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A Femtosecond Code-Division Multiple-Access
Communication System Test Bed

H. P. Sardesai, C.-C. Chang, and A. M. Weiner

Abstract—This paper reports comprehensive experimental re- tection in the presence of interference from other users.
sults on a femtosecond code-division multiple-access (CDMA) CDMA is well suited for bursty network environments, and
communication system test bed operating over optical fiber in optical CDMA has the advantage of using optical processing

the 1.5 um communication band. Our test bed integrates to- f . K licati like add . d
gether several novel subsystems, including low-loss fiber-pigtailed to perform certain network applications like addressing an

pulse shapers for encoding—decoding, use of dispersion equalizingfouting. The asynchronous nature of data transmission can
fibers in dispersion compensated links for femtosecond pulse simplify network management and control. Hence, due to the
transmission and also in femtosecond chirped pulse amplification advantages of optical processing, asynchronous transmission,

(CPA) erbium doped fiber amplifiers (EDFA’s), and high-contrast . e : ;
nonlinear fiber-optic thresholders. The individual subsystems and the capability of multiple-access in a bursty environment,

are described, and single-user system level experimental resultsOPtical CDOMA appears to be an interesting possibility for LAN
demonstrating the ability to transmit spectrally encoded fem- applications. On the other hand, the technologies required
tosecond pulses over a 2.5-km dispersion compensated fiber linkfor implementing optical CDMA systems are significantly
followed by decoding and high contrast nonlinear thresholding |ess mature and may be inherently more complex than those
are presented. required for TDM or especially WDM systems.

Index Terms— CDMA,  dispersion compensation, nonlinear  Several different optical CDMA schemes have been pro-

thresholding, pulse-shaping, ultrafast phenomena. posed [7]-[20], based on different choices of sources, coding
schemes and detection. Two reviews of optical CDMA are
I. INTRODUCTION given in [14] and [15]. Optical CDMA schemes may be

O meet the demand for hiah-speed and high-ca aCIcf‘lassified according to the choice of coherent versus in-
communications. multi Ie—ac?:esspschemes arge necpesscagrherent processing, coherent (modelocked pulses) versus
. ! b . iaChherent (e.g., amplified spontaneous emission) broadband
which allow multiple users to access the network simultane- . ; : )
. ! . o - Optical source, and encoding method (time-domain versus

ously by sharing the same fiber-optic transmission med|urt1{J ) . X

. L o réquency-domain, amplitude versus phase). Schemes based
For long distance communication, wavelength division multi-

plexing (WDM) and time-division multiplexing (TDM) have on mcohergnt brocessing (summing of optigaiwerg and .
) : ; broadband incoherent (noise) sources are generally the easiest
been extensively explored and have shown impressive perfor- . .
.10 implement. However, as in radio spread spectrum, coherent
mance results [1]-[6]. For local area network (LAN) appli-

cations, optical code-division multiple-access (CDMA) Congrocessmg based on manipulation of optields which can

munications systems [7]-[20] are also being investigated, made to sum to zero, is needed for good suppression (.)f
multiple-access interference. Note that coherent processing is

addition to the more traditional WDM and TDM schemes. ol f ¢ . h £ o
Each data bit in an optical CDMA system is coded with Rossible even for systems using incoherent noise sources, e.g.,

code that is unique to a particular user, and multiple usecrghergnce multiplexing approaches based on interferome?ric
are accommodated by assigning different minimally interferi ! Ch”'q%*es' however, recgnt analy;eg .have shown t.hat optical
codes to different user pairs. Several different minimall eat noise becomesamajorfactorllmmng th? capacity of such
correlated code-sequences exist in traditional digital commu ystems [14]. Here, we experimentally investigate an ultrashort

cation systems that can be implemented in the optical domeBHIdS%Opt'g,al CDfMAﬁcheme bstd in ;pecltral p;aselgnc’\?dmg
making optical CDMA suitable for multi-user operation, thé" fecol mgho co |ereg;[3|r\n/|z eO(I:'eI pulses [7], [ ]ik otg
main constraints being the fidelity of the encoding—decodifigat olrtL)Jtras ort pulse : Irlnutlp e-access C,Tsﬁta an |
operation for a user pair and the consequent successful ) 'gca_ eat noise are es§ept|a y synonymous. A theoretica
analysis of the cross-talk limited performance of this approach
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for sub 500 fs pulses. This opens the possibility of having
\ / longer propagation distances of tens of kilometers. In this
NxN l:l paper we give a comprehensive description of our femtosecond
cfﬁﬁﬂ CDMA experiments, both at the subsystem and system level,
Laser Amplifier ~ Encoder Decoder Amplifier Thresholdet . . . .
(Transmittes) / \ (Recoived) including new results on encoding—decoding of femtosecond
pulses after propagation through fiber, programmable dis-

persion compensation of coded-pulses, system results after
Fig. 1. Block diagram of the femtosecond CDMA test bed. higher order dispersion compensation, and system results for
encoding—decoding with codes of different lengths.

