadrature point with negative slope versus the optical car-
rier wavelength in the transmission characteristic.'” In this
manner, these spectral components are forced to lie close to
the null points, which are located at the middle of the FSR
and have a maximum relative attenuation of 14 dB. Conse-
quently, the ODI eliminates the most red-shifted part of the
spectrum, as shown in Fig. 2(d), which is associated with
the pattern-dependent distortion caused by strong gain
saturation.'

In the time domain, the signal emerging from the SOA is
arranged by means of A7 to interfere with its delayed rep-
lica at output port 2 of the ODI. The interference is destruc-
tive when the incoming pulses encounter a partially recov-
ered gain and constructive when they experience a more
saturated gain.11 This process causes the higher amplitudes
to be clamped and the lower ones to be comparatively en-
hanced so that the variations in their peaks are balanced.
The experimental results, obtained using a digital commu-
nications analyzer (DCA) with a 65-GHz optical band-
width, are shown in the left column of Fig. 3. For a repre-
sentative 20-bit-long sequence 11000110100101110111.
[Fig. 3(a)] contained in the 10 Gb/s RZ 27-1 PRBS, the
intense amplitude excursions governing this stream after
the SOA [Fig. 3(b)] are considerably smoothed by the ODI
[Fig. 3(c)]. This improvement is quantified in terms of the
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Fig. 2 Measured optical spectra: (a) ODI response, (b) SOA input, (c) SOA output, (d) after ODI.

amplitude modulation (AM) which is defined as the ratio

between the maximum (P! ) and the minimum (P! ) peak

max. min

power of the 1’s in the considered PRBS sample, i.e.,
AM=10log(P. . /PL.)."" In order for the 1’s to be uniform
to a sufﬁ01ent degree, the value of this metric must be be-
low 1 dB." In fact, with the use of the ODI, the AM de-
creased from 1.6 to 0.29 dB. According to the SOA speci-
fication data and the power level of its driving signal, this is
achieved for an input power dynamic range extension of
5 dB. This improvement is also reflected on the quality of
the eye diagrams illustrated in the right column of Fig. 3.

Figure 3(b) shows severe degradation after the SOA with a \}u J
poor extinction ratio (ER) of 10.5 dB. Figure 3(c) shows

(@)

760 uW/div

(b)

5 mW/div

'
- A

restoration by the ODI with an ER of 13.1 dB and re-
sembles Fig. 3(a) before the SOA with the ER=15.6 dB.

>
This figure of merit is defined® as the ratio between the §
maximum peak power of the 1’s (PL ) to the maximum g ©
peak power of the 0’s (P’ ) measured by the DCA across ” u B s
the PRBS, i.e., ER=10log(P' /P® ). For an acceptable RSB AR Ry
g( nex max) P 200 ps/div 10 ps/div

performance, this figure must be well above 10 dB. It is

noteworthy that not only was the AM of the amplified Fig. 3 Temporal waveforms at (a) SOA input, (b) SOA output, and

pulses reduced, but that of the orig:ina! pulses as well, from (c) after ODI. Left column: PRBS sample of 20 bits, right column:
0.42 to 0.29 dB. Thus, the combination of an SOA fol- eye diagrams.
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lowed by an ODI can effectively reamplify and reshape the
information- carrying signal and therefore has a regenera-
tion effect. ThlS is particularly important when cascading
several SOAs,”! because it impedes the peak amplitude dif-
ferences between the amplified pulses to be accumulated
from stage to stage that otherwise would be detrimental to
the performance of an optical transmission system.

The achievement of the required interference at the out-
put coupler was not an easy task. The differential phase
shift imparted from the uneven lengths of the ODI branches
drifted during the experiment due to changes in the envi-
ronmental conditions. Thus, the scheme had error-free op-
eration only within a very short time slot. However, this
issue was not a matter of the concept but of its implemen-
tation. The ODI can be held at quadrature, by using a ther-
moelectric cooler to control the phase difference through
fine-tuning of the operatlng temperature for a fixed signal
wavelength or by using a feedback circuit to keep track of
the path dela}/ changes and make necessary
microadjustments. ~ The stab1hty of the scheme can be fur-
ther enhanced if the ODI is fabricated using Si-SiO, wave-
guide technology or is monollthlcally integrated with the
SOA in a fully packaged module.'

4 Conclusion

The capability of an ODI to reduce the pattern-dependent
distortion induced on RZ data when amplified by an SOA
has been experimentally demonstrated. The achievement of
significant performance improvements compared to the
SOA alone suggests that the proposed scheme constitutes
an efficient solution for compensating the pattern effect on
this pulse format.
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