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Abstract—This paper describes the demonstration of 2.5-Gb/s
four-user optical-code-division-multiple-access (OCDMA) system
operating at bit-error rate 10

11 utilizing programmable
spectral phase encoding, an ultrasensitive ( 200 fJ/b) periodically
poled lithium-niobate-waveguide nonlinear waveform discrimi-
nator and 10G Ethernet receiver. A comprehensive description
of this ultra-short-pulse spectral phase-coded OCDMA system
is presented. On the subsystem level, two key component tech-
nologies, namely, femtosecond encoding/decoding and low-power
high-contrast nonlinear discrimination, have been developed and
characterized. At the system level, data for the four-user OCDMA
system operating at 2.5 Gb/s for binary as well as multilevel code
families are described.

Index Terms—Multiaccess interference (MAI), nonlinear optics,
optical code-division multiple access (OCDMA), optical signal pro-
cessing, pulse shaping.

I. INTRODUCTION

MULTIPLE-ACCESS techniques are required to meet
the demand for high-speed, large-capacity commu-

nications in optical networks, which allow multiple users to
share the fiber bandwidth. There are three major multiple
access approaches. Each user is allocated a specific time slot
in time-division multiplexing (TDM) and a specific frequency
(wavelength) slot in wavelength-division multiplexing (WDM).
Both techniques have been extensively explored and utilized
in optical communication systems [1]–[6]. Alternatively, op-
tical-code-division multiple access (OCDMA) [7]–[34], [62] is
receiving increasing attention due to its potential for enhanced
information security, simplified and decentralized network
control, improved spectral efficiency, and increased flexibility
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in the granularity of bandwidth that can be provisioned. In
OCDMA, different users whose signals may be overlapped
both in time and frequency share a common communications
medium; multiple access is achieved by assigning different,
minimally interfering code sequences to different code-division
multiple-access (CDMA) transmitters, which must subse-
quently be detected in the presence of multiaccess interference
(MAI) from other users. Fig. 1 shows a schematic illustration
of bandwidth allocation in TDM, WDM and OCDMA.

CDMA derives from radio-frequency (RF) spread-spectrum
communications, originally developed for military applications
due to an inherent low probability of intercept and immunity
to interference, and more recently for commercial RF cellular
radio applications [35], [36]. CDMA is now becoming the
dominant multiple-access technique in RF wireless networks.
Since RF-CDMA works with typical carrier frequencies in the

1-GHz range and bit rates on the order of 100 kb/s, current
electronic technologies can easily provide coding and long
temporal codes ( 1000 chips) for each bit, which is critical
to support a large number of potential users [7]. In addition,
the bit-error-rate (BER) requirement is usually not so strict
for RF-CDMA. In contrast, the need to perform encoding
and decoding for OCDMA poses one immediate challenge
because of both the optical carrier frequency and the much
higher bit rate of Gb/s per user, which already approaches the
limit of electronic processing. Therefore, innovative all-optical
processing technologies are needed. In addition, the challenges
for OCDMA also come from critical requirements that are
routinely required in optical communication systems. These
requirements include extreme high quality of service (QoS)
(BER at or below), large capacity (tens or hundreds of
users, total capacity up to 100 Gb/s or above), and long dis-
tance [kilometers to 100 km for local area networks (LANs)
and metropolitan area networks (MANs)].

Several different OCDMA schemes have been proposed
[8]–[34], [62], based on different choices of sources, coding
schemes, and detection. OCDMA schemes may be classi-
fied according to the choice of coherent versus incoherent
processing, coherent (mode-locked pulses) versus incoherent
[e.g., amplified spontaneous emission (ASE) and light-emitting
diode (LED)] broad-band optical source, and encoding method
(time-domain versus frequency-domain, amplitude versus
phase). Schemes based on incoherent processing (summing
of optical powers) and broad-band incoherent (noise) sources
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Fig. 1. Schematic illustration of bandwidth allocation in TDM, WDM, and CDMA optical networks.

Fig. 2. Comparison of DS RF-CDMA and spectral-phase-coded OCDMA. (a) Time-domain behavior for RF-CDMA (equivalent to frequency-domain behavior
for OCDMA). (b) Frequency-domain behavior for RF-CDMA (equivalent to time-domain behavior for O-CDMA).

are generally the easiest to implement but offer relatively
poor performance. To increase the available coding space,
time-wavelength (two-dimensional, or 2-D) coding schemes
have been proposed, where each code chip corresponds to a
specific time position and wavelength position within a bit
as determined by a code matrix [22], [30], [31]. This scheme
may utilize either coherent or incoherent sources but employs
incoherent processing (summing of optical powers from chips
with different wavelength and time positions). However, as
in radio spread-spectrum systems, coherent processing based
on manipulation of optical fields, which can be made to sum
to zero, is needed for strongest suppression of MAI and for
best performance. Here, an ultra-short-pulse OCDMA scheme
based on spectral phase encoding and decoding of coherent
mode-locked pulses [10], [15] is experimentally investigated.
A theoretical analysis of the MAI-limited performance of this
approach indicates the potential for OCDMA systems with ca-
pacities from tens to perhaps 100 Gb/s in fully asynchronous
operation, depending on how short a pulsewidth and how long
a code length can be implemented in the system [10].