(transmitter) is assigned a unique phase code by which itIn the following, Section Il describes the different individual
encodes all its data bits, and this phase code is chosen tocBBponent technologies used to construct the CDMA test
m|n|ma||y interfering Compared to the phage codes assign@@d and presents subsystem level results. Section I presents
to every other user in the system. Different users can Bgstem level results with all the CDMA subsystems connected
connected in a simple broadcast and select type architectiggether. In Section IV, we discuss some limitations of our
where all transmitters are connected to all receivers byufrashort pulse CDMA implementation as revealed by the
passive star coupler. Each receiver thus receives enco@&geriments. In Section V we conclude.
data bits transmitted by every transmitter in the network,
but the decoder in any one receiver matches the phase code . CDMA COMPONENT TECHNOLOGIES
of only one trgnsmnter. He.nce, only the enched data .bItSThe CDMA link integrates together several novel subsys-
of one transmitter that are intended for a particular receiver . o

Fﬁms including femtosecond lasers and amplifiers, femtosecond
get properly decoded back to a femtosecond pulse, and fhe ™ """ . ;

) . : iIber pig-tailed pulse shapers for encoding and decoding,
encoded data bits transmitted by all other transmitters rem e htosecond dispersion compensation and ultrafast nonlinear
as improperly decoded pseudonoise signals. A nonlinear ﬁbﬁ{f hold Th'p ion d P ibes th . buildina block
optic thresholder then performs the task of distinguishin esholders. This section describes t. € various bullding blocks
between the correctly decoded femtosecond signal and ed presents subsystem level experimental results.

y g

incorrectly decoded picosecond interference. In this CDMA .
scheme, each transmitter may operate at moderate data rAte§eémtosecond Lasers and Amplifiers
(e.g., on the order of 1 Gbh/s), but with multiple-access higher Ultrashort optical CDMA requires femtosecond laser pulses
overall data transmission rates may be achieved. as they provide the wide bandwidth and phase coherence

In this paper we demonstrate for the first time to oumecessary for the encoding—decoding operation. The lower
knowledge that all the operations required for femtosecoffithit on the shortest femtosecond pulse that can be used is
pulse CDMA, namely spectral encoding, fiber transmissigiaced by the effectiveness of the dispersion compensation
with dispersion compensation, spectral decoding, and nmtheme over the transmission distance. The upper limit on
linear optical thresholding, can be accomplished with godbe longest pulse that can be used is placed by the minimum
fidelity in an integrated system. Some of our preliminarkandwidth required to code the ultrashort pulses, and the short
results were described earlier [20]. In the course of copulsewidth required for effective high contrast thresholding.
structing an ultrashort pulse CDMA “test bed,” we hav®ue to these conflicting requirements for optimal operation of
developed several ultrashort pulse CDMA component atite different subsystems that make up the CDMA system, a
subsystem technologies that may also have broader applicapoifsewidth of a few hundred femtoseconds was chosen for
to ultrafast optical communications and have begun to assess experiments. Although several different techniques for
component technology limitations that may impact overalémtosecond pulse generation in the 1,568 communication
system performance. Note that in our optical CDMA test bdshnd exist, a passively mode-locked fiber laser was used due
we currently demonstrate single-user operation consistingtof its advantages of ease of construction and compatibility
one transmitter and one receiver. We currently encode evevith all-fiber systems. Our femtosecond laser source is a
laser pulse, although a real system would use a modulator thassively mode-locked stretched-pulse all-fiber ring laser [21]
can modulate the femtosecond laser pulses according to that generates62 fs pulses with a bandwidth ef60 nm. The
incoming data stream (e.g., using on-off keying). The encodber output is externally filtered by a bandpass filter resulting
pulses are propagated over a 2.5-km fiber link which uses~275 fs pulses, with an average power-~o80 W, at a
dispersion compensating fiber (DCF) to compensate both tepetition rate of~30 MHz. A complete description of the
second and most of the third-order dispersion of the standdader construction may be found in [33]; only the intensity
telecom fiber. Dispersion compensation is crucial since tha@tocorrelation traces and spectra from the laser before and
encoding—decoding operation requires linear and substantiafyer the bandpass filter are shown in Fig. 2 demonstrating
dispersion free pulse propagation. The transmission distarbean transform-limited laser operation. Note that although
in femtosecond optical CDMA is limited mainly by the effec-our 30 MHz pulse source was sufficient for characterizing the
tiveness of the dispersion management scheme used. Althofidhlity of the different CDMA operations, higher repetition
we currently demonstrate propagation over only 2.5 km, lygte sources would be required in a practical system.
using programmable third-order dispersion correction in the Two amplifiers are used in the ultrashort pulse optical
encoder we have achieved almost dispersion free transmisSRIDMA link. First, a preamplifier directly after the filtered laser
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Fig. 3. Chirped pulse amplification erbium doped fiber amplifier.
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Fig. 4. Fiber-pigtailed programmable liquid crystal modulator pulse shaper.
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Fig. 2. Autocorrelation data and power spectra at the output of the femtosec-

