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Abstract—This paper discusses design, simulation, and exper-
imental investigations of optical-code-division multiple-access
(O-CDMA) networking using a spectral phase-encoded time
spreading (SPECTS) method. O-CDMA technologies can poten-
tially provide flexible access of optical bandwidths in excess of
1 Tb/s without relying on wavelength- or time-division-multi-
plexing modules, provided that they overcome the interference
caused by other users broadcasting over the same channel, called
multiuser interference (MUI). This paper pursues theoretical and
experimental methods to mitigate the MUI. Analysis shows that
nonuniform phase coding can increase the orthogonality of the
code set, thereby reducing the impact of the MUI. The experiment
conducted in a SPECTS O-CDMA testbed incorporating a highly
nonlinear thresholder demonstrated error-free operation for four
users at 1.25-Gb/s/user and for two users at 10-Gb/s/user.

Index Terms—Access networks, optical code-division multiple
access (OCDMA), optical Internet, optical thresholding, phase
modulation.

I. INTRODUCTION

DEMAND for high-capacity networking has promoted
rapid deployment of both time-division multiplexing

(TDM) and wavelength-division multiplexing (WDM) tech-
nologies in metro- and wide-area networks. While these
require processing in the time and wavelength domains, op-
tical-code-division multiple access (O-CDMA) is an alternate
technology that allows multiple users to share bandwidth
through encoded transmission. Each user is assigned a unique
code that is part of an orthogonal (or quasi-orthogonal) set and
thus users can transmit over the same bandwidth with minimal
interference. When applied to current networks, O-CDMA has
long been considered most advantageous in local area networks
(LAN) that adopt a broadcast-and-select architecture owing to
its simplicity and flexibility. Fig. 1 illustrates an example of
such a network. Each end node encodes their signal and then
broadcasts it to all others via a central star coupler. On the
receiving end, each node receives the sum of the transmitted
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Fig. 1. Broadcast-and-select local area network using O-CDMA.

signals coming from all other nodes. To tune in to a particular
broadcast, the receiver must know the code of the transmitter,
and this is applied to the receiver’s decoder. This allows the
desired signal to become separable from all other broadcasts.
To communicate outside of the LAN, nodes communicate to an
edge router that converts O-CDMA signals to the protocol used
in the outer network.

The actual implementation methods of O-CDMA vary [1],
and most can be classified as using either direct sequence en-
coding or spectral encoding. Direct sequence encoding repre-
sents each bit as a spreading sequence of short pulses (some-
times referred to as “chips”), which may also be transmitted
over different wavelengths [2]–[7]. Achieving sufficiently or-
thogonal code sets requires each bit to contain many time slots,
and thus pulses need to be narrow enough to fit within the time
slot. This becomes restrictive for higher data rates, since pro-
ducing such narrow pulses becomes increasingly difficult. In
contrast, spectral encoding is not constrained by TDM require-
ments, and thus more viable for high-speed networks. These
schemes apply their codes through amplitude [8], [9] or phase
modulation of a spectrum instead of in the time domain. One
such spectral encoding scheme applies its code by phase mod-
ulating the spectrum of a femtosecond optical pulse. The phase
encoding causes the femtosecond pulse to spread out in time and
to appear as a noise-like burst, and thus this is called spectral
phase-encoded time-spreading (SPECTS) O-CDMA. SPECTS
O-CDMA systems have been previously reported [10], [11], but
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few have taken advantage of its high data rate possibilities, gen-
erally operating under 1 Gb/s. One system that did operate at
10 Gb/s featured only one user [12], and thus failed to investi-
gate interference effects that would come from multiple users
in a broadcast-and-select network. This multiuser interference
(MUI) greatly degrades the quality of the desired transmission
and must be resolved to make SPECTS O-CDMA viable for re-
alistic high-capacity network applications. In this paper we in-
vestigate methods to mitigate this MUI in a 10-Gb/s system. As
a review, we first give an overview of the SPECTS O-CDMA
operating principle (Section II), and then we propose a method
called nonuniform coding to improve the contrast between MUI
and a desired signal (Section III). Afterwards, we present a 10
Gb/s SPECTS O-CDMA testbed that uses a second encoder as
an MUI source (Section IV). It utilizes a highly nonlinear thresh-
older to separate the desired signal from the MUI after decoding.
Results are compared between two different coding schemes,
Walsh codes and -sequences. Section V concludes the paper.

