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Ultrafast optical signal processing using
semiconductor laser amplifiers

By R. SCHNABEL, R. Lubwia, W. PIEPER, S. DIEZ, H. G. WEBER

Heinrich-Hertz-Institut fiir Nachrichtentechnik Berlin GmbH, Einsteinufer 37,
10587 Berlin, Germany

Optical fibres exhibit a bandwidth of about 50 THz, which enables data transmission
in excess of 100 Gbit s~!. This potential for ultrafast optical signal transmission
stimulates the research on appropriate functional devices for optical switching and
optical signal processing in general. A promising device is the semiconductor laser
amplifier (sLA). It enables optical signal processing in the femtosecond range when
it is operated under conditions where intraband dynamics with subpicosecond time
constants are dominating. A suitable experimental technique for operating the sLa
under these conditions is four-wave mixing.

Based on this technique, various applications for optical signal processing have
been investigated, such as optical switches, demultiplexers, wavelength converters
and phase conjugators. In this article we describe these experiments and discuss the
advantages and disadvantages of optical signal processing using SLAs.
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1. introduction

Fibre optic transmission is a well-established technique today. However, routing,
switching and other signal-processing operations are still performed electrically by
use of opto-electronic conversion. We expect many improvements in today’s com-
munication systems when no opto-electronic conversion is involved and when signal
processing is performed on the signal while it is still in the form of light. For example,
one expects a more efficient use of the transmission bandwidth of the optical fibre
and perhaps also simple and less expensive devices for signal processing. Especially,
devices in which light signals are controlled by light itself are very promising because
data signals and control signals may be transmitted in the same optical fibre.

A device with a large potential for all-optical signal processing is the semiconductor
laser amplifier (sLA). In addition to its ordinary application as a gain element, the
SLA may play an important role as a functional device, such as an optical switching
gate or frequency converter, etc. (see, for example, Weber et al. 1991). The main
advantages of this device are optical gain, compactness and the potential for opto-
electronic integration. However, the applications seem to be restricted to a time
regime slower than about 100 ps, as determined by the free carrier lifetime. On
the other hand, much faster effects (50-650 fs) based on intraband dynamics (carrier
heating, spectral hole burning) in semiconductor devices are known (see, for example,
Eisenstein et al. 1991). In the present paper, we focus our interest on the sSLA as a
functional device operating in the ultrafast time regime (time constant smaller than
1 ps), as determined by intraband dynamics.
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P, . optical
pump 20 SLA spectrum
wave : :
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Figure 1. Set-up for FWM experiments with pump wave and signal wave.

In this article the following applications are considered: wavelength conversion of
optical data signals; operation as a demultiplexer; and, finally, operation as an op-
tical phase conjugator (opc) for the compensation of deterministic pulse distortions
caused by fibre dispersion and nonlinear self-phase modulation in the fibre. All ex-
periments reported here have in common that they use four-wave mixing (FwM),
based on the ultrafast gain dynamics in sLA, which promises processing of data rates
in excess of 100 Gbit s™1.

2. Four-wave mixing in a semiconductor laser amplifier

FwM in a sLA has been studied extensively in recent years. Examples of publica-
tions in 1994 include Uskov et al. (1994), Zhou et al. (1994), Kikuchi et al. (1994) and
D’Ottavi et al. (1994). An arrangement often investigated in theory and experiment
is as follows (see figures 1 and 2). Two optical fields, a pump wave (frequency fy,
output power Py at the sLA) and a signal wave (frequency f;, output power P;),
both propagating in the same direction and with the same state of polarization,
are coupled into a sLA. The superposition of both fields in the sLA leads to mod-
ulation of the gain medium at the beat frequency Af = fy — fi (and multiples of
Af), which causes a dynamical index and gain grating. For small frequency spacing
(Af < 10 GHz), the physical mechanism behind Fwwm is predominantly carrier den-
sity modulation (interband dynamics). For large frequency spacing (Af > 10 GHz),
the efficiency of carrier density modulation decreases strongly and modulation of the
carrier distribution (e.g. spectral hole burning and carrier heating) becomes impor-
tant. Light scattering from the gain and refractive index grating generates two new
light waves (output powers P_; and P, in figure 2) which are frequency shifted from
the two input waves by the beat frequency Af. If the signal wave (P;) is modulated,
one of the newly generated waves (P_;) represents a frequency-shifted and phase-
conjugated replica of this data signal. The frequency conversion range may extend
over the entire gain spectrum of the sLA. The maximum frequency shift obtained in
our experiments was 2A f = 15 THz (corresponding to 120 nm).