The proposed ultra-short-pulse OCDMA scheme based on
spectral phase encoding has an interesting analogy with the
most widely used direct sequence (DS) RF-CDMA. Fig. 2
shows time- and frequency-domain evolution during en-
coding/decoding for these two schemes. For DS RF-CDMA,
a bit is divided into many temporal chips and phase-coded for
each chip [for example, 0 or phase shift for bipolar phase
shift keying (BPSK)] in the time domain [Fig. 2(a)] so that
the spectrum of a narrow-band signal is broadened during the
encoding process [Fig. 2(b)]. After decoding at the receiver, a
properly decoded signal is recovered back to a narrow-band
signal, which can be separated out by a narrow-band filter from

Fig. 3. Timing control in OCDMA optical networks.

the improperly decoded broad-band MAI. This encoding/de-
coding process manifests the spread-spectrum property of DS
RF-CDMA [35], [36] where there exists a tradeoff between
bandwidth and performance. The proposed OCDMA scheme
is just a time–frequency-reversed version of DS RF-CDMA,
where the ultra-short-pulse spectrum is divided to many fre-
quency chips and phase-coded for each chip [Fig. 2(a)]. This
results in spreading in the time domain [Fig. 2(b)], while proper
decoding “de-spreads” the encoded signal back to its original
duration in time.

CDMA is well suited for bursty network environments, and
the asynchronous nature of data transmission can simplify and
decentralize network management and control. However, due
to system requirements mentioned previously, full asynchro-
nism is difficult to implement in practice while simultaneously
maintaining sufficient MAI suppression. Therefore, some
level of synchronism is built into many two-user OCDMA
schemes. The time scales relevant for a discussion of syn-
chronism requirements are illustrated in Fig. 3. The coarsest
time scale is the bit period . Uncoded or properly decoded
waveforms have a duration that is called the chip duration

. Encoded or improperly decoded pulses are pseudonoise
waveforms with a larger duration, which is referred to here as
the slot duration . In the proposed spectral-phase-coded
OCDMA scheme, the individual features in the pseudonoise
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TABLE I
COMPARISON OF OCDMA SCHEMES IN TERMS OF TIMING REQUIREMENT

TR: timing requirement, Ref: references. Not all the references include a sufficiently detailed timing discussion.

For references [19], [22], [27], detection was clearly based on gating with chip-level synchronism; however,

the level of timing coordination at the transmitter was not clearly specified. In those cases the classification

was made according to the authors’ best interpretation.

waveforms have characteristic durations equal to , and
the number of independent features is equal to the code length

, i.e., . For a fully asynchronous system,
signals transmitted by any user can fall anywhere within a bit
duration without coordination with other users. In a fully
synchronous system, the signal transmitted by any specific
user must be coordinated with the transmission time of all the
other users, with a timing precision below . Furthermore,
a synchronous receiver would require optical clock recovery
for gating with timing precision also below . To relax the
timing requirements of the fully synchronous approach, the
authors of the present paper propose the concept of slot-level
coordination—the transmission time of a user is controlled on
the time scale of the slot duration but without the need for
chip-level timing control. Accordingly, OCDMA can be classi-
fied according to different levels of synchronism requirements.
At the transmitter side, there are distinctions between no coordi-
nation (full asynchronism) versus slot-level coordination
versus chip-level coordination. At the receiver side,
there are distinctions between asynchronous detection versus
synchronous detection requiring chip-level speed (either
electronically or via optical gating with clock recovery). All the
possible combinations are listed in Table I with representative
references. It is clear that chip-level transmission coordination
and/or synchronous detection requiring chip-level speed
are used in many two-user OCDMA schemes. This sacri-
fices one of the most significant advantages, asynchronism,
of CDMA. In contrast, the proposed scheme only requires
slot-level coordination, and fully asynchronous detection is
achieved by means of a novel asynchronous nonlinear optical
processing technique.

Fig. 4 shows the conceptual OCDMA network diagram for
many of the OCDMA approaches. Input ultra-short pulses are
time-spread during the encoding process into lower intensity
noiselike signals [15]–[34], [62]. In the receiver, data corre-
sponding to a desired user is separated from MAI via a matched
filtering (decoding) operation, in which properly decoded sig-
nals are converted back to the original pulselike signals, while
improperly decoded signals remain low-intensity, noiselike,

Fig. 4. Conceptual diagram of an OCDMA network.

temporally broad waveforms. Since the energy in properly
and improperly decoded signals remains similar, and since the
temporal duration of even improperly decoded signals is on the
order of the bit period or below, both properly and improperly
decoded signals will appear essentially identical to an electronic
receiver band-limited to the data rate. Consequently, either very
fast electronics or a nonlinear optical intensity discriminator
play a critical role in separating properly decoded short pulses
from improperly decoded MAI.

In previous literature, interference rejection was achieved
using a nonlinear fiber-optic discriminator in a fully asyn-
chronous two-user experiment using spectral phase en-
coding/decoding but operated at only 50 Mb/s [15]–[17]. An
AWG-based device has been used for encoding/decoding of a
single 10-Gb/s data stream; however, the crucial interference
rejection function was not demonstrated [18]. Fiber grating
encoders have been used to demonstrate two simultaneous
frequency-overlapped 1.25-Gb/s users using fast electronics for
waveform discrimination [26]. Fiber gratings were also used
in a single-user 1.25-Gb/s experiment using a nonlinear fiber
device for contrast enhancement; however, no testing with mul-
tiuser interference was reported [25]. An OCDMA/WDM/TDM
overlay experiment demonstrated very high aggregate bit rates
but relied on synchronous nonlinear gating in the receiver,
with timing coordination and synchronism required down to

1 ps [20], [21]. Recently a four-user 1.25-Gb/s system has
been demonstrated using spectral phase coding and a highly
nonlinear fiber for MAI suppression [33]. This experiment
required coordination of transmitted signals with chip-level
timing requirements as well as relatively high powers at the
receiver.
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Fig. 5. Four user OCDMA system testbed.