II. SPECTS O-CDMA OPERATING PRINCIPLE

SPECTS O-CDMA is based on the concept of pulse shaping,
where the envelope of a pulse is manipulated by applying dif-
ferent phase shifts to different portions of the pulse’s spectrum
[13], [14]. Encoding occurs when the applied phase shifts cause
a femtosecond pulse to appear as a noise-like burst, and decoding
occurs by applying the inverse phase shift to the burst, thereby
recovering the original pulse. The potential for O-CDMA results
from having multipleencoders transmitting simultaneously, each
assignedtheirowncodethatproducesminimallyinterferingnoise
bursts. Then, in a network, many encoded pulses can coexist over
the same channel and the total bursts appear as background noise
to unauthorized receivers. Only receivers that contain the proper
decodercan recover theoriginalpulse, and itspeakwill riseabove
the noise floor of the other users. A thresholder ultimately allows
this peak to be extracted.

Fig. 2 shows the setup of a pulse shaper, traditionally imple-
mented with bulk optic components. When used as an encoder,
the input is a femtosecond pulse , which contains a very
wide spectrum due to its short width. To access the spectrum,
denoted as , a diffraction grating is placed in its path,
allowing the frequency components to disperse in space. The
grating essentially performs a Fourier transform on the pulse,
since one can now operate on the pulse in the spectral domain. A
lens focuses the dispersed frequency components onto the phase
shifter. The phase shifter contains an array of pixels, and each
pixel applies a designated phase shift to the spectral compo-
nents that pass through. Often, phase shifters are implemented
with a spatial light phase modulator (SLPM), whose pixels con-
sist of a liquid crystal. Applying an electrical voltage to the
crystal causes a change in optical path length, resulting in a
phase change. The phase function is denoted as , and con-
tains the code. After phase modulation, the spectral components
are recombined with another lens and grating to produce the new
modified pulse, which can be defined as

Fig. 2. Femtosecond pulse shaper used as an encoder or decoder for SPECTS
O-CDMA. Phase encoding is performed using a spatial light phase modulator
(SLPM).

where denotes the inverse Fourier transform. The end result
appears as a noise-like burst in the case of the encoder.

The same setup may be used as a decoder, in which case is
the noise burst and , the inverse phase code, is used by
the SLPM. In this scenario, reproduces the initial pulse
into the encoder. If the phase coding in the encoder is not equal to

, the mismatched decoder will produce a distorted pulse.
Throughtheuseoforthogonal(pseudoorthogonal)codes,anideal
(nearly ideal) situation occurs where the distorted pulse appears
as another noise burst that produces minimal (small) MUI. The
next section further discusses coding and presents a new method
for improving the effectiveness of the code.

III. NONUNIFORM SPECTRAL ENCODING FOR

SPECTS O-CDMA

The original SPECTS O-CDMA analysis [15] assumed that
optical pulses had flat spectral shapes (uniform spectral power
density). In this case, encoding occurred by dividing the spec-
trum into equal portions of frequency, called chips, and applying
a different phase shift to each portion. Since each chip contained
an equal amount of energy, this led to near orthogonality be-
tween multiple access users and near perfect MUI suppression.
To deal with a more realistic pulse spectrum, this section pro-
poses a new coding scheme that adjusts the width of each fre-
quency chip according to the actual nonflat spectral shape pulses
in the O-CDMA system. Further, it demonstrates that this new
coding method significantly improves the orthogonality in the
optical phase coding and reduces the impairments due to the
MUI, resulting in reduced bit-error rates (BERs) for a given
number of simultaneous users or an increased number of users
for a given BER.