Figure 3 depicts the output powers P_;, Py, P;, P, and the ASE-powers (amplified
spontaneous emission power) at the wavelengths (A_; and \2) corresponding to the
P_; and P, signals versus the input power P, ;. In this experiment, both input waves
were continuous waves with the same input powers. The resolution of the optical
spectrum analyser was 0.1 nm. Also indicated in this figure is the FwM-efficiency, i.e.
the ratio P_,/P;, and the signal-to-background ratio sBr = P_;/ASE(A_;). It is
evident from the results in figure 3 that the Fwm-efficiency has a maximum between
—15 and —10 dBm input power and decreases for higher input powers. On the other
hand, the SBR ratio reveals a steady increase with increasing input power. Several
groups performed studies on the FwwM-efficiency (see, for example, Tiemeijer 1991)
and the SBR ratio (see, for example, Tatham et al. 1993b). In a system application,
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Figure 2. FwM spectrum taken at the output of the SLA.
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Figure 3. Dependence of the spectral power in the FWM spectrum (figure 2) on the input power.

the optical sBR is related to the electrical signal-to-noise ratio, which determines the
quality of the transmission system.

3. Wavelength conversion

The simple FwM scheme described in §2 may be used for wavelength conversion
of optical data signals. Because of the fast time constants of intraband dynamics,
both the data rate and the conversion span are essentially limited only by the gain
bandwidth (= 20 THz) of the sLA. Using this scheme, several experiments were re-
ported: 256 nm wavelength conversion of a train of 30 ps pulses with a repetition rate
of 3 GHz (Schnabel et al. 1993); 20 nm wavelength conversion of a 622 Mbit s~ data

Phil. Trans. R. Soc. Lond. A (1996)


http://rsta.royalsocietypublishing.org/

/\
A

' \

e ol

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

\\
\

A
A
[N

y 9

a

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

736 R. Schnabel and others

|-——¢ spectrum analyser

SLA % coherant receiver
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Redfled

\ 4

ECL ™EDFA

10-channel
OFDM signal

scanning Fabry-Perot

Figure 4. Experimental arrangement for the frequency conversion of a 10-channel OFDM signal:
ECL, external cavity laser; EDFA, erbium-doped fibre amplifier; OFDM, optical frequency division
multiplexing.

signal (Tatham et al. 1993b); 15 nm wavelength conversion of a 18 Gbit s~! data sig-
nal (Schnabel et al. 1993). However, one drawback prohibits the direct employment
of this scheme to practical wavelength converters. The state of polarization of the in-
coming data signal has to be constant. Therefore, a polarization-independent scheme
was developed using two pump waves with identical polarization. The interference of
these pump waves results in a modulation of the gain medium, as described in §2. An
additional signal wave with an arbitrary state of polarization is affected by this mod-
ulation. A conversion experiment was realized with a 10-channel optical frequency
division multiplexed (orFpm) TV-distribution system (Schnabel et al. 1994).

