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Suppression of WDM Interference for Error-Free
Detection of Ultrashort-Pulse CDMA Signals in
Spectrally Overlaid Hybrid WDM-CDMA Operation

S. Shen and A. M. Weiner

Abstract—We demonstrated the complete suppression of wave- broad-band CDMA spectra will fall within each narrow-band
length division multiplexing (WDM) interference for the error-free  \WDM channel while the WDM components can be also notched
detection of ultrashort-pulse code division multiple access (CDMA) - 4t of the CDMA spectra without degrading CDMA detection.
signals in spectrally overlaid optical WDM-CDMA hybrid opera- In the time domain, compared to high-intensity CDMA signals
tion by the use of narrowband spectral notch filters in the CDMA S s 3 '
decoder and a fiber nonlinear thresholder. Our experimental re- the WDM traffic is a low-intensity nonreturn to zero (NRZ) or
sults show the feasibility of CDMA detection in a scheme where RZ signal—it can be easily eliminated during CDMA detection
WDM channels are overlaid on CDMA channels in the same spec- py a nonlinear thresholder that rejects multiaccess interference
tral region. based on signal peak power. This novel hybrid scheme draws ad-

Index Terms—Code division multiple access, femtosecond vantages from both WDM and CDMA—the mature technology
pulses, ultrashort pulses, wavelength division multiplexing. available for WDM and the high security and potential for larger
spectral efficiency promised by overlaying CDMA on WDM.

In this letter, we report the first experiments demonstrating
) ) the feasibility of optical hybrid WDM-CDMA operation. Our
R ECENTLY, experiments on optical ultrashort-pulse codgyperiments were performed using the ultrashort-pulse CDMA

division multiple access (CDMA) communications hav@oncept where subpicosecond laser pulses are used for spectral

been reported by several groups using either bulk optic pulsgcoding/decoding; this approach offers the potential for higher
shapers [1], integrated pulse shapers based on array wavegigiformance compared to other CDMA alternatives [4] but also
grating (AWG) technology [2], or patterned fiber Bragg gratyolves more complex technology. Our results should also be
ings [3]. The CDMA scheme promises high data-security asypsjevant to CDMA performed on longer time scales [3]. In this

chronous communications for local area networks and is Wg\}brk' we focus on the complete suppression of WDM interfer-

suited for a bursty environment such as the Internet, wherggce for error-free detection of CDMA signals by employing

large number of users transmit data intermittently. Compargdharrow-band spectral notch filter in the CDMA decoder and
to wavelength division multiplexing (WDM), optical CDMA py ysing a nonlinear fiber thresholder. As a result, we obtained
is technologically less mature. However, owing to its coheregfror-free detection of a CDMA channel in the presence of a
broad-band nature, the ultrashort-pulse CDMA is complemeghectrally overlaid WDM channel. We address the scaling of
tary to WDM that uses narrow frequency channels. It may Rgese experiments to the hybrid operation with many closely
possible to significantly increase the utilization of EDFA ba”dSpaced WDM users. To our knowledge, this is the first report

width in existing WDM systems through spectrally overlayingg the pit error rate (BER) performance of a CDMA channel in
ultrashort-pulse CDMA on the WDM system. In such a novejyprig WDM-CDMA operation.

hybrid WDM-CDMA system, broad-band CDMA signals uti-

lize the spectral guard bands between WDM channels and may,,
provide additional bandwidth to the WDM system without re-
quiring costly expansion of EDFA bandwidth. The inherent dif-
ference between WDM and CDMA signals in the spectral do- In @ hybrid WDM-CDMA system, the network traffic con-
main (narrow-band versus broad-band) and in the time dom&ifits of narrow-band WDM signals overlaid with broad-band
(low-intensity versus high peak power) implies that the crosstel®MA signals in the same spectral region. Each user is
between two schemes can be suppressed allowing simultane@ligpped with two detectors—one for CDMA detection and
error-free recovery of WDM and CDMA data. In the spectrdhe other for WDM detection. The WDM detector consists

domain (inset of Fig. 1), only a small fraction of the energy froraf a narrow-band pass filter followed by O/E conversion.
The CDMA detector designed and constructed for the hybrid
. . , , %/stem consists of a spectral decoder, a fiber amplifier, a fiber
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ECS-9626967, ECS-9900369, and PHY-9722668. ~in Fig. 1. The complete pure CDMA system, including a
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edu). sated fiber transmission link, has been investigated before [1].
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Fig. 1. Schematic diagram of a CDMA detector constructed for optical WDM-CDMA hybrid operation. Incoming network traffic consists of broad-band CDM
signals (dashed line) and spectrally overlaid narrow-band WDM channels (solid line).