A. Uniform Versus Nonuniform Phase Coding in
SPECTS O-CDMA

We first approximate the ultrashort pulse by a
Gaussian-shaped pulse whose time-domain electrical
field is

(1)
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Fig. 3. (a) Phase encoding with the 31-chip m-sequence across the pulse
spectrum. (b) The time domain optical pulse of the original and the encoded
pulses.

Here is the normalized peak amplitude of the pulse, and
the corresponding spectrum distribution is also Gaussian. The
entire pulse spectrum is divided into various frequency chips,
where the total number of chips is chosen to be the length of
the selected phase code. As an example, a 31-chip -sequence
is used as the basic spreading code. Each user then employs a
cyclically shifted version of such a binary code as its phase code,
where “1” and “0” phase codes represent phase shifts of 0 and ,
respectively. Fig. 3(a) illustrates the induced phase shift across
the spectrum according to the -sequence.

The amplitude of the electric field of the transmitted signal
pulse can be written in its discrete Fourier series form as

(2)

After encoding (applying encoding phase shift , to
each chip), the encoded electric field becomes

(3)

Fig. 3(b) illustrates that the encoded pulse is transformed into
a time-spread pulse with lower peak power after the encoding
compared to the original pulse, while maintaining the integrated
optical pulse energy. The decoder is similar to the encoder but
adds another phase shift ( , ) to each frequency chip,
yielding the decoded electric field

(4)

By applying decoding phase shifts that are conjugate to the
encoding phase shifts for all frequency chips, i.e.,

for all , one can reconstruct the original pulse of (2). If
this is not the case, i.e., for any , then the cor-
rect decoding will not occur. Limiting the set of coding to within
the nearly orthogonal codes, the incorrectly decoded output will
continue to have low peak power and a wide time spread. Even
though multiple users share the optical channel over a common
fiber link, only the desired receiver can receive the correctly de-
coded signal while all other users will see incorrectly decoded
signals that behave like noise.

The orthogonality of codes affects MUI in O-CDMA net-
works. Since signals sent out from different users share the same
fiber link and will reach every user in the shared network, the
signals will interfere with each other, often strongly enough to
cause receiving errors. If we take into consideration the random
polarization and phase delay of each fiber connection, the total
electrical field of the MUI at the th receiver can be expressed in
its transverse-electric (TE) and transverse-magnetic (TM) com-
ponents as

(5)

where is the total number of cochannel users, is the
random phase delay for each user, and indicates the polariza-
tion direction. For high-performance O-CDMA networks, the
selected set of codes must yield low MUI. As shown in
[15], [16], with a flat spectrum for the signal ( constant
for all ), one can factor out from the double summation;
therefore, by selecting an orthogonal code set of and , one
can make the interference zero. In the practical case of nonuni-
form spectral shape pulses, is not constant and cannot be
factored out of the double summation. Thus, the application of a
similar encoding method will yield poor orthogonality, resulting
in much more severe MUI effects. This proposed new encoding
method will adjust frequency chip intervals so that the area (in-
tegrated power) of each chip under the spectral shape is approx-
imately constant. Fig. 4(b) illustrates this in contrast to the uni-
form spectral case of Fig. 4(a).

B. Performance Comparison of Uniform Coding Versus
Nonuniform Coding SPECTS O-CDMA

Simulations on the two coding methods adopted a Gaussian-
shaped pulse with a full-width at half-maximum (FWHM) of
approximately 500 fs. Cyclically shifted 31-chip -sequences
were employed for the phase codes and encoded pulses were de-
tected using a nonlinear threshold detector (see Section IV-B).
For uniform phase coding, each chip contains 75 GHz, covering
95% of the total spectral power. The remaining 5% of spec-
trum remains uncoded and is filtered out. The resulting BER
simulations show that a system using this scheme can achieve
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Fig. 4. Illustration of (a) a uniform coding scheme versus (b) a nonuniform
coding scheme and (c) a comparison of their simulated BERs.