ond laser before and after bandpass filtering. (a) spectrum before filtering, (b) . . .
autocorrelation £62 fs intensity FWHM) before filtering, (c) spectrum afterg)- Femtosecond Fiber Pig-Tailed Pulse

filtering, and (d) autocorrelation~275 fs intensity FWHM) after filtering. ~ Shapers for Encoding and Decoding

The femtosecond optical CDMA scheme is based on en-

coding and subsequent decoding of ultrashort light pulses. We
source to compensate for the insertion loss of the encoder amdomplish this encoding—decoding operation by using fem-
the link, and second a postamplifier after the decoder to ensuseecond pulse-shapers [24]-[27] which offer high-resolution
adequate power for nonlinear thresholder operation. Althoughlse shaping, programmability and the flexibility to apply
the two amplifiers were designed to provide different levelsrbitrary phase codes of different code lengths. Encoding and
of amplification and output saturation powers, their generdécoding of femtosecond pulses was previously demonstrated
construction is quite similar. Fig. 3 shows a schematic eft a visible wavelength [24], [25], but in that arrangement,
the preamplifier. Chirped pulse amplification technique [22fhe encoding—decoding operation was performed by using
[23] is used to reduce the nonlinear effects in the amplifievo fixed conjugate phase masks placed successively in the
Input pulses from the laser are first stretched by passing theame pulse-shaper. We demonstrate here programmable en-
through~60 m of single mode fiber. They are then amplifiedoding—decoding operation at 1.55 communications wave-
by about~15 dB by passing through-18 m of erbium length in two separate pulse-shapers, and also demonstrate
fiber which serves as the gain medium. The erbium fiber éncoding—decoding when the two pulse-shapers are separated
pumped by 980 nm light from a Ti-Sapphire laser coupled toy a 2.5-km fiber link. We have also fiber-pigtailed our pulse
the amplifier through a WDM coupler. Monitors for both theshapers, which increases the ease with which we can either
pump and input signal are provided to measure input sigrannect the pulse-shapers in the whole system, or disconnect
and pump power levels. Isolators at the input and output ateem for individual measurements. Fiber-pigtailing also has the
used to reduce any feedback effects that can reduce the gaiwantage that the pulse-shapers have to be aligned only once
and output power. The preamplifier was designed to generdtaing the initial construction phase. We have achieved a low
~1.2 mW of power at 1550 nm when pumped 24 mW fiber-to-fiber insertion loss of only 5.3 dB. To our knowledge,
of pump power. The amplified pulse is compressed by usitigese are the first experiments demonstrating femtosecond
a dispersion-compensating fiber that compresses the pulsufse-shaping operation at 1.55 microns using fiber-pigtailed
its transform limited value. The amplifier produce875 fs pulse-shapers, and also the first demonstration of femtosecond
pulses, the pulse being broadened due to gain narrowing effeeisoding—decoding operation using such pulse-shapers.
in the erbium fiber. The output pulses are taken from the The experimental arrangement of the pulse-shaper is shown
90% port of a 10-90% output coupler. The postamplifien Fig. 4. In the pulse-shaper, collimated light from the input
follows the same construction as the preamplifier, with tH#éer pigtail is first diffracted off a grating (1100 lines/mm)
longer length £25 m) of erbium fiber to give higher outputand the different spectral components are then collected and
powers. The postamplifier is designed to deliver up~t®0 focused by an achromatic lens (focal lengthl90 mm). The
mW of output power when pumped by130 mW of pump incident angle and diffraction angles are approximately 43 and
power. At higher output power levels, in addition to gair5°, respectively. At the focal plane of the lens, the spectral
narrowing in the amplifier, we see some nonlinear effects @omponents of the input pulse are linearly spatially separated.
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at O—r transitions of the LCM’s in the pulse shaper [22], [27].

