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Wavelength-division multiplexing with femtosecond pulses
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We demonstrate wavelength-division multiplexing with a single broadband femtosecond source by slicing the
3.7-THz spectral bandwidth of 85-fs laser pulses into 16 channels that are modulated individually.

Ultrashort laser pulses have always had a central
place in the study of high-speed phenomena as well
as in applications that involve very high data rates.
With the imminent arrival of practical, compact, and
cost-effective femtosecond laser sources,' real-world
applications of ultrashort laser pulses in communica-
tion systems become very likely. In this Letter we
present an application of femtosecond laser pulses that
is not even directly related to high speed but rather
makes use of the large spectral bandwidth offered by
short pulses: femtosecond wavelength-division mul-
tiplexing (WDM). In this application the data rate is
secondary to the spectral bandwidth of the femtosec-
ond source; in fact, our experiment runs at a data rate
of only 82 Mbits/s. Such data rates are typical of pro-
posed fiber-in-the-loop systems,? which are a practical
application for femtosecond sources, because the laser
would have to be located at only a central office loca-
tion and, in this architecture, could be shared among
many users.

Conventionally, WDM systems utilize a separate
single-frequency laser (usually a distributed-feedback
laser) for each WDM channel. The wavelength of
each laser needs to be controlled and stabilized indi-
vidually to ensure that the emission wavelength co-
incides with the preassigned WDM channels. The
use of monolithically integrated multiple-wavelength
lasers? alleviates some of these problems, although sta-
bilization of the emission wavelength still is required.
A novel approach is to use a broadband source that
covers all channels simultaneously, such as amplified
spontaneous emission from a fiber amplifier* or the
supercontinuum generated in optical fibers.? In this
case, the WDM channels are carved out of the broad-
band spectrum by a passive filter, and wavelength drift
of the source does not influence the system.

In this Letter we show that a femtosecond laser is
an excellent diffraction-limited broadband source for
WDM. A 100-fs laser pulse has an approximately
3-THz spectral bandwidth, enough for 30 channels
spaced at 100 GHz, a channel spacing that has been
proposed as a standard. There are several advan-
tages in using a femtosecond laser as such a broad-
band source: First, unlike for incoherent sources,
there is no beat noise between different portions of
the spectrum within the same channel that limits the
total transmission capacity.? Second, a femtosecond
source is expected to be more stable and more reliable
than the supercontinuum generated by nonlinear pro-
cesses in fibers.® Finally, the coherence of the source
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may be used to aid in channel alignment between
transmitter and receiver by setting the WDM chan-
nels with spectral pseudorandom codes, similar to the
spectral code-division multiple-access (CDMA) tech-
nique proposed by Salehi et al.® We demonstrate the
performance of a femtosecond WDM system, using an
850-nm femtosecond source and a 16-channel surface-
normal GaAs/AlGaAs multiple-quantum-well (MQW)
linear modulator array. Each channel is modulated
at the repetition rate of the laser, which is 82 Mbits/s
in our demonstration, and error-free performance is
reported.

The experimental setup used in our femtosecond
WDM experiment is shown in Fig. 1. Femtosecond
pulses from a self-focusing mode-locked Ti:sapphire
laser with an approximately 9-nm (3.7-THz) spectral
bandwidth centered around 850 nm and a roughly
5-mW average power are spectrally and spatially dis-
persed by a 1200-line/mm diffraction grating and fo-
cused onto a reflection-mode linear modulator array
by an f = 50 mm laser-diode collimating lens (Melles-
Griot 06 GLC 006). When the distances between grat-
ing and lens and between lens and modulator array
are both f, the dispersion of the apparatus is given
by dx/dA = f/(d cos 6), where d and 0 are the grating
period and the diffraction angle, respectively. For our
setup, with 8 = 60 deg, dx/dA = 120 um/nm, so that
the 9-nm FWHM spectrum is spread out to roughly
1 mm on the modulator array. Vertically, the beam
is focused to approximately 10 um, the spot size for
each wavelength component. Each channel is then
modulated by the modulator array and reflected back
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Fig. 1. Experimental setup used to demonstrate femtosec-
ond WDM.
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Fig. 2. Photograph of the 16-channel linear MQW modu-
lator array fabricated in GaAs/AlGaAs technology. The
arrow indicates the location of the linear array.