BER’s of less than 1E-8 for 14 simultaneous users [Fig. 4(c)].
For ideal nonuniform coding, the width of each chip must be
adjusted such that all chips contain the same power level, thus
achieving complete spectral equalization. We consider a sim-
pler case in which the total coded spectrum will have three dif-
ferent chip sizes. The central two-thirds of the encoded spec-
trum has 50-GHz chip widths, the surrounding one-sixth has
100-GHz chip widths, and the outer one-sixth has 150-GHz chip
widths. The number of chips remains at 31 and only 95% of the
total spectrum is encoded. Fig. 4(c) compares the BER for uni-
form and nonuniform coding schemes at 10-Gb/s data rates, and
shows that the O-CDMA system can accommodate 25 simulta-
neous users in the nonuniform coding case as compared to only
14 for the uniform case at 1E-8 BER. In summary, this simu-
lation study indicates that nonuniform phase coding provides
a significant improvement by accommodating twice as many
users in the O-CDMA network compared to the case of uniform
phase coding for a given BER level of 1E-8.

IV. SPECTS O-CDMA TESTBED

This section presents a 10-Gb/s SPECTS O-CDMA testbed
that features MUI emanating from a second user. Although a
slower system [17] (550 MHz) has demonstrated this MUI, it
only encodes the interferer and does not feature a decoder. It as-
sumes that the direct output of a mode-locked laser represents
the properly decoded pulse of the desired signal. The testbed
described here is the first one to our knowledge that operates
at 10 Gb/s with both signal and interferer going through en-
coders and a decoder, and the first one to demonstrate a 10-Gb/s
thresholder, which is key to suppressing the MUI. Section IV-A
gives an overview of the testbed, and Section IV-B provides a
description of this thresholder. Section IV-C. shows the com-
bined results of the testbed and thresholder. Results using Walsh
and -sequence coding schemes, and the merits of each coding
scheme, are compared in this section.

A. Testbed Overview

Fig. 5 shows the experimental setup for the SPECTS
O-CDMA testbed, including three subsystems: the mode-locked

laser, the encoders and decoders, and the thresholder discussed
in the next section. The mode-locked fiber laser system (Pritel
UOC-3 and Pritel FP-300) generates femtosecond pulses and is
composed of an optical clock, an erbium-doped fiber amplifier
(EDFA), and a pulse compressor. The optical clock produces
pulses with a FWHM of 2.4 ps at a 10-GHz repetition rate.
To reduce the temporal pulse width, the EDFA amplifies the
pulse to produce significant soliton and nonlinear effects inside
the pulse compressor, which contains proprietary specialty
fiber, to generate 430-fs FWHM pulses. The mode-locked laser
provides femtosecond pulses to four encoders by optically
splitting them, where one encoder is designated as the desired
signal source and the others are designated as the source of
multiuser interference. Each encoder pulse stream is on-off
keyed with a pseudorandom bit sequence (PRBS) using a single
Mach–Zehnder LiNbO modulator. To effectively emulate
uncorrelated multiple PRBS sequences on each encoder, a set
of a fixed time delay lines and a variable delay line applies
bit shifts to each of the interferer paths. The encoder outputs
are power balanced using variable attenuators before getting
combined into a single dispersion compensated EDFA that
leads to the decoder, and eventually the thresholder. The signal
encoder and decoder have complementing phase codes, which
will result in proper pulse decoding. The interferer encoders
contain codes orthogonal to the decoder, and thus they will not
produce correctly decoded pulses.

The encoders and decoder follow the operating principle in
Section II, where the pulse shapers begin and end with fiber pig-
tailed collimators to transfer the pulses between the fiber and
free space domain. The collimators produce a 1.6-mm-diam-
eter beam that is expanded with a telescope to 12.8 mm. The
increased beam diameter ensures sufficient spectral spreading
when the beam is incident at 65 onto a 1100 lines/mm
diffraction grating. The dispersed components diffract at 53
and a lens with focal length of 500 mm focuses the components
toward an SLPM. The SLPM is a Cambridge Research CRI-128
that contains an array of 128 100 m 2 mm pixels, where each
pixel can be electronically programmed to modulate up to
phase delay. The spectrum components are recombined using
another lens and grating positioned symmetrically with the ini-
tial lens/grating pair.