3 g Each individual frequency component of the input pulse has
gos gos a finite spatial extent at the mask plane (as determined by the
2 2 input beam diameter), which may cause the different spatial
A a— 0 5 10 1540 1560 1560 1570 1580 regions of one particular frequency component to see different
time {ps) wavelength (nm) . " . . .
phase retardations. The output fiber pigtail acts as a spatial
@) (b) filter that samples the frequency dependent diffraction pattern
1 1 from the LCM. This results in phase to amplitude conversion
3 3 that leads to the observed dips in the spectrum. These effects
gos 205 are more pronounced for the length 63 MS due to a larger
£ 2 number of O« transitions.
= o 20 1540 1550 1560 1570 1580 We can model these diffraction effects using a simple theo-
fime (ps) wavelength (nm) retical analysis published previously [27], [28]. The response
© @ of the pulse shaper can be characterized in the frequency
1 1 domain by
8 s Eout(w) = Ein(w)H(w) 1)
Z05 205 .
5 § where F;,(w) and E,;(w) are the Fourier transforms of the
T =, input and output electric fields, respectively, aldw) is the
-20 0 20 1540 1550 1560 1570 1580 . . .
time (ps) wavelength (nm) complex frequency response of the linear filter acting on the
© ® femtosecond pulses$i(w) can be related to the actual physical

Fig. 5. Cross-correlation data and power spectra at the output of a sinQ?eaSkmg pattern with complex transmlttanMé(a:) (I'e" the

pulse shaper. (a) Output pulse-440 fs) with constant phase applied toSpatial phase pattern on the LCM) by
Uit puse with 63 element! sequence coding. and ({7 povier specha 2\ (om0 fu
cor[rjesp%nding to (a)-(c), respect?vely. ¢ P P H(w) = <7r—w(2)> / d M(x) ¢ (emaw) /wo' ()
Here« is the spatial dispersion of the pulse shaper with units

The liquid crystal modulator (LCM; CRI model SLM-128)Cm (rad/sy ! andw, is the radius of the focused electric field
is used to set the spectral phases to a length 31or lengthbg@am profile at the masking plane (for any single frequency
M-sequence (MS) pseudorandom phase-code (which encog@@ponent). Expressions for and w, in terms of the pulse
the pulses into 10-20 ps wide pseudonoise bursts) or hélpper parameters and input beam profile are given in [27].
constant leading to essentially unchanged uncoded pulses. fgguming that the Gaussian mode selected by the output fiber
LCM has a fully programmable linear array of 128 pixelés matched to the mode from the input fiber, as is the case in
with 100 ym center-to-center pixel spacing, and individuadur experiments, (2) completely accounts for diffraction effects
pixels can be controlled by applying up to 4096 different drivarising in the pulse shaping process. Equation (2) shows that
levels resulting in phase shifts from £+ [26]. A length 31 the effective filter in the frequency domain is the mask function
MS, for example, consists of a pattern of “1”s and “0”sM(x) convolved with theintensity profile of the beam. The
31 bits in length that is accommodated by the 128 pixels ofain effect of this convolution is to limit the full-width at half-
the LCM by assigning four pixels to each bit. For MS bitgnaximum (FWHM) spectral resolutiofw of the pulse shaper
equal to one, the phases of the corresponding LCM pixels 405w = (In 2)'/2w, /o Physical features on the mask smaller
set tor radians; for bits equal to zero, the phase is set than~w, are smeared out by the convolution, and this limits
0 radians. The rest of the pulse-shaper consists of a sectil finest features which can be transferred onto the filtered
matched achromatic lens and grating which reassembles sfpectrum. One consequence of this picture is that wavelength
different spectral components into a single collimated outpagdmponents impinging on mask features which vary too fast
beam which is then coupled back into an output fiber pigtafor the available spectral resolution are in part diffracted out
Note that two half waveplates were used, before and after thiethe main beam and hence not coupled into the output fiber.
LCM, respectively, since the polarization state for operatiobhis leads to the phase-to-amplitude conversion evident in
of the LCM was orthogonal to that required by the gratingsig. 5. Improved spectral resolution can be achieved, e.g., by
for optimum diffraction efficiency. increasing the input beam size to decreage

