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The pattern-induced intensity fluctuation (PIF) of output signals with a bit-rate above 160 Gb/s has been
one of the major issues regarding all-optical semiconductor gates. We have demonstrated that the non-
linear polarization rotation (NPR) in the semiconductor optical amplifier (SOA) plays a significant role in
the high-frequency operation of a delayed-interference signal-wavelength converter (DISC). We did this

using a cross-correlation system whose temporal resolution is 1.5 ps which was developed to monitor
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work.

our 200-Gb/s, 4992-bit-long binary-patterned waveforms. When we experimentally optimized the NPR
effect inside our DISC specially for our 200-Gb/s wavelength conversion, the PIF was significantly
improved (from 5.0 to 1.5, for example). Our systematically measured dependence of the PIF on the polar-
ization settings was qualitatively explained with the new gate model that we developed earlier in this

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast all-optical signal processors based on cross-phase
modulation in semiconductor optical amplifiers (SOAs) continue
to draw many researchers’ interest as promising key elements in
future network systems [1,2]. In particular, signal-wavelength con-
verters are expected to enable ultrafast and low-power-consump-
tion optical cross-connects for use in future optical time division
multiplexing-wavelength division multiplexing (OTDM-WDM)
networks. Some research groups have demonstrated that error-
free wavelength conversion in the frequency range of 160-320
Gb/s is possible using delayed-interference signal-wavelength con-
verters (DISCs) [3-5]. Consequently, a fundamental understanding
of the high-frequency gate operation is important.

One major issue concerning SOA-based optical gates including
DISCs is pattern-induced intensity fluctuation (PIF). It is widely
recognized that the output signal of an SOA gate often suffers from
PIF, because the carrier recovery rate in the SOA is relatively slow
compared to the operation frequency. So far only two methods to
suppress PIF have been reported. One method is to inject a strong
holding beam into the SOA [6], which accelerates the carrier recov-
ery through stimulated recombinations; this method contributed
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to the first demonstration of 160-Gb/s operation [3]. The other
method is to detune the bandpass filter (BPF) after the SOA [7-9]
and utilize ultrafast chirp dynamics in SOAs; this method was used
in the subsequent 160—320-Gb/s experiments [4,5].

Actually, those two are not the only methods to reduce the PIF
significantly. One method we report in this paper is to use nonlin-
ear polarization rotation (NPR) in the SOA. NPR has been character-
ized since 1999 [10-12] and is often used for very low-frequency
(2.5—10 Gb/s) all-optical gates in combination with polarizers
[13-18]. Researchers have performed 40-Gb/s gating using NPR
and a polarizer combined with a detuned filter [19] or a special
high-speed SOA [20]. However, possible contributions from the
NPR combined with the well known DISC structure have not been
studied, to the best of our knowledge. Neither has any experimen-
tal study with ultra-high bit-rate signals above 100 Gb/s been
reported.

In this paper, we demonstrate that the NPR in the SOA plays a
significant role in high-frequency DISC operation, and then propose
a design option for suppressing the PIF in such all-optical semicon-
ductor gates. We have performed 200-Gb/s wavelength conversion
using a DISC, and investigated how the polarization states of the
continuous-wave (cw) light before and after the SOA affect the out-
put PIF through cross-correlation measurements. Systematic re-
sults show that we can exploit the NPR to suppress PIF. We
speculate that this effect would have possibly contributed to the
previous experiments using 160- and 320-Gb/s signals in combina-
tion with the other methods.
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2. Model of the DISC operation and the NPR effects

In this section, we first describe our model of the DISC operation
including NPR effect. Then we show through a numerical simula-
tion that the NPR can be used to suppress PIF.