along the input path. The modulated signals are re-
collimated by the lens and grating, picked off by a beam
splitter, and transmitted to the receiver setup through
a fiber or in free space. The receiver side has a similar
configuration, except that the modulators are replaced
by detectors.

Figure 2 shows a photograph of the 16-channel
reflection-mode modulator array used in the transmit-
ter. It consists of 32 square 20 um X 20 um MQW
p—i—n diodes spaced by 5 um. The intrinsic MQW
region of the diodes consists of 95 periods of 10-nm
GaAs wells and 3.5-nm Al;3Gag;As barriers. This
MQW layer is sandwiched between an undoped high-
reflectivity dielectric mirror centered at 850 nm and an
n*doped AlGaAs layer on the bottom, and a p*-doped
AlGaAs layer and an antireflection coating on top.
These diodes are electrically defined by only ion im-
plantation, which results in a uniformly reflecting
modulator stripe (arrow in Fig. 2) as long as no signals
are applied. Each channel consists of two reverse-
biased diodes connected in series, and the data signal
is applied to the midpoint. The 45-um width of the
diode pair defines the 230-GHz WDM channel band-
width. Each diode pair is connected to the chip car-
rier by wire bonds (bottom of Fig. 2). For higher data
rates, on-chip drivers may be fabricated on the same
wafer by field effect transistor—self-electro-optic effect
device (FET-SEED) technology.”

To simulate a passive filter that defines the WDM
channels, we generate an appropriately delayed pulse
pair by passing the femtosecond pulses through a
Michelson interferometer. This introduces a sinu-
soidal modulation to the spectrum, and the modulation
frequency can be made to coincide with the channel
width by varying the length of one of the interfer-
ometer arms. Figure 3(a) shows the portion of the
femtosecond spectrum that is reflected from the modu-
lator array measured at the output of the transmitter
with a spectral resolution of 0.1 um. The spectral
extent of the channels is indicated by vertical lines
in the figure. The 9-nm bandwidth (FWHM) of the
spectrum covers all 16 modulators. Both diodes are
reverse biased at 9 V, but no data are applied to the
midpoint contact, and the output spectrum is simply
a replica of the input spectrum. The sinusoidal mod-
ulation of the spectrum from the Michelson filter is
clearly visible. Figure 3(b) shows the same region
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with data applied to some of the channels, compared
with the unmodulated trace of Fig. 3(a) (dotted curve).
The data signals swing between both bias rails of each
diode pair, so that the bias for one of the diodes is
dropped to zero, while the other diode sees the full
voltage drop between the bias rails (2 X 9 V). Be-
cause of the quantum-confined Stark effect, the reflec-
tivity of the modulator diode without bias increases,
while the reflectivity of the other diode decreases.

We choose differential data encoding because
the reflectivity change caused by the quantum-
confined Stark effect is a function of the detun-
ing from the exciton peak [see Fig. 3(b)] and also
because the Gaussian envelope of the femtosec-
ond spectrum leads to lower intensities toward the
extremities of the array. Figure 3(c) illustrates
more clearly how logic states 1 and 0 are encoded
differentially by means of diode pairs. The reflec-
tivity change for two channels (9 and 10) modu-
lated at logic states 0 (solid curves) and 1 (dashed
curves) is shown. For a logic 0, the reflectivity of
the left diode (A) is higher than that of the right one
(B), while the reflectivity change for a logic 1 is just
the opposite. The optical cross talk between adja-
cent channels is less than —10 dB. The reflectivity
change for channels 9 and 10 toward the middle of the
array is approximately symmetric. In general, how-
ever, the reflectivity change is not symmetric along
the entire spectrum, because the reflectivity change
is a function of the detuning from the MQW exci-
ton peak. Also, the modulation depth changes along
the spectrum.® Because of the differential encoding,
neither presents a problem for the performance of
the system.