Figure 4 depicts the experimental setup and figure 5 depicts the optical spectrum
at the output of the sLA. In the experiment, we used a strained layer MQW semi-
conductor laser amplifier as a frequency converter. The sLA is described in detail
in Magari et al. (1991). Two continuous pump waves with a frequency spacing of
Af = 275 GHz (wavelength 1563.3 nm and 1565.6 nm, 0.5 dBm and 4.1 dBm, re-
spectively, at the input of the sLA) and 10 FSK-signals of a coherent 10-channel
TV-distribution system (Hilbk et al. 1992) were fed into the sLA. The frequency
spacing Af was equal to the desired frequency conversion range. The two pump
waves caused FWM in the SLA. As a result, the output spectrum of the sLA showed
not only the typical FwmM-spectrum around the two pump waves, but also that each
channel (carrier frequency f) of the 10-channel system had sidebands at the frequen-
cies f = Af. We obtained two frequency-shifted replicas (multichannel sidebands)
of the input data signals additionally to the amplified original signals, as shown in
figure 5.

We also measured the spectrum by a scanning Fabry—Perot (figure 6) to get a
higher resolution of the converted signal. For this measurement, the original spectrum
of the oFDM signal was attenuated by an optical filter and the conversion range was
changed to 180 GHz. The high resolution of this measurement enables us to see the
peaks of the wide band FSK modulation on each modulated channel. In addition,
we proved that the succession of the channels in the spectrum is not changed by the
conversion scheme. The unmodulated carrier wave (C in figure 6) lies on the left-hand
side in the spectrum of the original as well as in the frequency-shifted replica.

To investigate the polarization sensitivity and the cross-talk of the converted data
signals, we performed BER measurements. In these experiments, an optical filter
with a bandwidth of about 1 nm was used to suppress the pump waves and the
original signal. Figure 7 shows BER measurements for the conversion of 1 (dots) or
10-channels (triangles) as a function of the received signal power at the input of
the optical front-end of a polarization diversity receiver. The slight bending of the
BER curve is due to the fixed threshold of the decision circuit in the receiver, which
can also be seen in back-to-back BER measurements. The sensitivity degradation,

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 6. Optical spectrum taken with a scanning Fabry—-Perot, showing the original OFDM
signal and one of the frequency-shifted replica. C denotes the unmodulated carrier wave.

due to the transmission of 10-channels, amounts to 1 dB. To check the polarization
dependence of the frequency conversion, the state of polarization of the oFDM input
signal was changed during BER measurements. A BER change corresponding to a
sensitivity degradation of 1.5 dB was observed. To investigate the performance during
transmission of real data, a 140 Mbit s~} CMI coded TV signal was converted and
received. No subjective transmission errors could be observed.

The experiment reported here shows a polarization-independent wavelength con-
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Figure 7. BER versus optical power at the frontend for 1-channel and 10-channel conversion.

version using FWM in a sLA. The conversion range of 275 GHz (=~ 2 nm) was deter-
mined only by constraints of the transmission system. The conversion efficiency of
the sLA and the resulting SBR promise an increased conversion range. Furthermore,
instead of a 10-channel oFDM signal with an overall bandwidth of 90 GHz, it seems to
be straightforward to achieve wavelength conversion of an oTpMm signal with a data
rate having a comparable broad spectrum.

4. Demultiplexer and AND gate

In the setup in figure 1 with the corresponding spectrum in figure 2, we assume in
the following that both input signals are pulse trains. The newly generated signals
(output powers P_; and P,) occur only if pulses from both trains are simultaneously
copropagating in the sLA. Therefore, this scheme can be used as an optical AND
gate (Schnabel et al. 1993). The application of such an AND gate as an optical
demultiplexer was investigated in the following experiment (Ludwig & Raybon 1993).

A simplified schematic of the experimental setup is shown in figure 8. The pulses
of a 1546.5 nm tuneable external cavity laser (MLLs), mode-locked at 5 GHz, were
modulated by a 27 —1 pseudorandom bit stream of a BER transmitter. The 5 Gbit s~!
signal was passively multiplexed to 20 or 40 Gbit s~!. The pulse width of the source
was 12 ps. To avoid coherent superposition at 40 Gbit s~!, the last stage of the mul-
tiplexer did polarization multiplexing. The signal was transmitted over 25 km of
dispersion-shifted fibre to the demultiplexer, where pulses from a second mode-locked
external cavity laser (MLL,) were added to the signal via a 3 dB coupler with the
same state of polarization. Simple adjustment of the pump polarization enabled us to