This paper describes the demonstration of a four-user spec-
tral-phase-coded OCDMA system operating at 2.5 Gb/s with
strong nonlinear interference suppression. Compared with pre-
vious literature, there are two key points, as follows: 1) full
interference suppression with four users at gigabit-per/second
rates without the need for chip-level timing coordination or syn-
chronous gating and 2) the use of a novel ultrasensitive nonlinear
optical intensity discriminator based on second harmonic gen-
eration (SHG) in a periodically poled lithium niobate (PPLN)
waveguide. The nonlinear discriminator used permits full MAI
suppression at an operating energy of 200 fJ/bit, as much
as two orders of magnitude lower than previous discriminators
based on nonlinear fiber optics [15], [16], [20], [21], [25], [33].
The ability to operate at low power per user is critical for scaling
an OCDMA system to multiple users.

The power scaling issue can be understood as follows. Let
us assume that the self-gated nonlinear discriminator key to the
proposed scheme requires some value to achieve a desired
BER performance, where is the energy required per bit for
a single properly decoded user. Since equal samples of each
channel are seen by every OCDMA receiver, the average power
required at the nonlinear element is 0.5 , where is
the number of channels, is the data rate, and the factor 0.5
comes from ON–OFF keying (OOK). Previous demonstrations
of OCDMA nonlinear discriminators were based on nonlinear
fiber optics, where typical values for range from 5–50 pJ
[15], [25]. For four 2.5-Gb/s channels, this gives an average
power requirement of 14–24 dBm at each receiver. Scaling to
significantly higher bit rates and channel numbers would re-
quire a very large optical amplifier at each receiver, which is
highly undesirable for application to networks with large num-
bers of nodes. To address this scaling issue, it is critical to re-
duce . The experiments using waveguide SHG generation
achieve 200 fJ/bit at 2.5 Gb/s, a reduction approaching two or-
ders of magnitude compared with discriminators based on non-
linear fiber optics.

It is noted that very recently, subsequent to the submission
of this paper, four-user 10-Gb/s spectral-phase-coded OCDMA
system experiments have been reported both by the authors of
the present paper and by another group. These references are
included for completeness [60], [61].

The remainder of this paper is structured as follows. In
Section II, the ultra-short-pulse spectral-phase-coded OCDMA
testbed and key enabling components are described. Sec-
tion III presents the four-user system experiment with all of
the OCDMA subsystems connected together. In Section IV,

some challenges for ultra-short-pulse OCDMA implementation
as revealed by the experiments are discussed, and Section V
concludes the paper.

II. OCDMA SYSTEM AND COMPONENTS

A schematic diagram of the four user OCDMA demonstration
is shown in Fig. 5. An actively mode-locked fiber laser followed
by a dispersion-decreasing fiber (DDF) soliton compressor pro-
ducing nearly transform-limited 400-fs pulses at 10 GHz cen-
tered near 1542 nm is used as the pulse source. A 2.5-Gb/s pseu-
dorandom bit sequence (PRBS) data stream is impressed
on the laser output (four pulses in each bit) with an intensity
modulator, and then a 1 4 passive splitter is used to generate
the four separate users. For three of the users, the data-modu-
lated ultra-short pulses are input into encoders constructed from
fiber-coupled Fourier transform pulse shapers [38]–[40] to spec-
trally phase code the spectrum of the source laser. A fourth un-
coded user path is also present to serve as an additional strong
interference channel. Since this uncoded path shows essentially
the same noiselike characteristics as other users after it is im-
properly decoded, this is sufficient to evaluate MAI effects. All
four users are independently controlled to equalize their powers
and to obtain identical polarizations at the receiver in order
to correctly evaluate the effect of MAI. The output data from
each user path are decorrelated by a fiber delay line and then
combined to a short transmission fiber. Appropriate lengths of
dispersion-compensating fiber (DCF) are used to compensate
the dispersion of the user paths. Only single-mode fiber (SMF)
and DCF are used in our experiments; polarization-maintaining
(PM) fiber is not employed. The receiver consists of another
fiber-coupled Fourier transform pulse shaper which selects (de-
codes) the desired user channel, an optical amplifier, a highly
sensitive fiber-pigtailed PPLN waveguide chip to perform the
nonlinear discrimination function, and a 2.4-GHz bandwidth
photoreceiver, adapted from 10-Gb/s Ethernet, operating at the
second harmonic wavelength of 0.77 m. The detailed descrip-
tions of the key enabling components are as follows.

A. 10-GHz 400-fs Pulse Source

A home-made actively mode-locked fiber laser [37] is used
which allows center wavelength tuning from 1535 to 1560 nm
and repetition rate tuning from 8 to 13 GHz, while keeping a
2.5 3.5 ps (full-width-at-half-maximum, or FWHM) short
pulse. In the current paper, the center wavelength is 1542 nm,
and the repetition rate is 9.9988 GHz, generating a 2.6-ps pulse.
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Fig. 6. 10-GHz 400-fs pulse: (a) intensity autocorrelation measurement and (b) optical spectrum.

Fig. 7. Reflective pulse shaper used as encoder/decoder. f : Focal length,. PC:
Polarization controller. LCM: Liquid-crystal modulator.

In order to achieve sufficient bandwidth for OCDMA spectral
phase coding, the laser output is followed by a DDF soliton
compressor to produce nearly transform-limited 400-fs pulses
assuming hyperbolic secant pulse shape. An intensity autocor-
relation measurement of the pulses after the DDF and the optical
spectrum are shown in Fig. 6.

