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Fig. 3: Eye diagram of a 160 Gb/s data signal
(upper traces) and recovered 10 GHz optical
clock (lower traces). Scale: 20 ps/div.

3. Results
Fig. 3 shows the eye diagram of the 160 Gb/s data
signal and the 10 GHz recovered optical clock
signal measured using an electrical sampling
oscilloscope with 50 GHz bandwidth. The oscillo-
scope was triggered by the 10 GHz clock signal of
the transmitter. The persistence was set to 1000
waveforms and no channel hopping was observed
for several hours.

Fig. 4: Single sideband phase noise of the recov-
ered optical clock signal.

We measured the single sideband phase noise of
the recovered optical clock signal between 100
Hz and 10 MHz (Fig. 4). From this curve, an
rms-jitter of 270 fs is obtained.
Finally, we tested the clock recovery in a 160 Gb/s
to 10 Gb/s demultiplexing experiment. The set-up
is shown in Fig. 5. The transmitter comprised a 10
GHz mode-locked semiconductor laser emitting
1.5 ps pulses which were encoded with a PRBS
27-1 bit sequence. The 160 Gb/s OTDM data sig-
nal was generated by multiplexing the signal by a
fiber delay line multiplexer. To maintain the pseu-
dorandom characteristic, the bit sequences were
shifted by (27-1)/n bit periods with n = 2, 4, 8, 16
in each stage of the multiplexer. The optical
demultiplexer consisted of a 1.3 µm semiconduc-
tor optical amplifier based Gain Transparent
Ultrafast-Nonlinear-Interferometer (GT-UNI) [9].
The demultiplexer was driven by the optical
pulses of a mode-locked semiconductor laser,
which was controlled by the local oscillator
(VCO). An optical delay line before the clock
recovery was used to select different OTDM
channels. A 10 Gb/s receiver was placed at the
output of the demultiplexer and the bit-error rate
(BER) was measured as a function of the received
power Prec as indicated in Fig. 5. An erbium
doped fiber amplifier was used in the clock recov-

ery branch to provide an average optical power of
about 3 dBm at the input of the clock recovery.

Fig. 6: Bit-error rates for demultiplexing from 160
Gb/s to 10 Gb/s using the clock of the 10 Gb/s
transmitter (open circles) and the recovered clock
(gray triangles).

Fig. 6 shows the measured BER curves. The
results represented by open circles were measured
with the electrical transmitter clock driving the
mode-locked laser that generates the optical clock
for the demultiplexer. Error free performance was
achieved with a receiver sensitivity of -21.3 dBm.
The results represented by gray triangles are mea-
surements using the recovered optical clock sig-
nal for driving the demultiplexer. It can be seen
that the same error free performance of the
demultiplexer was achieved and no penalty due to
the clock recovery occurred.

4. Conclusion
10 GHz clock recovery from a 160 Gb/s data sig-
nal was demonstrated using a bidirectionally
operated single electroabsorption modulator
(EAM). Without any change, the clock recovery
was also applied for clock recovery from 40 and
80 Gb/s data signals. A differential scheme was
used to obtain a large bipolar feedback signal. The
EAM acts as a bidirectional electro-optical phase
comparator between the 160 Gb/s optical data sig-
nal and the local clock signal. Excellent locking
stability with no channel hopping was achieved.
The recovered optical clock signal had a rms-jitter
of 270 fs and allowed error-free 160 Gb/s to 10
Gb/s demultiplexing with no penalty. The design
is polarisation independent. Furthermore it has
potential for hybrid planar lightwave circuit inte-
gration by replacing the circulators with 3 dB
couplers.
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All-optical packet demultiplexing is demonstrated 
using a multi-wavelength mutual injection-locked 
Fabry-Perot laser diode. Error-free packet-
demultiplexing of a 10 Gb/s signal with an 
extinction ratio of 16.9 dB is observed.
1. Introduction
Optical networks utilizing fast packet switching
are expected to provide the required capacities
and flexibility in next generation high speed net-
works. A variety of all-optical switching devices
that perform bitwise logic functions have been
reported using ultrafast nonlinear
interferometers1-3. Recent advances in all-optical
packet demultiplexing or switching mostly
required wavelength conversion4,5. In this paper,
we demonstrate all-optical packet demultiplexing
of a 10 Gb/s data signal by an optical control sig-
nal in a Fabry-Perot laser diode (FP-LD) using
multi-wavelength mutual injection locking tech-
nique. The FP-LD transmitted the data signal
when the control signal is OFF and suppresses the
data signal when the control signal is ON. Wave-
length conversion is not required. The extinction
ratio of the demultiplexed data signal is 16.9 dB
even when the power difference between the ON
and OFF states of the control signal is 3 dB only.
The insertion loss of the all-optical packet demul-
tiplexer is 0.4 dB because of amplification of the
data signal under injection locking. The switch-on
time and switch-off time of the data signal are ~60
ps and ~50 ps respectively so that the packet is de-
multiplexed within one bit period.