Fig. 5 shows measurements of time-domain output wave-Fig. 6 shows a comparison of the experimental power
forms and spectra where the LCM is programmed for eitherspectrum for coding with a length 31 MS with a simulation
constant phase (no encoding) or length 31 orM63sequence based on (1) and (2). The simulation parametersufd w,)
phase codes. The time-domain measurements are intengigre found by matching the locations and widths of dips in
cross-correlation data using unshaped pulses from the laseeggerimental and simulated power spectrum for a very simple
a reference; to a good approximation they represent the actseiting of the LCM where pixels 20, 64, and 110 were set for
output temporal intensity profiles. The holes in the spectrumphase shift, with all other pixels set for zero phase shift.
seen in Fig. 5(e) and (f) are related to diffraction effects arisifihis resulted i =2 9.6 x 1014 cm (rad/s) ! (0.75 mm/nm)
from the frequency components of the input pulse which fadind w, = 120 m. Using these same parameters, excellent
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agreement between the actual and simulated spectra for length- 20 -0 0 10 =20 1540 1550 1560 1570 1580
31 MS coding is obtained, as seen in Fig. 6. Similar agreement fme s} wavetengtn (nm)
is obtained for coding withAZ-sequences of other lengths ©) )

and for encoding—decoding experiments (discussed next),FI_m 7. Cross-correlation data and power spectra after encoding—decoding
all cases using the same values foandu,. e e shapers or 31 element seqerice codng, (@) utpupue
Encoding and decoding experiments are performed by takcoded output pulse-G10 fs), (c) improperly decoded output pulse, and
ing pulses exiting from the first pulse-shaper (encoder) afft-(f) power spectra corresponding to (a)—(c), respectively.
inputting them through a fiber pigtail into an identically
constructed second pulse-shaper (decoder). The encoder taasitions. Note also that the holes observed in the spectrum
decoder are matched to within a pixel accuracy of the LCM'sf the PDP [Fig. 7(e)] are wider than those observed in the
as measured by a 0.08 nm resolution optical spectrum analyzgectrum of the encoded pulse [see Fig. 5(e)]. This occurs due
Note that due to aberrations in the pulse shaper arising dugaophase to amplitude conversion at the same pixel position
the very large diffraction angles, as well as the interactiofignd therefore at the same wavelength) arising independently
of polarization mode dispersion effects in the fiber compdd both the encoder and decoder. Similar trends were observed
nents with polarization sensitive devices (e.g., gratings) far length 15, 63, and 12%/-sequences. In all cases, the
the pulse shaper, the overall output pulse after two puldecoded pulse exhibited a main peak duration comparable to
shapers is broadened 500 fs. Fig. 7 shows experimentalthat of the uncoded case and intensity substantially above a
cross-correlation data and corresponding output spectra for tpwer intensity pedestal. However, the holes in the spectrum,
encoding—decoding operation for length 31 MS phase cod#¥ drop in peak intensity, and the overall energy loss in the
Fig. 7(a) shows normalized intensity cross-correlation data fdecoding process became more severe for longer code lengths.
an uncoded pulse where a constant phase is applied to Ta@le | shows the peak intensity and the energy of the PDP,
LCM's in both the encoder and the decoder. Fig. 7(b) show@rmalized to the case of constant spectral phase in the encoder
cross-correlation data for a properly decoded pulse (PDP) fjtd decoder, for length 15, 31, and 63 codes. The experimental
31 element MS encoding—decoding when the phase coded@siults are in excellent agreement with simulations, using the
the two LCM’'s match, and Fig. 7(c) shows an improperigame values forx and w, as previously. The comparison
decoded pulse (IPDP) when the phase codes on the two LCNROWnN in Table | is perhaps the most demanding test of
do not match. Note that the vertical axes in Fig. 7(b) and 7(¢3) to date, in terms of the complexity of the experimental
are normalized to the peak intensity of Fig. 7(a). Fig. 7(d)_(yyaveforms. The excellent results suggest that this simulation
show the output spectra corresponding to Fig. 7(a)—(c) resp;;_){;ocedure can be used to pr.edict coding-decoding performance
tively. It can be seen from Fig. 7(a) and (b) that aIthoqur a.broad range of experimental parameters. Based on the
the encoding—decoding process restores the pulse-widthdgfa in Table I, we have selected length 31 and 63 MS codes
the PDP to its original uncoded value, its peak intensity f8 our system studies, although longer codes (e.g., 127) would
reduced to~60% of that in Fig. 7(a). As before, diffraction be desirable if sufficient spectral resolution were available.
effects inherent in the pulse-shaping process cause a decrease ) . )
in the peak intensity and the appearance of a pedestal in fheFémtosecond Dispersion Compensation
decoded pulse. They are also responsible for the holes seen ifiransmission of femtosecond pulses over kilometer
the spectra of Fig. 7(e) and (f). Note that the spectrum of tlistances requires the simultaneous compensation of both
IPDP shows more holes. This is because the MS in the encotler quadratic dispersion and most of cubic dispersion of
and decoder do not match resulting in a larger number af Othe input pulse. In femtosecond optical CDMA dispersion
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TABLE | 1.0
NORMALIZED PEAK POWER AND ENERGY OF PROPERLY DECODED PULSES FOR
CODING WITH LENGTH 15, 31,AND 63 M -SEQUENCES THE POWER AND ENERGY 0.8 1 ]
ARE NORMALIZED TO THE POWER AND ENERGY OF PULSES PASSING THROUGH 2 o0s 4 )
AN ENCODER AND DECODER PAIR EACH SET FOR CONSTANT SPECTRAL PHASE 9 -
Q
M-sequence Normalized Normalized energy £ 480 fs i
: length peak power 02 4 } 580fs
Experiment Theory Experiment Theory Yocve
15 73.2% 74.1% 83.1% 78.8% 0.0 e e T T
31 59.0% 65.5% 74.6% 75.0% 34 2 1 0 1 2 883 2 414 0 t 2 3
63 28.5% 35.7% 46.4% 48.8% Time (psec) Time (psec)
(@) (b)