B. Pulse Shaper Encoder/Decoder

Both encoding and decoding are implemented by the well-
developed ultra-short-pulse shaping techniques [38]–[40] using
a fiber-coupled Fourier transform pulse shaper which incorpo-
rates a 128-element liquid-crystal modulator (LCM) array to
spectrally phase code the spectrum of the source laser. The indi-
vidual pixels of the LCM can be electronically controlled inde-
pendently to give an arbitrary phase shift in the range of 0 to 2
with 12-bit resolution. Fig. 7 shows the reflective pulse shaper
configuration used in our experiment [41]. Since the diffraction
grating in our setup is polarization dependent, a polarization
controller (PC) is used before circulator port 1. A collimator
is connected to circulator port 2. A telescope could be inserted
after the collimator to magnify the beam size on the grating
in order to enhance the spectral resolution. Discrete frequency
components making up the input short pulse are horizontally
diffracted by the grating and focused by the lens at the retro-
reflecting mirror. The LCM is placed just before the lens focal
plane to enable programmable spectral phase coding. A retro-

Fig. 8. Intensity cross-correlation measurements of uncoded (solid line) and
127 MS encoded (dotted line) pulses. Inset figure shows encoded pulse with
enhanced vertical scale.

reflecting mirror leads to a double pass geometry, with all the
frequencies recombined into a single fiber and with the output
from circulator port 3. The pulse shaper is easily programmed
under computer control, which allows convenient testing of var-
ious code families.

In order to optimize system performance, we investigated
several pulse shaper designs for use in OCDMA. In general,
high spectral resolution and low loss are the most critical issues
in the designs. Unfortunately, there exists a tradeoff between
high resolution and low loss in our current designs. More code
chips for spectral phase coding can be achieved in a high-
resolution pulse shaper, which is critical to scale to a large
number of users in OCDMA implementations [10]. The resolu-
tion here is defined as the beam diameter (intensity decreases to

of peak value) at the LCM plane for each single frequency
component. Since 128 pixels of the LCM cover 12.8 mm, each
with 100- m active width, a maximum of 128 coded chips is
feasible if the resolution is equal to or less than 100 m. Fig. 8
shows intensity cross-correlation measurements of uncoded
and encoded pulses with such a high-resolution shaper. The
uncoded (LCM set for all pixels at zero phase) pulse is quite
similar to the input 400-fs pulse, which is characteristic of a
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TABLE II
REFLECTIVE PULSE SHAPER PARAMETERS

well-aligned pulse shaper. The encoded pulse is broadened to an
100-ps pseudonoise waveform by spectral phase coding with

a length-127 M-sequence (MS) code (a pseudorandom binary
phase code with phase shifts of 0 or ) [35]. 127 pixels are
used for the length-127 code, while setting the unused pixel at
0 phase. The 15.6-dB peak intensity contrast ratio between the
two traces clearly illustrates the stretching of input short pulses
into time-spread noiselike pulses by pseudorandom spectral
phase coding. The inset figure shows an encoded pulse with en-
hanced vertical scale to demonstrate the fine temporal structure
present on the encoded waveform. The 8.5-dB fiber-to-fiber
insertion loss of this high-resolution shaper is relatively high
due to poor coupling back to the large beam size (5.4 mm)
collimator, which has to be used to achieve small beam size
(high resolution) at the LCM layer. Loss reduction is possible
by optimizing the fiber to free-space beam delivery system.

Constructing a low-loss pulse shaper is important for practical
application in the OCDMA system. Using a smaller beam size
(1.9-mm) collimator, we are able to achieve as low as 4.0-dB
fiber-to-fiber insertion loss, which is the lowest value ever re-
ported. The loss is distributed as follows: 2.0 dB from the polar-
ization controller and circulator, 1.0 dB from the LCM, and the
remaining 1.0 dB from other components, including collimator
input/output coupling, grating diffraction loss, lens and retro-

reflective mirror. Alignment-related loss is included in this latter
1.0 dB. Further loss reduction may require lower loss compo-
nents (e.g., the circulator). The resolution at the LCM plane is
degraded to 300 m due to the smaller beam size collimator,
which supports up to 42 spectral chips because each chip has to
be represented by three pixels. Nevertheless, it is sufficient for
our system experiment where length-31 codes are used.

In order to form a matched encoder/decoder pair, the spectral
coding range covered by the 128 pixels of the LCM has to be
identical for both shapers. In addition, due to its programmable
nature, the decoder in our experiments can be tuned to decode
each of the four users. Consequently, all four pulse shapers (three
encoders and one decoder) are carefully constructed to have a
nearly identical spectral-phase-coding range. The detailed pa-
rameters of these four pulse shapers and the high-resolution pulse
shaper discussed previously are listed in Table II. Note that the
matched encoder/decoder pair does not necessarily require iden-
tical pulse shaper designs, but only requires identical spectral
coding range and sufficient resolution. Actually, the designs of
the four pulse shapers implemented in our system experiment are
considerably different, including diverse selections of collima-
tors, gratings, and lenses. This demonstrates, for the first time to
the authors’ knowledge, successful implementation of an en-
coder/decoder pair using different pulse shaper designs.
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Fig. 9. Intensity cross-correlation measurements. (a) Uncoded (solid line) and 31 MS encoded (dotted line) pulses. (b) Properly decoded (solid line) and improperly
decoded (dotted line) pulses.

Fig. 10. Optical spectra measurements. (a) Uncoded, (b) 31 MS encoded, and
(c) properly decoded and (d) improperly decoded. Optical spectrum analyzer
(OSA) resolution: 0.05 nm.