Fig. 5: Experimental set-up for demultiplexing experiment.
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2. Operation Principles 
All-optical packet demultiplexing was carried out
by simultaneously injecting three different wave-
length signals; a data signal, a control signal, and
a cw stabilizer signal into a commercial available
FP-LD with a double-channel planar-buried
InGaAsP heterostructure. The duration of the
OFF state in the control signal is equal to the
length of the packet to be de-multiplexed from the
data signal. We also assume that the control signal
and the data signal are synchronized. The wave-
lengths of the data signal and the cw stabilizer
signal are aligned with two different longitudinal
modes of the FP-LD. The wavelength of the con-
trol signal is chosen to be on the longer wave-
length side of a third FL-LD mode. The detune of
the control signal and the powers of each signals
are chosen such that the FP-LD is always injec-
tion-locked by one of the three signals in the fol-
lowing priority; the control signal, the data signal,
and the cw stabilizer signal. That is, the presence
of the control signal will always injection-lock the
FP-LD even in the presence of a “1” in the data
signal and the cw stabilizer signal. In the absence
of a control signal, a “1” in the data signal will
injection-lock the FP-LD despite the presence of
the cw stabilizer signal. The cw stabilizer signal
injection-locks the FP-LD only in the absence of
both the control and data signals. All-optical
switching is achieved because when the control
signal injection-locks the FP-LD, the resulting
red-shift of the FP mode comb suppresses the data
signal gain. The FP-LD thus works as an all-opti-
cal switch, i.e., the FP-LD transmits the data sig-
nal when the control signal is OFF and blocks the
data signal when the control signal is ON. The
functions of the cw stabilizer signal are to sup-
press the power of the FP-LD modes when the
intensities of both the data signal and control sig-
nal are low, i.e., zeroes, and to increase the speed
of injection locking by stimulated emission6.
Since injection locking is a threshold phenome-
non, a small power difference (3 dB in the experi-
ment) in the control signal is sufficient to switch
on and off the data signal.

3. Experimental Results
Figure 1 shows the experimental setup for the
demonstration of all-optical packet demultiplex-
ing. The 10 Gb/s non-return-to-zero (NRZ) data
signal at 1545.9 nm is generated by externally
modulating a tunable laser (TL_1) with an
injected power (measured at port 2 of the circula-
tor before the FP-LD) of -20.5 dBm. The control
signal at 1551.8 nm is produced from a DFB laser
after amplification and modulation by another
external modulator. The injected power of the
control signal is 5.6 dBm which can be adjusted
by the attenuator (ATT). The cw stabilizer signal
at 1553.9 nm is generated by another tunable laser
(TL_2) with an injected power of 1.4 dBm. The
bias current of the FP-LD is 1.1Ith ;where Ith is the
threshold current. To test the switching operation
of the FP-LD, first we did not modulate the con-
trol signal. Figure 2a depicts the spectra of all
three signals injected into the FP-LD measured at
port 3 of the circulator. We set the cw 1551.8 nm
control signal to the OFF state by attenuating its
power to 2.6 dBm, i.e., a drop of 3 dB. The FP-
LD is injection-locked by the 10 Gb/s 1545.9 nm
data signal when the data signal is a “1” but is
injection-locked by the1553.9 nm cw stabilizer
signal when the data signal is a “0.” When injec-
tion-locked, the data signal is amplified with a
measured power (at port 3 of the circulator) of -
19.9 dBm, i.e., a gain of 0.6 dB after compensa-
tion for the insertion loss from the FP-LD. The
packet demultiplexer however has an overall
insertion loss of 0.4 dB, which is the power differ-
ence of the data signal measured at port 1 and port
3 of the circulator. We then set the cw 1551.8 nm
control signal to the ON state by restoring the
injection power to 5.6 dBm. The FP-LD is then
injection-locked by the control signal. The result-
ing red-shift of the FP mode comb is 0.17 nm.
Figure 2b shows that the power of the 10 Gb/s
1545.9 nm data signal drops by 16.9 dB when the
control signal is ON.
Figure 3a depicts the switch-on time and switch-
off time of the all-optical packet demultiplexer