Pulses produced by the system are shown in Figs. 6 and 7.
The cross-correlation trace in Fig. 6(a) shows that the FWHM
of the mode-locked laser pulses after compression is approxi-
mately 430 fs assuming a Gaussian pulse shape. Fig. 6(b) shows
the spectral shape manifesting the effects of self-phase mod-
ulation produced by the pulse compressor. 90% of its band-
width is within 10 nm (1.2 THz) of the central wavelength of
1550 nm (193 THz). When it passes through the encoder without
applying a phase code, the SLPM within the encoder acts as
an aperture that clips the spectrum at wavelengths less than
1545 nm and greater than 1565 nm. The passed spectrum also
indicates that the loss through the SLPM is nonuniform; atten-
uations at the outer wavelengths are greater than at 1550 nm.
Fig. 6(c) shows the temporal pulse output when a code is ap-
plied to the encoder. The figure contains two output traces, one is
from applying a 31-chip length -sequence phase code and the
other is from using a 32-chip Walsh code. In both cases, every
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Fig. 5. Schematic of the SPECTS O-CDMA testbed with multiple interferers. Components include a pulse pattern generator (PPG), a bit-error rate tester (BERT),
dispersion compensating fibers (DCF), EDFA, a thresholder module consisting of an EDFA, a highly nonlinear fiber (HNLF), and an edge- or long-pass filter. The
mode-locked laser with a pulse compressor emits optical pulses that will split in four separate paths, each of which will be delayed and phase encoded to emulate
a signal and three interferers with independent pseudorandom data bit sequences. The fixed time delay lines and the variable time delay lines achieve the data bit
delays with fine adjustments.

Fig. 6. Cross-correlation traces and spectra showing the optical pulse state
at various points in the system: (a) output pulse of the mode-locked laser, (b)
spectrum of mode locked laser pulse (gray) and spectrum of pulse through
encoder with no phase code applied (black), (c) encoded pulse with a 31-chip
m-sequence (black) and 32-chip Walsh code (gray), and (d) spectrum of
encoded pulse.

four adjacent pixels of the SLPM represent one chip of the code.
The transitions between 0 and phase shifts manifests itself as
gaps in the spectrum shown in Fig. 6(d). The coding has caused
the pulse to produce a noise burst approximately 30 ps in width,
or almost one hundred times longer than the original pulse. Due
to the distribution of power in time, the encoded pulse has peak
intensity 10 times lower than the original pulse. Fig. 7 shows the
resulting optical output of encoded pulses passing through the
decoder. The temporal trace in Fig. 7(a) shows the combined
signal from the intended user and an interferer after passing

Fig. 7. Cross-correlation traces showing the decoded output of (a) both
decoded signal and interferer, (b) interferers only, and (c) decoded signals only
usingm-sequences (black) and Walsh codes (gray).

through the decoder. Despite the interference, the trace shows
a sharp spike at the center, indicating a strong contrast. The de-
coder reproduces the signal pulse while the interferer remains
as a noise-like burst. Traces obtained for the -sequence and
Walsh codes appear very similar. Fig. 7(b) and (c) shows closer
views of the decoded interferer and decoded signal separately
by themselves for both -sequence and Walsh coding schemes.
When the correct phase code is applied, the recovered pulses
have FWHM of 580 and 610 fs for -sequences and Walsh
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codes, respectively. The increases in the temporal pulse widths
after the encoding and decoding are due to imperfect dispersion
compensation in the system and pulse distortion caused by the
spectral clipping of the SLPM.