The original scheme of the DISC gate is shown in Fig. 1a. It con-
sists of one SOA, one Mach-Zehnder interferometer (MZI), and a
band-pass filter. The MZI in a practical DISC gate often consists
of a set of polarization-control devices. Fig. 1b is a schematic of
the DISC gate used in this study, which contains the polarization-
based MZI and polarization controllers Q; and H; placed
before it. A rate equation for the carrier density in the SOA active
region,

d—— ndop  nc(t)
Enc(t) AR
1 — |E];>ulse(t)|2 |ECW‘2
_V<G(nc(t))_1> {m+m 3 (1)

has been used for accurate analysis of the DISC output waveforms
[2,21]. Here, nc(t) is the average n.(z,t) over the active region
length, nc(z,t) is the carrier density which contributes to the SOA
gain, Iop is the injection current, #; is the quantum conversion
efficiency, 7. is the carrier lifetime, V is the active region volume,
and E,us(t) and Ecw are the amplitudes of the control pulse and
the cw optical input, respectively. The first, second, and third terms
on the right-hand side of Eq. (1), respectively, represent the carrier
injection, carrier relaxation, and stimulated recombinations. The
chip gain of the SOA is expressed as

Gne) = exp (Tl e (0 ). @)

Here, I' is the confinement factor, L is the effective length of the
active region, and dg/dn is the differential gain of the active region.
The injection of the control pulse Ey;.(t) instantaneously decreases
the carrier density by An., induces an ultrafast refractive index
change of the active region, and causes cross-phase modulation to
the cw light.

We then extended our previous DISC model to take the NPR into
account. The NPR in the SOA has been primarily attributed to the
anisotropy of the refractive index [10-12]. To express it in a simple
way, we assumed that the TE and TM components of the input cw
light were affected by anisotropic phase shifts:
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Fig. 1. Schematics of the DISC gate. (a) original DISC scheme and (b) polarization-
based DISC scheme in this paper. Q: quarter-waveplate, H: half-waveplate, C:
calcite crystal, P: polarizer, BPF: band-pass filter.
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respectively. Here, ko = 27V, /c is the wave number of the light in
vacuum and dn[""™ /dn represents the nonlinear index changes for
TE/TM components. ¢"¢/™ represents the steady-state anisotropic
phases for TE/TM components. Since the relative phase of the TE
and TM components after passing through the SOA changes dynam-
ically with t, the polarization state of the combined light rotates
accordingly. This polarization rotation results in a dynamic change
in the transmittance of the polarizer Py, and can be used to compen-

sate for the patterning in G(t) and &(t) if we adjust the angles of the

Table 1
Parameter values used in the model calculation.
SOA parameter Description Value
Iop Injection current 200 mA
Legr Active region length (effective) 1100 pm
Vv Active region volume 52 x 10! (cm 3)
r Confinement factor 0.2
Tc SOA carrier lifetime 75 ps
dg/dn SOA differential gain 6.36 x 107! (cm?)
nr Quantum conversion efficiency 0.34
%E—E Refractive index change (TE) —4.0 x 107%° (cm3)
d;glm Refractive index change (TM) —3.0 x 107%° (cm?)
Gate parameter Description Value
f Operation frequency 200 GHz
TrwhM Input pulse width (FWHM) 1.0 ps
| 2 Input pulse energy 30f]
Pew = |Ecw|? Input cw power 5 mW
At Delay time in the MZI 1.0 ps
e Frequency of cw light 193.7 THz
Voulse Frequency of control pulses 192.8 THz
PRBS pattern length |
Adg MZI bias 1.07
Derived parameter Description Value
Go Unsaturated SOA gain 37 dB
Teff Effective recovery time 10 ps
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Fig. 2. Measured dependence of the nonlinear phase shift in our SOA for TE/TM-
polarized cw light on the input pulse energy.
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Fig. 3. Calculated DISC output eye diagrams and PIF dependence on the waveplate angle detuning. (a) 0;, = 0°, A6y, = 0°; (b) 0, = 60°, A0y, = 40°; (c) PIF dependences.