compensation is necessary for two reasons. First, since the 19 .
CDMA scheme needs linear pulse transmission due to the os - 191.7?“%2%”%215
T T

phase sensitive encoding—decoding operation, we cannot, . T :
use soliton propagation. Second, uncompensated dispersior§ gz B

will severely degrade the contrast between properly and= °*7 490 fs g0 ‘/’—’/
improperly decoded pulses. Several dispersion compensation 0.2 + £l

schemes applicable to femtosecond pulse transmission have oo | -/ N I R
been demonstrated before that can compensate the chromatic 3 2 -1 o 1 2 3 20 40 60 80 100120
dispersion of standard single-mode fibers [29]-[33]. Our dis- Time (psec) Pixel #
persion compensation scheme based on the use of dispersion (©) (d)

compensating fiber (DCF) [34] to compensate the quadratig. 8. Cross-correlation data for femtosecond dispersion compensation. (a)
dispersion and most of the cubic dispersion of standard sindjleut pulse to the 2.5 km link, (b) output pulse from the link when a constant

; ; : hase is applied to the LCM, (c) output pulse with cubic phase correction
g?gﬁ ::eél\slivg ()Z'Fh?ifelr)el;nk dhi:?l?nducpl:el\:)l\(l)vlésrlyth[i?j-];l!(gjz!;f;pepl:?g “;op?ggl;CM, and (d) th(e )cubig phgse correction fur?ction applied to
dispersion than conventional dispersion shifted fiber. Further,
by applying a cubic phase to the pixels of the programmalfird-order dispersion in the link and thus to almost complete
liquid crystal (LCM) in the encoder, we can almost completeliestoration of the output pulse.
remove the small residual third-order dispersion of the SMF- The pulse shaper can also be programmed for simultaneous
DCF link resulting in essentially distortionless transmissioglispersion compensation and decoding (or encoding). This is
of sub-500 fs pulses over 2.5 km of optical fiber [33]Jaccomplished by summing (moduta’) the phases needed for
To our knowledge, these were the first experiments dfcoding and for dispersion compensation. Fig. 9 shows inten-
dispersion compensation on a femtosecond time scale us#iy autocorrelation data for properly and improperly decoded
dispersion compensating fiber [31] and the first demonstratiptlses using a length 63 MS code for the case of (a) only a few
of almost dispersion free transmission by applying residusieters of fiber between encoder and decoder, and (b), (c) 2.5
phase correction via a programmable pulse-shaper [33]. Km dispersion compensated link connecting encoder—decoder,
addition to its applicability in femtosecond CDMA systemsgither (b) without or (c) with one of the LCM'’s also used to
this dispersion compensation scheme can be used in any othier out the residual phase from the fiber link. Note that in
transmission scheme that uses ultrashort pulses. each case the amplitude of the PDP is normalized to unity, and