Fig. 9(a) shows intensity cross-correlation measurements of
uncoded and encoded 20-ps pseudonoise waveforms with a
length-31 MS code from user 1. It shows behavior similar to
Fig. 8 but with less broadening of the pseudonoise waveform
because of the smaller number of code chips. Fig. 9(b) shows
decoded pulses after two shapers forming an encoder/decoder
pair. The improperly decoded pulse remains a broadened
pseudonoise waveform as MAI. The properly decoded pulse
is converted back to a short pulse with 1.4-dB coding loss
and minimal side lobes located at 14.3 ps, which clearly
demonstrates successful decoding in the time domain. The
properly decoded pulse is slightly broadened to 450 fs due to
the coding process and residual dispersion.

Fig. 10 shows optical spectra measurements of uncoded,
encoded, and properly and improperly decoded pulses cor-
responding to the time-domain traces shown in Fig. 9. The
spectrum for the uncoded pulse in Fig. 10(a) shows 17.9-nm
spectral coding range cut at the edge of the input spectrum.
Clear spectral dips are observed in the encoded/decoded spectra
in Fig. 10(b)–(d) whenever a phase transition occurs

Fig. 11. PPLN waveguide SHG phase-matching spectrum.

in the spectrum explaining the 1.4-dB coding loss, side lobes,
and slight pulse broadening mentioned previously. The dips in
the spectra are related to diffraction effects arising from the
frequency components of the input pulse which fall at
transitions of the LCM in the pulse shaper, which has been
quantitatively clarified by simulation and theoretical analysis
[15], [42]. The properly decoded pulse spectrum in Fig. 10(c)
looks very similar to the encoded one in Fig. 10(b) except for
slightly wider spectral dips, since the dips generated by the
encoder and decoder are located exactly at the same position,
which clearly shows successful decoding in the frequency
domain. Finally, there are more dips on the spectrum of the im-
properly decoded pulse in Fig. 10(d) because transitions
between the encoder and decoder are different.

C. Nonlinear Processing Based on PPLN

As discussed in the introduction section, a nonlinear op-
tical intensity discriminator plays a critical role in separating
properly decoded short pulses from improperly decoded MAI.
In our testbed, successful information recovery from MAI is
achieved by the use of a novel ultrasensitive nonlinear optical
intensity discriminator based on second harmonic generation
(SHG) in a PPLN waveguide. The PPLN chip is 67 mm long
with 62 mm periodically poled and a channel waveguide
fabricated by reverse proton exchange [43]. The propagation
losses were 0.2 dB/cm. Fig. 11 shows the PPLN waveguide
SHG phase-matching spectrum, which exhibits a -shape
with 0.17-nm bandwidth centered at 1542 nm by temperature
tuning to 92.5 C. Its center wavelength shifts 0.1 nm C,
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Fig. 12. Intensity cross-correlation measurements of properly decoded channels 1–4 [(a)–(d), respectively] demonstrating the ability to selectively decode any of
the four user channels. Channel 4 (d) is the uncoded user.

with almost the same profile. The phase-matching bandwidth
is consistent with 18.6-ps temporal walk-off between the fun-
damental and SHG fields. Asymmetry of the phase-matching
curve may be attributed to uneven temperature distribution
across the PPLN chip. The measured internal SHG efficiency
at the peak of the phase-matching curve is 3100%/W for con-
tinuous wave (CW) and 170%/pJ for ultra-short pulses. In the
future, even higher efficiency and thus stronger discrimination
may be possible by fabricating even longer waveguides.

The use of a waveguide structure together with a long non-
linear medium leads to dramatically increased SHG conversion
efficiency for uncoded or properly decoded (bandwidth-limited)
pulses [43]; on the other hand, SHG can be strongly suppressed
for spectral-phase-encoded or improperly decoded pulses.
Roughly speaking, two distinct mechanisms can contribute to
suppression of the SHG signal. First, in conventional SHG with
large phase-matching bandwidth, the SHG efficiency scales
inversely with the pulsewidth. Second, in SHG with large
group velocity walk-off, where the device phase-matching
bandwidth is much narrower than the input spectrum (as in our
experiments), phase modulation on the pulse can also strongly
suppress the conversion efficiency. More precisely, one can
control the SHG yield by changing the correlation properties
of the applied spectral phase code sequences [44], [45]. In this
way, the ability to discriminate between uncoded (properly
decoded) and encoded (improperly decoded) pulses is greatly
enhanced. As a result, second harmonic power contrast ratios
of up to 20.1 dB between uncoded and encoded waveforms
were observed when coding with a length-31 MS code in
experiments at 10 GHz, with less than 1-mW average power
(100 fJ per pulse) in the PPLN waveguide [46]. A key point is
that the pulse energies required here are approaching two orders
of magnitude lower than those required in previous OCDMA
decoding experiments based on nonlinear fiber optics.

III. SYSTEM EXPERIMENTS

In this section, we present the system experiments, which
combine all the key components to form an OCDMA testbed
as shown in Fig. 5.

A. Four-User 2.5-Gb/s Experiment Results

Fig. 12 demonstrates the ability to properly decode any of the
four-user channels by the correct selection of decoder spectral
phase code—here, a length-31 MS code. The figure shows inten-
sity cross-correlation measurements of the non-data-modulated
stream measured at “measurement point ” (just before the non-
linear processor) shown in Fig. 5. In our experiment, the pulses
from each user are roughly separated by 25 ps for a time-slotted
OCDMA scheme. There is no need for precise control of the
time offsets. Fig. 12 clearly demonstrates that the properly de-
coded user is converted back to a short pulse, while the improp-
erly decoded users (MAI) are noiselike temporally broadened
waveforms. These noiselike waveforms show distinct fine tem-
poral structure due to the superposition of different spectral phase
codes in the encoder and decoder. For example, user 1 and user 2
will see different noiselike waveforms from interference user 3.