B. 10-Gb/s Highly Nonlinear Thresholder

The ability to successfully discriminate between correctly
and incorrectly decoded pulses remains one of the key chal-
lenges in femtosecond pulse O-CDMA. Even though an
incorrectly decoded pulse broadens considerably compared
to a correctly decoded pulse, typical optical receivers cannot
differentiate them because of limited temporal responses. An
incorrectly decoded pulse in the testbed above, although it
spreads from 410 fs to 30 ps, is still well within the tem-
poral response of a 10-Gb/s receiver with a 100-ps bit time.
Therefore, both correctly and incorrectly decoded optical
pulses will yield nearly indistinguishable output responses on
the 10-Gb/s receiver. Even a 40-Gb/s receiver with temporal
response at 25 ps will barely show any difference, mandating
the need for nonlinear power thresholding rather than simple
square-law integration in typical photoreceivers. Many thresh-
olders have been implemented to reject incorrectly decoded
pulses [18]–[20], but none has been used for multigigabit-rate
applications. One of the simplest of these schemes utilizes
nonlinearities in optical fibers [18], and we have modified this
scheme to operate at 10 Gb/s with lower pulse energy levels
by adding a highly nonlinear fiber (HNLF), as shown in Fig. 5.
The thresholder in [20] used dispersion-shifted fiber (DSF)
where the DSF’s zero-dispersion wavelength is near the central
wavelength of the pulse spectrum. Pulses that travel through
the DSF generate additional frequency components through
self-phase modulation, and a filter passes these additional
components through to a receiver. An EDFA precedes the
DSF in order to strongly drive the nonlinear optical effects.
Thresholding occurs because only a correctly decoded pulse,
with concentrated peak power, can induce the nonlinear effects
that generate the shifted frequency components. The noise
burst of an improperly decoded pulse will not have enough
peak power to induce substantial self-phase modulation, even
after the EDFA. Experiments using the DSF-based nonlinear
thresholder [17], [21] operated with 480-fs pulses at a repetition
rate of only 40 MHz, yielding peak powers of approximately
13 W for an average power of 250 W. The O-CDMA testbed
described in this paper requires even higher sensitivity (lower
peak power detection), with a 10-GHz repetition rate, peak
powers of 7.7 W, average powers of up to 31.6 mW, and 410-fs
pulsewidths. The O-CDMA testbed incorporates a 500-m-long
HNLF (Sumitomo Electric), achieving 1.7 times more sen-
sitivity than in previous reports [17], [21]. Compared to the
thresholder in [19], the HNLF thresholder requires higher
power, but provides polarization independent detection.

Fig. 8 illustrates the operation of the highly nonlinear thresh-
older, using a HNLF with zero dispersion wavelength at 1543
nm, dispersion of 0.19 ps/nm/km at 1550 nm, dispersion slope
of 0.026 ps/nm km at 1550 nm, effective area of 10 m ,
and nonlinear coefficient of 20 W km . An encoded pulse
spectrum is shown to have its peak power centered at 1553
nm, and the majority of its power lies between 1545 and 1560

Fig. 8. Spectral results of the HNLF-based nonlinear thresholder showing the
output for an incorrectly decoded pulse (black line), the output for a correctly
decoded pulse (gray line), and the response of the long-pass filter (dashed line)

nm. Spectrum components at wavelengths greater than 1560 nm
are at least 15 dB lower than the components centered at 1553
nm. Power contained in wavelengths below 1545 nm comes
from amplified spontaneous emission (ASE) from the EDFA,
peaking at 1530 nm. When this pulse is properly decoded, self-
phase modulation causes the power from the central peak to shift
to higher and lower wavelengths, with significant power con-
centrated around 1545 and 1570 nm. A long-pass filter with a
1568-nm cutoff wavelength allows the longer wavelength com-
ponents to pass through to the detector, and the total power for
the correctly decoded pulse shows at least a 23-dB contrast ratio
when compared to the incorrectly decoded pulse. This highly
nonlinear thresholder is used to reject multi-user interference,
as shown in the following subsection.

C. Multiuser Interference Results

This subsection discusses experimental results from the
SPECTS O-CDMA system with interferers obtained for
10-Gb/s data rates with -sequence codes and Walsh codes,
and for 1.25-Gb/s data rates with Walsh codes.