Phil. Trans. R. Soc. Lond. A (1996)
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> Figure 8. Experimental setup for demultiplexing.
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< Figure 9. Streak camera measurement of multiplexed 20 GHz pulse train (a), and four
> E demultiplexed 5 GHz pulse trains (b)—(e).
@)
e, g select each 20 Gbit s=! bit stream. The erbium-doped fibre amplifier (EDFA) boosted
O the optical input power of the pump (P, = 150 pW) and the signal (Ps = 31 phW) by
af@ 20 dB. The output of the EDFA was fed to a packaged polarization-insensitive bulk
= w sLA (Lin et al. 1990). The sLA was biased at 200 mA and measured to be saturated

by 20 dB by the input signals. The frequency converted signal at A = 1539.5 nm was
selected out of the output spectrum with a 1 nm optical bandpass interference filter
(oBPF). The received signal was optically preamplified by 30 dB in an EDFA, filtered
by a 0.7 nm interference filter. Then it was sent to a streak camera for accurate pulse
measurement (not shown in the figure) or it was fed to the BER receiver.
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Figure 10. Experimental set-up with SLA as OPC.

Figure 9 depicts streak camera recordings of a multiplexed 20 GHz pulse train
(figure 9a) and individual demultiplexed 5 GHz pulse trains (figures 9b, ¢, d, e). No
measurable energy from the other channels was observed in the demultiplexed signal
and an on—off ratio of 20 dB was obtained. BER measurements after transmission
over a short length of fibre were performed. Compared to the baseline sensitivity
of —36 dBm, a 2 dB penalty and a slight slope difference were obtained for all four
demultiplexed channels. The BER performance for each channel was essentially the
same and there was no indication of an error floor down to BErR = 107!, The 2 dB
system penalty can be attributed to intersymbol interference due to the low-frequency
carrier density dynamics in the SLA.

Although the results of the described experiments are very promising, it should be
mentioned that a realistic demultiplexer has to be polarization independent. Further-
more, the problem of synchronization of the incoming data signal with the sampling
pulse train was not considered. However, an all-optical demultiplexer based only on
semiconductor devices has the potential for monolithic integration on InP to form a
complete demultiplexer—receiver for all channels on one chip.

5. Optical phase conjugation

A characteristic for the FwM-scheme, as described in §2, is the appearance of new
wavelength components (powers P_; and P in figure 2). If P, represents a data
signal described by the optical field E, then P_; represents a replica of this data
signal and may be described by an optical field which is proportional to E*, which
is the phase-conjugate optical field to E. Optical phase conjugation (orPc) was used
to compensate for pulse distortions due to fibre dispersion or fibre nonlinearity. The
attractiveness of this application arises from the demands of long-haul transmission
on standard fibres, where the capacity is limited by the interaction of chromatic
dispersion and nonlinear self-phase modulation. While the compensation of fibre
dispersion was shown by Tatham et al. (1993a), this paper focuses on the results of
an experiment concerning the compensation of fibre nonlinearity (Pieper et al. 1994).
It should be mentioned that the FwM-scheme used for this experiment is polarization
dependent. A polarization-independent scheme for opc was proposed by (Jopson &
Tench 1993).

The experimental setup is depicted in figure 10. The total system length was
~ 90 km of standard single-mode fibre (dispersion 17 ps km~! nm~!). At the trans-
mitter, a 27 — 1 PRBS signal with a bit rate of 5 Gbit s~! was generated by external
modulation. The input signal was set to 1566 nm with a power of —3.6 dBm at the
input of the sLA in the opc. The pump wavelength was 1563 nm (8.1 dBm input

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 11. Experimental spectra (P = 13 dBm) taken behind the modulator (a) and before
the 10 GHz filter in figure 10 without opc (b) and with orc (c).

power). The newly generated output signal at 1560 nm was selected by optical band-
pass filters. The sLa (Magari et al. 1991) was driven at 300 mA and 20°C. Several
EDFA were used in the transmission span.