The need for a nonlinear pulse discriminator is dramatically
illustrated in Fig. 13, where we use a conventional 1.5- m
photodetector optimized for the 2.5-Gb/s data rate to detect
the decoder output prior to entering the nonlinear processor.
Fig. 13 shows the temporal profile of both properly decoded
[(a)—short pulse) and improperly decoded [(b)—temporally
broadened] signals, as seen on a sampling scope. Other than
the very small amplitude difference due to coding loss in the
pulse shaper, there is no noticeable difference between the
signals. This clearly illustrates the main issue in OCDMA with
ultra-short pulses: properly decoded and improperly decoded
waveforms have fundamentally the same energy, which means
they produce the same output from a relatively slow electronic
detector, even though they can show strong differences in
temporal structure and peak intensity on an ultrafast time scale
(as shown in Fig. 12). Further, in a system environment, the
signals from all users will be superimposed when viewed by
a conventional photoreceiver with bandwidth optimized for
the data rate. Fig. 13(c) and (d) shows cases of two and four
users; the eyes are completely closed. It is very interesting to
observe the double and quadruple eyes in (c) and (d). For the
two-user case in (c), the double eye can be understood by the
following. The top line of the eye corresponds to “1” bits that
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Fig. 13. Eye diagrams prior to nonlinear processing (measurement point� in Fig. 5). (a) Single-user properly decoded, (b) single-use improperly decoded, (c) two
users, and (d) four users. (a) and (b) demonstrate that both properly decoded and improperly decoded single-user channels look essentially identical on a linear
detector. (c) and (d) demonstrate that multiple users cannot be adequately separated using linear detection.

are transmitted by both users because the power is doubled.
The bottom line of the eye corresponds to “0” bits that are
transmitted by both users because the power is blocked by
intensity modulation of the data stream. The middle line of
the eye corresponds to “1” and “0” bits that are transmitted
by either of the two users, while the second user transmits the
conjugate state. In addition, since the probability of transmit-
ting a “1” bit or “0” bit by each of the two users is twice that
of simultaneously transmitting either “1” bit or “0” bit, there
are twice the number of points in the middle line of the eye,
resulting in darker middle lines shown in the figure. A similar
explanation follows for the (barely visible) quadruple eyes of
four users in Fig. 13(d). From another perspective, these figures
also confirm that all four users are fully decorrelated by the
different fiber delays experienced by each channel. It is also
interesting to point out that for a single user, a relatively slow
linear electronic detector can be used to correctly detect the
signal even if the spectral-phase-code is unknown because both
properly and improperly decoded pulses show essentially the
same output as shown in Fig. 13(a) and (b). This means that
the potential security advantage of OCDMA is not realized in a
single-user system employing OOK. However, security can still
exist as shown in Fig. 13(c) and (d) in a multiuser environment,
which is of practical interest.

Nonlinear processing enables us to separate these temporally
overlapped signals, thereby permitting a multiuser system.

Fig. 14(a)–(d) shows, respectively, the output of the receiver
(measurement point in Fig. 5), for a single properly decoded
user, a single improperly decoded user, two users (channel 1
properly decoded), and four users (channel 2 properly decoded)
at a power in the nonlinear processing element of 3 dBm per
user. The clean eye diagrams clearly demonstrate the ability to
properly decode the desired channel and separate it from the
interference channels.

Fig. 15 shows BER curves for one, two, and four users at
2.5 Gb/s plotted versus the power at the photoreceiver (“mea-
surement point ”), with either channel 1 or 2 decoded. In all
cases, we were able to measure BERs down to less than .
There is a power penalty of roughly 1.5 dB per interfering user
(similar for both decoded channels), which we attribute at least
in part to the finite interference suppression ratio of the non-
linear discriminator.

Fig. 16 shows the same BER data as in Fig. 15 but replotted
against the total power in the nonlinear discriminator (“mea-
surement point ”). With perfect interference suppression, the
power required at the discriminator should scale proportional
to the number of users. The data show almost exactly a 3-dB
power increase in going from one to two users, just as expected.
An additional 4.5 dB is required in going from two to four
users (for BER). This is 1.5 dB above the 3-dB expected
value, which means there is an 1.5-dB power penalty refer-
enced to the input of the nonlinear discriminator. The key point,
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Fig. 14. Eye diagrams after nonlinear processing (measurement point � in Fig. 5) at�3 dBm per user. (a) Properly decoded channel 1, single user. (b) Improperly
decoded channel 1, single user. (c) Two-user system, properly decode channel 1. (d) Four-user system, properly decode channel 2. (a) and (b) demonstrate the large
contrast between a properly and improperly decoded single-user channel. (c) and (d) demonstrate clear decoding of the desired user in a multiple user system via
nonlinear processing.

Fig. 15. BER measurements for single user (circles), two users (squares),
and four users (triangles). Decoded channel 1 and channel 2 are measured,
respectively. Power refers to value at photoreceiver (“measurement point �”).

however, is that we are able to run the four-user experiment at
only 0.65 mW per user in the nonlinear element, which pro-
vides substantial margin for scaling to higher bit rates and user
counts while provisioning only a moderately sized optical am-
plifier to each receiver node. More precisely, for a single user,

Fig. 16. Same BER data as in Fig. 15 but replotted against the total power in
the nonlinear discriminator (“measurement point �”). BER measurements for
single user (circles), two users (squares), and four users (triangles). Decoded
channel 1 and channel 2 are measured, respectively.

the required power in the nonlinear element at BER is
3.7 dBm, which corresponds to an average energy of 171

fJ/b at 2.5 Gb/s. For four users, the required power ( 4 dBm)
corresponds to an average energy of 251 fJ/b per user.
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Fig. 17. (a) Length-31 binary (two-level) MS phase codes, (b) quaternary
(4-level) phase codes, and (c) quadratic residue (31-level) phase codes.