Fig. 9 shows the BERs that result from the SPECTS
O-CDMA system using -sequences, showing curves and eyes
for the following cases: (a) optical back-to-back, (b) single user,
(c) asynchronous two-user, (d) and synchronous two-user. The
BERs were measured using a length PRBS, with the
thresholder being included as part of the O-CDMA receiver. In
other words, the horizontal axis on the BER plots indicates the
total average optical power received in front of the O-CDMA
receiver which includes the EDFA, the HNLF, the long-pass
filter, and the photoreceiver. With the exception of (d), all
cases achieve error-free performance BER . The
optical back-to-back is defined as the case where no encoder
or decoder is present in the system. In the single user case,
pulses pass through the signal encoder and these are properly
decoded before going through the thresholder. There is a 4-dB
penalty at BER when compared to the back-to-back
case. This results from the residual pulse widening caused
by dispersion and spectral clipping in the pulse shapers. This
increase results in a lower peak power, and this means that
less spectral components are generated in the HNLF to pass
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Fig. 9. BER measurement using the nonlinear thresholder with inset eye
diagrams using 31-chip m-sequences. (a) Back-to-back. (b) No interferer. (c)
With an asynchronous interferer. (d) With a synchronous interferer.

into the receiver. Attempts were made to measure BER’s in the
case when the encoded pulse is improperly decoded, but due to
the proper operation of the thresholder, the BER values stayed
close to 0.5 with the available power. The effectiveness of the
thresholding is further illustrated in the asynchronous two-user
case. Here, both signal encoder and interference encoder send
their pulses to the decoder, but their pulses are misaligned by 23
ps. This case can achieve error free operation, showing that the
thresholder is correctly rejecting the pulses from the interferer.
The 3-dB penalty compared to the single user case results only
because the EDFA preceding the decoder must share its gain
between two encoders. This case is representative of a network
where two users transmit over the fiber asynchronously, such
that the pulses from the interferer do not align with the pulses of
the desired signal. Of course, in an asynchronous scheme, it is
still possible for pulses from separate users to randomly align,
and this scenario is also equivalent to a synchronous scheme.
Both of these situations are considered in the synchronous
two-user case. In this configuration, the pulse position of the in-
terferer has zero delay with respect to the desired signal’s pulse.
When aligned in this way, optical coherent interference impacts
performance as well as MUI, since both the desired signal and
MUI are generated using the same mode-locked laser source.
Hence, this case achieved BER . In a practical network,
each user is expected to use its own laser, and a significant
improvement is expected from lowered coherent crosstalk.

Fig. 10 shows equivalent BER curves using Walsh codes.
There is a 2-dB penalty at BER between the
back-to-back case and the single user case. When adding
the asynchronous interferer (misaligned by 18 ps), a 9.5-dB
penalty occurs. This penalty is greater than when using -se-
quence coding, and this is probably caused by residual energy
from the decoded interferer. This energy varies depending on
the code, and in this case it causes interference that is small
enough to allow an error-free BER. For the synchronous case,
BER can be achieved, an order of magnitude better
than the -sequences. This improvement results from the
amount of interference energy coincident with the desired

Fig. 10. BER measurement using the nonlinear thresholder with inset eye
diagrams using 32-chip Walsh codes. (a) Back-to-back. (b) No interferer. (c)
With an asynchronous interferer. (d) With a synchronous interferer.

Fig. 11. BER measurement using the nonlinear thresholder with inset eye
diagrams using 64-chip Walsh codes and 1.25-Gb/s data rate. (a) Back-to-back.
(b) No interferer. (c) With a synchronous interferer.

signal. From Fig. 7(b), the Walsh code clearly yields lower
optical intensity for the interferers at the center of the optical
pulse (0 ps) compared to the -sequence code, and thus allows
for lower BER. Again coherence effects still restrict us from
reaching error-free performance.