Fig. 8 shows intensity cross-correlation data for pulses atsmall coherence spike is observed at the origin for the IPDP
the input and output of the 2.5 km SMF-DCF link. The linkas is expected in autocorrelation traces for pseudonoise bursts
is composed 0f-2060 m of SMF and~445 m of DCF fiber, [35]. Compared to Fig. 9(a), we can see from Fig. 9(b) that
dispersion optimized by adjusting the lengths of the individuagsidual dispersion in the fiber link has broadened the main
fibers to give the shortest output pulse. Fig. 8(a) shows theak and reduced the contrast between the PDP and IPDP
input pulse and Fig. 8(b) shows data for the same pulse aféattocorrelations. In this case the fiber link was adjusted so
the 2.5 km link. The output pulse is broadened +®80 that small amounts of residual quadratic and cubic dispersion
fs with some small oscillation in the tail indicating residuatvere both present. By programming an LCM for simultaneous
positive third-order dispersion. In contrast, we estimate thdecoding and dispersion compensation as in Fig. 9(c), the
the pulse after propagating down the 2 km length of SMF onfjuration of the autocorrelation peak and contrast ratio between
would broaden te~200 ps. The residual dispersion is furthethe PDP and IPDP is restored to that observed with only
compensated by applying an appropriate phase variation acresew meters of fiber. The ability to perform decoding and
the pixels of the LCM in the encoder, resulting in almogerogrammable fine tuning of the dispersion compensation in
complete dispersion compensation as seen in Fig. 8(c). Tthe same module relaxes to some degree the precision with
phase pattern applied to the LCM [see Fig. 8 (d)] is discretelhich the fixed dispersion compensator must be set.
sampled over the entire 128 LCM pixels, but since the phase i
difference between the first and last pixel is quite smafl- Ultrafast Nonlinear Thresholders
(~2.1r), the sampling can be considered almost continuous.Optical CDMA receivers need a thresholding device to dis-
This leads to the almost exact phase correction of the residtinguish between properly decoded femtosecond pulses and the
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Fig. 11. Power spectra at the output of the nonlinear thresholder for two
Fig. 9. Intensity autocorrelation data for spectral encoding and decodiggferent thresholder fibers. (a) Output power spectrum Jor ~ 1559
separated by fiber, using length-83-sequences. Both properly (dashed linehm DSF thresholder fiber for coded pulses, (b) output power spectrum for
and improperly (solid line) decoded pulses are shown. (a) Only fiber pigtails (g ~ 1559 nm DSF thresholder fiber for uncoded pulses, (c) output power
few meters) separate encoder and decoder. (b) 2.5 km dispersion-compensggggtrum for\q ~ 1547 nm DSF thresholder fiber for coded pulses, and (d)
links, without phase trimming by LCM. (c) 2.5 km dispersion-compensateslitput power spectrum foxo ~ 1547 nm DSF thresholder fiber for uncoded
link, with phase trimming by LCM. pulses. For (a) and (b) the average power is 0.44 mW and for (c) and (d) the

average power is 1.84 mW.

knife-edge. The spectrally filtered pulse exiting the filter is
focused into a photodetector. The combination of spectral filter
and photodetector converts any frequency shifts occurring in
the thresholder fiber into amplitude variations which can be
detected by the photodetector.

We earlier demonstrated two different thresholder designs
for a stand-alone thresholder by propagating coded and un-
coded pulse through the nonlinear fiber and obtained high
contrast thresholding after the output filter [41], [42]. In the
integrated system described later, such coded and uncoded
pulses would correspond to improperly decoded and properly
Fig. 10. Schematic of the nonlinear thresholder. decoded pulses respectively. In the first design [41], both