B. Multilevel Codes and Capability of Programmable Coding

Our programmable pulse-shaping technique provides flexi-
bility and ease of use in switching to different spectral codes.
This could be very helpful in a network environment since code
sequence selection plays a critical role in determining the per-
formance of CDMA communication systems [47]. As an ex-
ample of this capability, in addition to binary MS codes demon-
strated in previous sections, we have also applied a four-level
(quaternary) family code [47] and a 31-level quadratic residue
code [48], as shown in Fig. 17 together with a binary MS code
for comparison. Based on the coding literature, multilevel code
families can provide a larger number of distinct code sequences
with small cross correlation [47]. Figs. 18 and 19 show BER
measurements for decoded channel 2, which are obtained by en-
coding and decoding all users with length-31 quaternary codes
and quadratic residue codes, respectively. Note that the aggre-
gate powers before the nonlinear optical-to-electrical (O/E) con-
version for two users is somewhat less than 3 dB higher than
for one user. Most likely, this occurs because the improperly
decoded user experiences higher coding loss than the properly
decoded user as illustrated by the greater number of spectral
dips shown in Fig. 10; this seems to have a bigger effect in the
case of multilevel coding. For four users, the quaternary code
shows slightly improved performance to the MS codes, while
the quadratic residue code suffers slight degradation. To the au-
thors’ knowledge, this is the first demonstration of greater than
four-level phase coding in OCDMA systems.

C. System Degradation Caused by Pulse Overlap
Between Users

In our four-user OCDMA demonstration, based on nonlinear
processing, there is no need for precise (chip-level) coordi-
nation of transmission times or for clock recovery and syn-
chronous gating in the receiver, as discussed in the introduction.
However, we have introduced a slot-level coordination scheme
and intentionally separated the four users in the time domain,
as shown in Fig. 12. We have found that system performance is
significantly degraded as pulses overlap between users. Fig. 20
shows the eye diagrams for a two-user experiment while tuning

Fig. 18. Decoded channel 2 BER measurements with quaternary codes for
single user (circles), two users (squares), and four users (triangles). (a) Power
refers to value in nonlinear waveguide (“measurement point �”). (b) power
refers to value at photoreceiver (“measurement point �”).

Fig. 19. Decoded channel 2 BER measurements with quadratic residue codes
for single user (circles), 2 users (squares), 4 users (triangles). (a) Power refers
to value in nonlinear waveguide (‘measurement point �”). (b) Power refers to
value at photoreceiver (“measurement point �”).

the pulse separation. When the pulses from the two users are
overlapped completely (0-ps separation), the properly decoded
user is seriously degraded by the interference channel. The eye
becomes clear with increasing temporal separation. The degra-
dation caused by overlapping is almost negligible when the
separation is larger than 20 ps. Obviously, such degradation
is a kind of beat noise between the signal and interference.

As a qualitative explanation, consider the following ex-
ample. If the number of chips in the code is 100, the
broadened interference waveform intensity is approximately
1% of the short-pulse signal peak intensity. When there is
no temporal overlap, the impact of interference is very small
after nonlinear processing, since the nonlinear discriminator
strongly suppresses the interference signal, and any remaining
interference that leaks through the discriminator simply adds
(in power) to the desired signal. However, when temporal
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Fig. 20. Degradation caused by pulse overlapping between users. Eye diagrams for two users (channel 1 and 4) with separation (a) 0-ps, (b) 10-ps, (c) 20-ps, and
(d) 30-ps separation with decoded channel 1.

Fig. 21. Illustration of system degradation caused by pulse overlap between users.

overlap occurs, the optical fields (not power) sum at the input
of the nonlinear device. For the prior example, the inter-
ference-field amplitude is 10% of the signal-field amplitude
during the interval of the short pulse. Therefore, the beat-noise
intensity fluctuation could be as large as 20% (worst case)
of the signal intensity (illustrated in Fig. 21). The size of
the fluctuation, which is already large, may be increased by
the nonlinear optical processing—whether this is performed
using an SHG device as was done here, using fiber-based
nonlinear optical devices [15], [33], or using other nonlinear
devices. The effect of beat noise in ultra-short-pulse OCDMA
has been fully analyzed when an ideal thresholder is used at
the receiver [10]. However, further analysis is needed when

practical asynchronous nonlinear optical processing devices
are placed before the O/E conversion, which of course will
depend strongly on the detailed mechanism of the particular
nonlinear optical processing device. Degradation caused by
overlap is a universal problem for multiuser OCDMA systems
[20], [21], [27], [32], [33]. Proposed remedies include optical
gating [20], [21], [27] and/or chip-level timing coordination
[32], [33]. Optical gating requires clock recovery and a syn-
chronous reference pulse train at the receiver, while chip-level
timing coordination requires synchronous control at the trans-
mitter. As a result, both methods sacrifice the advantage of
asynchronism. Further investigation into interference suppres-
sion methods is needed.
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IV. DISCUSSION

We have demonstrated a four-user OCDMA system operating
at 2.5 Gb/s with a low-power requirement per user, which shows
potential for scaling of OCDMA at multigigabit-per-second
data rates to significantly higher user counts. However, sev-
eral factors may affect the practical implementation of an
OCDMA system. Some of the issues that would affect practical
short-pulse OCDMA operation were discussed in [15], such
as splitting loss in a network with broadcast-star architecture
and the desirability of miniaturizing the encoder/decoder
using integrated devices. One serious problem identified in
[15], namely, the requirement of high powers for nonlinear
processing, has been addressed in this paper by using a PPLN
waveguide operating in a low-power range compatible with
current fiber-optic communication systems. Here, we point out
some new issues arising from our experiments.