To quantify the input power limitations for each fibre segment imposed by
stimulated-Brillouin scattering (sBs) we carried out cw measurements. We conclude
that the impact of sBs on the spectrum of the modulated signal becomes notice-
able for average input power levels of ~ 12 dBm, reaching a Brillouin threshold at
~ 13 dBm. As a rough estimation we can classify a specific system configuration as
quasi-lossless and, therefore, symmetrical if the nonlinear phase shift ¢, between
two consecutive amplifiers satisfies the inequality ¢n = 7PoLes < 1. Here 7 is the
nonlinearity coefficient, Py the peak power and L. the effective length. The latter
is given by Leg = [1 — exp(—aloa)]/a, with the fibre attenuation coefficient o and
Aopa the amplifier spacing. As a peak power of 13 dBm for each fibre segment (as
discussed above) results in a nonlinear phase shift of ¢, = 0.7, the described setup
was considered suitable for generating sufficient spM-induced spectral broadening as
well as for studying the impact of orc on sBS. The optical power distribution was
chosen to be approximately identical in both spans.

First we studied the impact of oPc on the nonlinearity-induced spectral deforma-
tions with a heterodyne spectrometer. The results in figure 11 clearly illustrate that
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Figure 12. BER measurement for orPC experiment (P = 13 dBm).

the significant spectral broadening caused by sPM can be compensated for with high
efficiency. In contrast, the two discrete spectral lines in figure 11 reveal that the sBs
initiated by ASE could not be compensated for by opc. To evaluate the nonlinear
performance of the optically filtered system with and without oprc, we determined
the power penalty from a study of the bit error rate curves. As can be seen from
figure 12, penalties of several dB are induced when no opc is used. These penalties
disappear by low optical power (P, ~ 4 dBm) measurements. This confirms that fibre
dispersion is not the cause of these penalties. With opc, however, nearly penalty-free
system performance was achieved for average input power levels up to Py = 13 dBm,
proving that the system is essentially insensitive to fibre nonlinearity. To confirm
the experimental results, calculations were performed simulating the setup shown in
figure 10 by numerically solving the nonlinear Schrodinger equation. The calculated
spectra exhibit good agreement with experimental results (Pieper et al. 1994).

The experiment showed good agreement with the theoretical calculations that
FWM in a SLA is an attractive technique to compensate for pulse distortions due to
self-phase modulation.

6. Discussion

In this article we reported on optical signal processing based on the optical non-
linearity associated with intraband dynamics in sLas. Examples reported included
wavelength conversion, fast optical switching for demultiplexing of optical data sig-
nals and compensation of pulse distortion due to fibre dispersion and fibre nonlinear-
ity. The processing speed can be faster than 1 ps and, therefore, enables processing
of data signals with bit rates in excess of 100 Gbit s~!. Fast optical signal processing
is also possible using the optical nonlinearity of the fibre. However, signal processing
using fibre nonlinearity needs long fibre lengths or large optical power. For instance,
optical pulses of about 1 W peak power in 1 km of optical fibre length are required
to realize an optically controlled switch based on the nonlinear optical loop mirror
(Patrick et al. 1993). The advantages of the sLA are: the compactness of the device;
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the low energy consumption; the operation at a low signal level of about 1 mW;
the combination of functionality with gain; and finally the possible integration with
other InP devices. Disadvantages of the semiconductor laser amplifier as functional
device are: spontaneous emission noise, which is added to the signal, and coupling
losses.

We restricted our discussion on applications using the fast intraband dynamics in
the semiconductor laser amplifier. Interband dynamics (change of carrier density)
enables an even richer variety of optical signal processing applications. As well as
the nonlinear optical mode of operation it additionally allows the opto-electronic
mode of operation. The large spectrum of applications based on inter- and intraband
dynamics shows that the sLA has the potential to be a very general device for optical
signal processing.

The work was supported by the Bundesminister fiir Bilding, Wissensdaft, Forschung und Tech-
nologie of the Federal Republic of Germany in the national Photonic Research Program.
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