the CDMA detector to ensure error-free CDMA detection foEDMA signals, respectively. The decoder has an insertion loss
the hybrid operation. The spectral decoder used here is mad& dB for the CDMA signals. The average power of CDMA
from a programmable fiber-pigtailed femtosecond pulse shapgmrises is> 5 ;W before the decoder and 250 W before
equipped with a liquid-crystal phase-modulator array (LCMhe fiber thresholder. At this energy level, the output contrast
[5]. Its function is to demultiplex CDMA users in the networkgatio after the thresholder between the properly and improperly
through matching the spectral phase code applied in tdecoded CDMA pulses was-20 dB for the LWPF cutoff
encoder [4]. Since the wavelength components of both CDM#&avelength at 1572 nm. We note that the CDMA power used
and WDM data are spatially dispersed across the Fourier pldrere is set by thresholder requirement. In principle, it could be
of the pulse shaper, we can easily install narrow-band notidwered possibly by developing a thresholder with lower power
filters at the Fourier plane to remove most99.5%) of the requirement.
WDM power. The hybrid WDM-CDMA principle proposed The WDM signal was generated from a temperature-stabi-
here could also be implemented using other encoder-decolized DFB laser centered at the peak of CDMA spectrum at
technology such as AWG [2] or fiber Bragg grating [3] baseii560.4-nm (FWHM<0.1 nm) and modulated with 2.5-Gb/s
approaches. Then, after an EDFA with 25-dB gain, we launchg#t — 1 NRZ PRBS data. In order to demonstrate the ability to
the CDMA data and the surviving WDM interference into aeject strong WDM interference, we set the average power of
nonlinear thresholder based on self-phase modulation (SPWPM signals before the CDMA decoder te 75 W, which
in a dispersion-shifted fiber [6]. The nonlinear thresholdés much higher than needed to yield simultaneous error-free
rejects improperly decoded pulses from interfering CDMAletection in the WDM detector. This is alsdl5 times higher
users (manifested as low-intensity pseudonoise signals) @hdn the CDMA power prior to the decoder. We used a thin-wire
recognizes properly decoded pulses from a desired CDMwtch filter (FWHM ~0.3 nm) in the pulse shaper to block
user (clean subpicosecond pulses) based on signal peak paiverWDM component with an extinction ratio of 30 dB (this
[6]. Since the WDM interference is also of low intensity, anyncludes the 8-dB insertion loss of the pulse shaper itself).
residual WDM interference after the notch filter is completelyhe output spectrum after the decoder with the WDM channel
rejected by the nonlinear thresholder as well. We note thalbcked is shown in Fig. 2(a). Fig. 2(b) shows the BER per-
the use of a nonlinear thresholder is required even in a pdoemance of the CDMA channel with and without the WDM
ultrashort-pulse CDMA system. Moreover, since the residuaterference. Our results show no observable power penalty
WDM interference can be totally eliminated by the thresholdelg CDMA detection from the WDM data stream. It indicates
WDM signals need not be completely separated from tlileat the WDM interference has been completely removed in
CDMA data at the decoder. The WDM power only needs to libe CDMA detection path by the spectral notch filter and the
reduced enough to avoid saturating the fiber amplifier. fiber thresholder. Note that without the nonlinear thresholder,
the residual WDM components, whose strength is about one
tenth of CDMA signals after the decoder, will severely impair
the CDMA detection. The use of nonlinear thresholder is very
We performed back-to-back system experiments and medfective in suppressing the low-intensity WDM components.
sured the BER performance of one ultrashort-pulse CDMWe found in experiments that the thresholder can tolerate as
channel spectrally overlaid with one 2.5-Gb/s WDM channel. Aigh as 1-mW WDM residual interference. This CDMA detec-
fiber laser was used was used to generate nearly transform-Ition scheme should work equally well for gigabit-per-second
ited pulses (FWHM pulsewidth-480 fs,~6 nm bandwidth) CDMA data rates as long as the output of the fiber amplifier is
centered at 1560 nm at 40 MHz repetition rate. The laser pulsesreased proportionally.
were then synchronously modulated at 40 Mb/s with a lengthFor a system with many closely spaced WDM users, we ex-
—2% _ 1 pseudorandom bit stream (PRBS). By applying eith@ect the major impairment to CDMA detection in the hybrid
a constant phase or a length-8dsequence phase code in thescheme will arise from a reduction of energy and a distortion of
decoder, we emulated the properly and improperly decodtg ultrashort pulses before the fiber thresholder due to multiple

I1l. EXPERIMENTS AND RESULTS
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(®) Fig. 3. (a) Output spectrum after the decoder with 10 narrow-band notches
Fig. 2. (a) Output spectrum of the CDMA decoder with one spectral notdh the CDMA spectrum. (b) Additional gain required for spectrally notched
filter blocking the WDM channel at 1560.4 nm. (b) BER of a CDMA channeCDMA signals to achieve the same20-dB contrast ratio in the fiber thresholder
with (A) and without ®) WDM interference before the CDMA decoder. compared to unnotched CDMA signals. Solid line: linear regression curve.
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