1) MAI degradation caused by temporal pulse overlap be-
tween users will seriously limit user numbers and com-
plicate control and management for the OCDMA system.
In addition to the techniques mentioned previously, we are
currently trying to engineer the PPLN design to partially
alleviate this effect and improve system performance. In
addition, one may use the electrical technique of forward-
error correction (FEC) to improve system performance.

2) In our current system, we have fiber links consisting
of approximately 50 m of SMF and 10 m of DCF. In a
network environment, different transmission distances
are required, from 1 km for local access and 100 km
for metro access. Our group has previously demon-
strated distortionless transmission of 400-fs pulses
over a 10-km dispersion-compensated fiber link [49],
[50], which may be extendable to an 100-km range.
Although programmable dispersion compensation used
in the encoder/decoder allows fine tuning of the overall
dispersion balance in the system, each fiber link in the
OCDMA system will still need rather precise setting of
its fixed-dispersion compensator. Greater precision will
be needed if shorter pulses or longer fibers are desired,
and this may ultimately limit the usable pulsewidth or
fiber span. Polarization-mode dispersion (PMD) will
likely also become an issue for scaling transmission of
sub-500-fs pulses to the 100-km range.

3) The overall capacity in the ideal fully asynchronous
ultra-short-pulse OCDMA scheme scales inversely with
pulsewidth (for fixed code length) and increases strongly
with increased code length (for fixed pulsewidth) [10].
Here, we have demonstrated system operation with
400 500-fs pulses and code length-31 and have per-
formed a fiber-pigtailed pulse-shaping experiment for
code length-127. To obtain capacities in the range of

100 Gb/s or above, one needs code lengths in the range
of 127 to 511 and shorter pulsewidths (100–300 fs) [10],
[15]. Shorter pulsewidths would allow a greater increase
in code length, since more spectrum is available for
coding. It is possible to achieve 100-fs high-repeti-
tion-rate (10-GHz) pulse trains by soliton compression

using dispersion-decreasing fiber followed by pulse
cleaning using a nonlinear optical loop mirror (NOLM)
[51]. Spectral dispersive devices providing better spectral
resolution than diffraction gratings may also contribute
to achieving longer code lengths. For example, virtu-
ally imaged phased-array (VIPA) spectral dispersers
have been demonstrated for spectral coding with 5-GHz
resolution [32], and demonstrations of demultiplexing
linewidths down to 1.25 GHz [52] show promise for fur-
ther improvements in pulse-shaper spectral resolution. In
addition, substantially longer code lengths would require
LCMs (or other modulator array technologies) with more
than 128 pixels. LCM devices with 512 [53] and 640
pixels [54] have been previously demonstrated for pulse
shaping, and 640-element devices are now commercially
available.

4) Actively mode-locked fiber lasers are relatively compli-
cated compared with traditional continuous-wave semi-
conductor lasers used in WDM systems. It may be prefer-
able to utilize high-repetition-rate actively mode-locked
lasers based on semiconductor laser technology [55], [56],
when these are realized in truly compact form.

5) PPLN requires temperature control, which affects the
center wavelength of the SHG phase-matching spectrum.
The preciseness of temperature control can be relaxed
by broadening the phase-matching bandwidth by engi-
neering the PPLN design [57], [58]. In addition, PPLN
is polarization sensitive, which may be considered as an
advantage in helping suppress MAI because polarizations
are randomly distributed among multiple users. However,
this also requires polarization control for the desired user,
which would complicate receiver design. It is also noted
that a polarization-independent device can be realized by
methods demonstrated in [59].

6) It is worth remarking once more on the relationship be-
tween the degree of timing synchronism and performance.
In general, increasing timing coordination and synchro-
nism can provide greater user counts and spectral effi-
ciency, at the cost of greater complexity. The analysis
of spectral-phase-coded OCDMA in [10] assumed essen-
tially full asynchronism. Improved performance can be
expected from the time-slotted scheme investigated here,
at a moderate increase in complexity. Further improve-
ment will likely be possible using full chip-level timing
coordination in the transmitter and synchronous gating in
the receiver with a chip-level timing requirement, at the
cost of still greater increase in complexity.

V. CONCLUSION

A comprehensive description of an ultra-short-pulse spec-
tral-phase-coded OCDMA system has been presented. On the
subsystem level, two key component technologies, namely,
femtosecond encoding/decoding and low-power nonlinear dis-
crimination, have been developed and characterized. High-fi-
delity femtosecond encoding/decoding for length-31 codes has
been demonstrated in system experiments. The feasibility of
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coding with up to length-127 codes is also demonstrated. High-
contrast nonlinear processing using SHG in a PPLN waveguide
permits excellent discrimination against MAI while operating
at low power, which enables the multiuser OCDMA system to
operate at practical power levels compatible with traditional
optical communication systems. At the system level, for the
first time, a four-user OCDMA system operating at 2.5 Gb/s
requiring 200 fJ/b for each user was demonstrated. Multi-
level codes have also been demonstrated, which provides the
possibility of adding more addresses than would be available
for binary codes. Finally, some of the issues and challenges for
practical ultrafast OCDMA operation have been discussed.
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