quarter waveplate Q; and the half-waveplate H; adequately. Using
Jones vector analysis, we deduced the following expressions for the
DISC output power Py (t):

Pout(t) = |E0ut(t)‘2-, (5)
Eout(t) = EXE,(£) cos(0in)A + ET (t) sin(6;y)B, (6)
EEE™ (1) = EZ—W [\ /G(t) exp {i(q>TE/T'V' (t) + Ach) }

+1/G(t — At) exp {iquE/TM(t - At)}], (7)
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Here, 0, is the input polarization angle of the cw light into the SOA,
6q, is the rotation angle of Q;, and 6y, is that of H;. At and A®g are
the delay time and phase bias of the MZI, respectively. The expres-
sions of the amplitude waveforms E5/™(t) are similar to the con-
ventional expression of the DISC output amplitude.

Using these equations and pseudorandom data inputs, we cal-
culated the DISC output waveforms and their PIFs for several 0,
values. Parameter values are summarized in Table 1. To use a
realistic value for the refractive index anisotropy, we carefully
characterized polarization-dependent nonlinear phase shifts for
our SOA sample using a method from [2]. Fig. 2 shows one series
of systematically-measured result on the polarization-dependent
nonlinear phase shifts. After several measurements, we estimated
the refractive index anisotropy for our SOA to be 15—25%, and as-
sumed 25% anisotropy in the model calculation. For each 6;, value,
we determined the starting values of 0y, and 0y, using only cw in-

cos(0)

Mr(0) = <sin(0)

2 Thus @ic and @3 affect the starting values of 6, and 6y, only. They are not
essential in the following PIF-suppression scheme.

put light as follows: we adjusted 0q, to eliminate the ellipticity of
the cw light, which was caused by the steady-state phases ¢/5/™ 2
0n, was chosen so that the polarization axis of the cw light would
coincide with the axis of the polarizer P;. Then we injected data in-
puts and calculated the output waveform. Fig. 3a shows an example
of the calculated eye diagram in such a case (0;, = 0°); a large PIF
was observed due to the long effective carrier recovery time
(Ter = 10 ps). In this section, we evaluated the PIF using the intensity
ratio of the largest and smallest output pulses, and it was 7.3 for the
case of Fig. 3a. After that, we systematically detuned 6y, from the
starting value. 0o, was kept unchanged, so that the transmittance
of P; shifts from maximum to minimum as the detuning A0y, ap-
proaches 45°. Then the PIF was suppressed in some cases, as shown
in Fig. 3b. Fig. 3c shows the calculated PIF dependence on Ady,. When
0in Was set to 0° (=TE) or 90° (=TM), the PIF was equal to the standard
value (=7.3). In contrast, the PIF values for other 0;, settings showed
various dependences on A0y, . The dependences had a notable feature
in common: the PIF values were highly suppressed when A0y, was
slightly below 45°. These particular examples show the possibility
of an NPR-based PIF suppression method.

3. Waveform-monitoring setup

To demonstrate the significance of NPR in high-frequency DISC
operation, we performed a 200-Gb/s wavelength conversion exper-
iment and systematically investigated how the polarization set-
tings before and after the SOA affect the output PIF. We
developed a high-resolution, long bit pattern waveform-monitor-
ing system for this purpose because we wanted to evaluate the
PIF for a data pattern with certain reality. Fig. 4a gives an overview
of the whole setup; 12.48 GHz, 1.6-ps soliton pulses from a mode-
locked fiber laser (Pritel Inc.,, UOC-3) were adiabatically com-
pressed in a dispersion decreasing fiber to 300 fs, and received
intensity modulation with a 312-bit data pattern. This pattern
was initially determined through a Monte Carlo method. After
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Fig. 4. Experimental setup. (a) Overview, (b) DISC gate based on an SOA chip. PPG: programmable pattern generator, MLFL: mode-locked fiber laser, DDF: dispersion
decreasing fiber. PC: polarization controller, PBS: polarization beam splitter, PM-DSF: polarization-maintaining dispersion-shifted fiber.