Fig. 3. (a) Temporal profile for the switch-on (rise-time) and switch-off (fall-time) response of the all-
optical packet demultiplexer; (b) Eye-diagrams for the switched signal after the all-optical packet
demultiplexer with and without cw stabilizer signal.

Fig. 2. Measured spectra for packet demultiplexing when the data is (a) switched on and (b)
switched off. The data signal can be switched by 16.9 dB using a control signal with power differ-
ence of 3 dB.

Fig. 1. Schematics of the all-optical packet demultiplexing using multi-wavelength mutual injection-
locked laser diode. Note: TL - tunable laser; MOD - modulator; COUP - coupler; CIR - circulator;
BPF - tunable bandpass filter; and PD - photodiode.
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when injected with a control signal with a gating
period of 160 ns and a cw data signal. The control
signal is externally modulated with the 10 Gb/s
pattern generator. The measured rise-time and fall-
time for the switched data signal are 60 ps and 50
ps, respectively. The response times of the data
signals are almost identical to those of the control
signals. Figure 3b shows the eye diagrams for the
switched data signal with and without the presence
of the cw stabilizer signal. The cw stabilizer signal
suppresses the emission of the other FP-LD modes
when both the powers of the data signal and con-
trol signals are low thus dramatically improves the
eye opening. Finally, we demonstrated all-optical
packet demultiplexing by modulating the control
signal into a 1.8 ns duration gating signal with 155
MHz repetition rate. The demultiplexed packet
will therefore be 46 bits long with a separation of
18 bit periods. We synchronized the control sig-
nals with the 10 Gb/s data signal by adjusting the
delay of the control signal with 2 ps resolution.
Figure 4a(i) and (ii) show the timing diagrams of
the 10 Gb/s data signal and the 155 MHz control
signal respectively. The operation parameters are
chosen as before. Figure 4a(iii) shows the packet
switched data signal measured without averaging.
We observed that the data packet is switched
within 1 bit duration. The bit-error rate (BER) per-
formances for the 10 Gb/s data signal before and
after packet de-multiplexing are shown in Fig. 4b.
Error-free switching (BER < 10-12) can be
achieved. The power penalty for the switched sig-
nal at BER = 10-9 is ~2 dB.

4. Conclusions
In conclusion, we have demonstrated all-optical
packet demultiplexing of a 10 Gb/s data stream
using multi-wavelength mutual injection locking of
a Fabry-Perot laser diode. The switch-on and
switch-off time of the FP-LD is within a bit period
so that guard periods between the packets are not
necessary for packet demultiplexing. Only 3 dB dif-
ference in the power of the control signal is suffi-
cient to achieve an extinction ratio of 16.9 dB in the
switched data signal. Since mutual injection-locking
scheme has been demonstrated for a pulsewidth of
17 ps 6, all-optical packet de-multiplexing at 40 Gb/s
may be feasible using the current scheme.
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Phase noise in an external cavity semiconductor
mode-locked laser is investigated in view of the
application of this pulse source for high bit rate
data transmission, ultrafast switching and optical-
sampling.

Introduction
An optical pulse source is a key component for
optical data transmission and for optical signal
processing. The higher the data rate, the more
stringent are the requirements on the pulse source.
In particular, the pulse width and the timing jitter
become limiting factors in applications for high
bit rate data transmission, ultrafast switching and
optical sampling. In this paper we report on phase
noise studies on external cavity mode-locked
semiconductor lasers /1/, which were successfully
applied in transmission experiments with data
rates up to 160 Gbit/s and in an optical sampling
system capable of measuring eye diagrams of
optical data signals up to 320 Gbit/s /2/.

Pulse Source and Measurement Technique
Fig.1 shows schematically the set-up of the exter-
nal cavity tunable mode-locked semiconductor
lasers (TMLL) /1/, which we use in our phase
noise studies.