Using a lower bit rate and a longer code mitigates the co-
herence between the interferer and signal. Fig. 11 illustrates
BER curves using a 1.25-Gb/s data rate and 64-chip Walsh
codes measured for (a) back-to-back, (b) no interferer, (c) one
synchronous interferer, (d) two synchronous interferers, and
(e) three synchronous interferers. In all cases, the O-CDMA
system achieves error-free BER performance.
The downward arrows in Fig. 11 indicate the corresponding
power levels where the BER measurements yielded no errors
after receiving more than bits. In the experiment,
the pulse pattern generator modulates the 10-GHz pulse train
of the mode-locked laser with 1.25-Gb/s data, so that every
eight optical pulses represent one data bit. The receiver, with a
933-MHz low-pass RF filter, recovers the 1.25-Gb/s data. Since
the number of interferers range from 0 to 3, the gain of the
EDFA inside the thresholder is adjusted such that the desired
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signal always has a constant average power of 14 dBm going
into the HNLF. Thus, the total average output power of the
EDFA is 17, 18.8, and 20 dBm when respectively adding one,
two, and three interferers. Compared to the single user case with
no interferer, the BER measurements correspondingly show
system power penalties of 0.8, 3.9, and 4.1 dB at BER .
Of these penalty levels, 3, 4.8, and 6 dB can be attributed to the
gain sharing of the EDFA between the encoder and decoder.
The remaining 2.2, 0.9, and 1.9 dB are possibly due to
adaptation of the EDFA gain level in the thresholder module
coupled with the nonlinear response of the HNLF detection
scheme. Improved BER performance and reduced MUI effects
in the 1.25-Gb/s O-CDMA system compared to the 10-Gb/s
system are likely to be due to the reduced coherent noise effects
in the lower bit rate system. The coherent noise effects are
expected to be significantly lower if each enconder is equipped
with its own synchronized mode-locked laser source. The
system overall is equivalent to a synchronous Gigabit Ethernet
system operating over O-CDMA.

The difference in energy distribution of the improperly de-
coded pulse produced by the codes determines the codes’ advan-
tage in synchronous versus asynchronous O-CDMA schemes.
The code used in Fig. 7(b) is atypical, but Walsh codes typically
concentrate their energies into a few prominent peaks, with most
having appearance more similar to Fig. 6(c). This is very disad-
vantageous in an asynchronous scheme, since it is possible for
the desired signal to coincide with one of the peaks, resulting
in dramatic multi-user interference. In contrast, the energy dis-
tribution caused by -sequences is generally evenly distributed
across the time spread. The multi-user interference is much less
pronounced than a Walsh code pulse, and thus -sequences
are the preferred code to use in an asynchronous scheme. In
a synchronous scheme, Walsh codes have the advantage since
the produced peaks of an encoded pulse are always time shifted
with respect to the decoded pulse. Since all energy is contained
within these peaks, no MUI is coincident with the desired signal.
Note that in Fig. 7(c), some residual power can still be seen in the
Walsh codes, especially at the center. Some of this results from
the aperture effects caused by the SLPM and loss of orthogo-
nality due to uniform coding. Use of the nonuniform codes of
Section III would improve the response.

The experiments so far included uniform coding, and nonuni-
form coding experiments are currently in progress utilizing vari-
able width SLPMs. Simulation results in Fig. 4 indicate that
the acceptable number of interferers increases from 14 to 25 at
BER when uniform coding was changed to nonuniform
coding. The new experimental setup also includes phase modu-
lators in the multiple user paths in order to break the coherence
coming from using a single mode-locked laser source.

V. CONCLUSION

This paper presented a SPECTS O-CDMA testbed that con-
tains MUI. The 1.25-Gb/s O-CDMA system successfully over-
came the MUI effects and achieved error-free operation with
low system penalty levels up to three synchronous interferers.
The 10-Gb/s O-CDMA system achieved error-free operation up

to one asynchronous intereferer but it showed error floors for a
synchronous intereferer. Coherent interference appeared to af-
fect synchronous operation, but improvements can be gained
through proper selections of the O-CDMA code. Walsh codes
demonstrated superior performance than -sequences in the
synchronous case, and the codes achieved synchronous error-
free operation at 1.25 Gb/s. Even further improvement is ex-
pected with nonuniform coding, and analysis shows that the
number of users in the O-CDMA system will nearly double
when the applied code is tailored to the spectral shape of the
pulse.
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