We demonstrate the performance of the system by
modulating a single channel at the repetition rate of
the laser (approximately 82 Mbits/s). In the absence
of a differential receiver, we detect the modulated
channel with a single-ended avalanche photodiode
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Fig. 3. Differential modulation of the femtosecond pulse
spectrum: (a) spectrum reflected from modulator array
with no data applied to the array, (b) spectrum after
modulation of some of the WDM channels, (c) reflectivity
change AR for logic 0 (solid curves) and logic 1 (dashed
curves) in channels 9 and 10.



1168 OPTICS LETTERS / Vol. 20, No. 10 / May 15, 1995

00 T T T T T T

Signal (arb. units)

0.05

0.00

1 M 1 L 1

0 50 100 150

Time (ns)
Fig. 4. Single-channel operation of the femtosecond WDM
system at 82 Mbits/s. The top waveform is the nonreturn-
to-zero data signal applied to the modulator; the bottom
trace shows the signal measured at the receiver. The
signal consists of a train of pulses with nonreturn-to-zero
envelope modulation.
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receiver with a 50-nW sensitivity. For this measure-
ment we mount the chip in a high-speed package with
high-speed connectors and integrated 50-() termina-
tion and connect the input to a word generator. The
work generator is synchronized to the laser repetition
rate. On the receiver side, we use a spatial mask
in front of the detector to select only the signal from
the single modulator diode (half a channel). The
result of the measurement is shown in Fig. 4. The
top waveform is the 16-bit word nonreturn-to-zero
data signal (5 V peak to peak) applied to the modu-
lator. The bottom trace shows the signal detected
at the receiver that consists of a train of pulses with
nonreturn-to-zero envelope modulation. Because of
the single-ended (not differential) detection and the
lower voltage swing compared with that shown in
Fig. 3, the modulation contrast ratio is approximately
3:1. Because the modulated data are from a single
channel only, pulses displayed in the lower trace no
longer are of femtosecond duration but are spread out
to a duration of roughly the inverse of the channel
bandwidth (=10 ps). We also modulate a single
channel with a pseudorandom bit sequence of length
223 — 1. The resulting eye pattern measured at
the receiver is wide open, indicating error-free
operation at 82 Mbits/s for approximately 190 nW
of received optical power. In fact, the bit-error
rate is entirely limited by the receiver noise in
our experiment.

One feature of the femtosecond WDM system is that
the information on each channel always is pulsed at
the repetition rate of the laser source, as long as there
are many longitudinal modes within a channel. Gen-
erally, this is considered an advantage because it helps
in the recovery of the clock at the receiver. On the
other hand, it also is possible to run the source at
such a high repetition rate that the comb of longitudi-
nal modes coincides with the WDM channels.? Then,
each channel contains only a single longitudinal mode.
However, the longitudinal modes now have to be care-
fully aligned with the channel frequencies, not un-
like the situation for single-frequency lasers in current
WDM systems.

In conclusion, we demonstrate femtosecond WDM
that uses a single broadband source to cover all WDM
channels simultaneously rather than one that requires
a separate laser for each channel. Because compact,
diode-pumped femtosecond sources currently are being
developed near 850 nm as well as at 1.5 um, this can
be a practical and economical WDM source for short-
range WDM systems such as fiber in the loop. This
concept also could be used for multichannel intercon-
nects over a single fiber between arrays of transmitters
and receivers.

We acknowledge valuable contributions to this pro-
ject by Ted Damen and Jay Wiesenfeld and the help
in the optical design of the system of Joe Ford.
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