Figure 1: Set-up of a TMLL pulse source.

The laser diodes are 1.3 µm and 1.55 µm InP Fabry
Perot lasers with an antireflection coating on one
facet (AR). At this facet, the light is collimated via
a GRIN lens onto a grating, which defines one of
the two mirrors of the cavity. The other mirror is
given by the second facet of the laser diode. At this
facet a saturable absorber is generated by N+ bom-
bardment /3/. The laser can be tuned in wavelength
by about 110 nm, in fundamental mode repetition
frequency between 1 GHz and 20 GHz and in pulse
width (by using different gratings) between 0.6 ps
and 17 ps. The generated sech2 pulses have an
almost transformation limited (dtdf = 0.35) optical
spectrum. An optical pulse train is generated by
either passive or hybrid mode-locking, i.e. by a free

running TMLL or by a TMLL driven by an exter-
nal RF-synthesized signal generator.
The phase noise measurement of a pulse source
using a sampling scope has a limited accuracy
and gives no information of the frequency spec-
tra of the noise. Another often used method to
estimate the timing jitter is therefore the mea-
surement of the single sideband (SSB) phase
noise. The SSB phase noise level per 1 Hz band-
width relative to the carrier, L(f), can be mea-
sured using an RF-spectrum analyzer. From L(f),
the rms timing jitter σrms can be calculated /4/.
The total noise spectrum is composed of ampli-
tude noise and phase noise. It is, however, possi-
ble to estimate the contribution of amplitude
noise by performing measurements of L(f) at
higher harmonics. In the following we describe
tree representatives out of 8 different TMLLs.

Experimental Results
In the operation of hybrid mode-locking, the
phase noise of the frequency generator affects the
phase noise of the mode-locked laser. Fig. 2
shows phase noise measurements of the two tun-
able RF-generators, which were used in the fol-
lowing investigations as RF-generators for the
hybrid mode-locked laser. As Fig. 2 shows, the
SSB phase noise of RF-generators 1 and 2 is sig-
nificantly different for a frequency offset above
100 Hz. From these measurements we calculated
an rms timing jitter of σrms=160 fs and 60 fs for
RF-generator 1 and 2, respectively. For the calcu-
lation we used the range of frequency offsets
between 100 Hz and 10 MHz. For frequency off-
sets closer than 100 Hz to the carrier the phase
noise measurement is hampered by the resolution
bandwidth and the phase noise of the RF-spec-
trum analyzer. On the other hand for the region
above 10 MHz the phase noise measurement is
limited as the SSB phase noise falls below the
noise floor of the electrical spectrum analyser.

Figure 2: SSB Phase Noise of two different RF-
synthesized signal generators operating at 10
GHz. 

The effect of the two different RF-generators on
the phase noise of the mode-locked laser is
depicted in Fig.3. This figure shows the SSB phase
noise of the hybrid mode-locked laser driven either
by the RF-generator 1 or the RF-generator 2 at a
frequency of 10 GHz with a pulse width of 1.3 ps.
The RF power applied to the laser was amplified to
30 dBm. However, the main part is reflected due to
the electrical missmatch. The calculation of the
timing jitter gives an rms timing jitter of 320 fs or
220 fs, respectively. Additionally, this figure shows
again the SSB phase noise of the RF-generator 2
solely.

From Fig. 3 (and Fig. 4) we can identify 3 regions
of the frequency offset (regions A, B, C) in which
the SSB phase noise is dominated by a particular
component of the experimental set-up. In Fig.3, for
frequency offsets below 100 kHz (region A), the
effect of the different RF-generators on the phase
noise of the hybrid mode-locked laser is clearly
visible. The advantage of an RF-generator having a
low phase noise is evident from these results.

Fig. 4. (a) Timing diagrams for (i) 10 Gb/s data signal; (ii) the synchronized 155 MHz control signal
with 1.8 ns pulsewidth and (iii) the switched 10 Gb/s data signal with the same wavelength of (a) after
all optical packet demultiplexer (timescale: 1 ns/div) (b) BER performance for the data signal before
(∆) and after (■ ) switching by the all-optical packet demultiplexer (insets: corresponding eye dia-
grams for the data signal)

(a) (b)