the modulation, the pulses were multiplexed up to 199.7 Gb/s
through four-stage MUXs, received a dispersion compensation,
and were used for the gate input signal (width =800 fs, pattern
length = 4992 bits, 4; = 1558 nm). In parallel to that, we generated
an ultrafast (700 fs), low-frequency (40 MHz), and high extinction
ratio (>27 dB) pulse train for the cross-correlator (Femtochrome
Research Inc., FR-103XR) reference input. This pulse train was syn-
chronized to the 200-Gb/s, 4992-bit data input with a low timing
jitter, and consequently enabled cross-correlation measurements
of the patterned waveform with a time resolution of about
1.5 ps. Details of this pulse generator are explained in [22]. We
constructed the DISC gate using a custom-ordered SOA chip, as
shown in Fig. 4b. The structure of this SOA chip was designed to
be the same as that of the commercially available SOA series. To
accurately control the polarization state of the cw light at the
SOA input facet, we used a polarization-maintaining dispersion-
shifted lensed fiber for the signal input. Monitoring of the ASE
intensities on the input and output sides of the SOA enabled on-

Table 2

Summary of experimental conditions.

Gate parameters Description Value

f Operation frequency 199.7 GHz
Trwhm Input pulse width (FWHM) 0.8 ps
2 Input pulse energy (chip) 71]

Pew Input cw power (chip) 2.5 mW
At Delay time in the MZI 1.0 ps
Aew Wavelength of cw light 1540 nm
Apulse Wavelength of control pulses 1558 nm
Ady MZI bias 1.0n
SOA characteristics Description Value

Iop Injection current 300 mA
Pop DC power consumption 580 mW
Go Unsaturated SOA gain 33.6 dB
Tc SOA carrier lifetime 42 ps
Egat Saturation energy for pulse 400 f]

line coupling adjustments. The MZI was composed of cascaded
polarization controllers (Optoquest Inc.), as explained in [21]. The
operation parameters are summarized in Table 2. The nonlinear
phase shift induced by each control pulse was estimated to be
0.257 for TE component and 0.207 for TM component, respec-
tively, from the separately-measured result in Fig. 2.

4. PIF measurement results

We monitored the input and output waveforms of the DISC gate
using the cross-correlation method. Since the time span of the
cross-correlator was limited to about 180 ps, we could monitor
only a short segment of the 4992-bit-long waveform with one
scan. Fig. 5a shows two particular segments of the input waveform.
We could monitor another segment in another scan, by shifting the
12.48-Gb/s encoding pattern properly. The two examples in the
figure show a ‘O-dominant’ part (‘0000100000000001’) and ‘1-
dominant’ part (‘11101011111111’), respectively. As shown in this
figure, the longest interval between two ‘1’ bits and that for two ‘0’
bits was 55 and 45 ps, respectively. Note that the 27 — 1-bit pseu-
dorandom data pattern used in the past 160—320 Gb/s demonstra-
tions contained only 6—7 successive ‘0’ and ‘1. Considering that
the typical effective recovery time of our SOA was within 40-
15 ps (for holding-beam power of 0.001-12 mW), we assert that
our measurement provided more stringent PIF evaluation.

Fig. 5b shows the corresponding segments of the DISC output
waveform when there was no NPR in the SOA (0i, = 0°). In this
case, we see that the intensity of the output signal after the succes-
sive ‘0’ bits is large compared to that at the end of the successive ‘1’
bits. We evaluated the PIF to be 5.0, using the ratio of the largest
and smallest pulse intensities. We systematically rotated the H;
angle, but no significant PIF improvement was observed. The situ-
ation was almost the same when we changed the input polariza-
tion state from TE to TM (0;, = 90°).

The situation changed when we aligned the input polarization
to 0, = 30°, which lay between the TE and TM axes. When we
maximized the transmittance of P; by adjusting 0y, and 0y,, the
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Fig. 5. Measured 200-Gb/s digital signal waveforms and spectra. (a) Input waveforms, (b) output waveforms (6, = 0°, A0y, = 0°), (c) output waveforms (0;, = 30°,
A0y, = 42°), (d)-(f) corresponding spectra. The solid traces and dashed traces in (a)-(c) show ‘0’-dominant parts and ‘1’-dominant parts of the 4992-bit patterned waveforms,

respectively.

PIF value was almost the same as before. As we detuned 0y, after
that, the output PIF was drastically reduced (=1.5) as shown in
Fig. 5¢c. Furthermore, no significant signal degradation due to sub-
pulse generation was observed [21]. It was potentially due to unex-
pected contribution from carrier heating in the SOA, but we do not
have definite answer at the moment. The spectra of the signals cor-
responding to Fig. 5a-c are shown in Fig. 5d-f, respectively.

We systematically measured the dependence of the PIF on A6y,
at several input polarization states to the SOA. The results are
shown in Fig. 6a. When 6;, was 30°, the PIF was suppressed around
A0y, = 30—42°. A similar reduction of the PIF below A0y, < 45°
was obtained for 0;, = 45°, though within a narrower A6y, range.
From the similarity of the measured PIF-suppression profiles and
the calculated ones in Section 2, we consider that we obtained con-
vincing proof of the NPR-based PIF suppression.

One drawback of this NPR-based PIF-suppression method is the
fairly large decrease in the average output power of the DISC.
Fig. 6b shows the dependence of the average output power on
Afy,. As we approach the region where large PIF suppression oc-
curs, the average output power tends to decrease because of the re-
duced transmittance of P;. When we obtained the waveform
shown in Fig. 5c¢, the average output power decreased from
—15.3 to —26.4 dBm. Nonetheless, Fig. 5b and c indicate that the
weak pulses in the patterned output signals were not seriously de-
graded after the PIF suppression. Fig. 6¢ shows the dependence of
the extinction ratio, which we defined by the intensity ratio of the
smallest pulse and the background noise, on Afy,. The extinction

ratio for Fig. 5c was 3.2, and not decreased much from that for
Fig. 5b (=3.8).3 We consider that this method in proper combina-
tion with other PIF-suppression methods (holding-beam injection
and BPF detuning) will reduce the drawback on the output power,
and enable more efficient operation of DISCs and also other kinds
of SOA-based all-optical gates.

5. Conclusion

We systematically measured the pattern-induced intensity fluc-
tuation (PIF) of a wavelength-converted signal from a DISC at
200 Gb/s, and investigated how the nonlinear polarization rotation
(NPR) in the SOA affected the PIF. By detuning the polarization an-
gle of the cw light at the SOA input facet from its TE axis (6;, = 30°,
for example) and rotating the half-waveplate before the MZI by a
certain degree (Afy, = 30—42°), we could suppress the PIF from
5.0 to 1.5 without using a strong holding beam or band-pass filter
detuning. Our DISC model including the NPR effect qualitatively
explained the observed PIF-suppression characteristics below
Ay, < 45°. Thus, we conclude that the NPR in the SOA plays a sig-
nificant role in the high-frequency operation of the DISC gate, and
that it can be used for PIF suppression. We speculate that this effect

3 These values were fairly small, mostly because of large ASE noise from the EDFA
just before the cross-correlator input (Fig. 4a). We expect that the extinction ratio of
the DISC output signal before amplification was much higher, but we could not
evaluate it because of our experimental limitation.
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would have considerably contributed to the results in past
160—320-Gb/s wavelength conversion experiments [3-5]. We ex-
pect this NPR-assisted PIF-suppression method to provide new de-
sign options not only for DISCs but also for various other kinds of
SOA gate.
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