the uncoded femtosecond pulses and the coded interference
equally energetic improperly decoded picosecond interferergignals were propagated through a dispersion shifted fiber
signals. This required discrimination is achieved by exploiting®SF) whose zero dispersion wavelength coincided with the
nonlinear frequency shift effects in optical fibers. We use tweenter wavelength of the transmitter laser1659 nm). Non-
nonlinear effects in optical fibers, namely, nonlinear self phalieear self-phase modulation effects cause the spectrum of
modulation [36]-[38] and nonlinear Raman effects manifestdéde femtosecond signal pulse to split and spread on either
as the soliton self frequency shift [39], [40]. In both of thesside of the zero dispersion point while the low intensity
effects when a high intensity femtosecond pulse is propagatgidosecond interference signal remains at its original spec-
in an optical fiber, the output pulse exhibits frequency shiftsal position. Fig. 11(a) and (b) show power spectra at the
(away from its mean input frequency), the exact nature ofitput of the thresholder fiber for coded and uncoded pulses
the shift depending on the particular nonlinear process. Thespectively clearly revealing the differences between the two.
lower peak power longer duration interference signals do nbhe pulses were coded using a length &3sequence. The
exhibit any significant changes to their frequency spectrutong wavelength pass filter at the output transmits the shifted
Fig. 10 shows the block diagram of the nonlinear thresholdgagrtion of the uncoded pulse and rejects the unshifted coded
which is combination of a suitable length of optical fibepulse. High contrast ratios of 30 dB were obtained using
followed by a long wavelength pass spectral filter. The lorlg00 m of fiber at average power levels of 0.44 mW for
wavelength pass filter is one half of a pulse shaper, witb69 nm cutoff wavelength of the output spectral filter (see
the LCM replaced by a knife-edge mounted on a translatiéiig. 12). Fig. 12 also shows the variation of the contrast ratio
stage. This arrangement allows us to change the filter cutldf the various cyclic shifts of the 63 elemenf-sequence
wavelength by simply moving the spatial position of théthus representing different codes or interfering users) for two

Spectral Filter &
Photodetector
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Fig. 12. Variations of the contrast ratio at the output of the nonlinear 1520 ~ 1530 ~ 1540 1550 ~ 1560 1570 1580 1590 1600
thresholder for two different positions of the long wavelength pass filter for wavelength (nm)
coding using the cyclic shifts of a length 68/-sequence. The thresholder (b)

fiber hasAo ~ 1559 nm and the average power in the fiber is 0.44 mW. i
Fig. 13. Power spectra after the thresholder fiber for 31-element
M-sequence encoding—decoding and propagation over a 2.5 km link.
different cutoff wavelengths of the output spectral filter. Th&) Properly decoded pulse and (b) improperly decoded pulse. The

contrast ratio is seen to be only minimally affected by th@rzezhgs\fr fier is thelo ~ 1559 nm DSF and the average power is
particular choice of thel/-sequence. The energy conversion '
efficiency (ratio of energy detected after the spectral filter to
energy in thresholder fiber) for this thresholder was abodew discuss system level results for a single transmitter-single
10%. The main advantage of this design is the lower averaggeiver experiment including encoding, fiber propagation,
power required for obtaining high contrast ratios. The mafecoding, and thresholding. For single user operation, the
disadvantage is the requirement to closely match the zdpowing three parameters will chiefly determine the system
dispersion wavelength of the thresholder fiber to the centegrformance. First, the fidelity of the encoding—decoding op-
wavelength of the source laser. eration with the 2.5-km fiber link in-between the encoder and
In the second design [42], a DSF fiber with zero dispersidgiecoder. Second, the effectiveness of the dispersion compen-
wavelength less than the center wavelength of the source las@tion scheme for coded pulse propagation with and without
(A, ~ 1547 nm) was used so that the optical spectrum liggsidual third-order dispersion correction, and finally, the con-
entirely in the anomalous dispersion regime of the fiber. THeast ratio after the nonlinear thresholder between a properly
nonlinear Raman effect and the resulting soliton-self-frequenapd improperly decoded pulse.
shift cause the mean wavelength of the high intensity properlyFig. 13 shows power spectral data at the output of the
decoded signal to shift to longer wavelengths, while the lothresholder for PDP and IPDP for 31 elemeWt-sequence
intensity interference signal remains at its original spectré¥!S) phase coding. In the system experiments, the thresholder
position. Fig. 11(c) and (d) show power spectra at the odiber with zero dispersion wavelength at 1559 nm was used,
put of the thresholder fiber for coded and uncoded pulspgmarily because it requires lower average powers to give
respectively for this design. Again, a properly positioned lonfgigh contrast thresholding. By comparing Fig. 13(a) and (b)
wavelength pass filter can transmit the shifted signal and rej#e note that the spectrum of the PDP has split to either side
the interference signal giving high contrast thresholding. #f the zero dispersion point. The peak at 1530 nm observed on
nonlinear thresholder having 36 dB contrast ratio for 1.8g0th the spectra is due to the amplified spontaneous emission
mW average power in the thresholder fiber was demonstrafeam the erbium doped fiber amplifier in the receiver. Fig. 14
using 340 m of this dispersion shifted fiber for 1577 nm cutofhows the encoding—decoding autocorrelation data after the
wavelength of the output spectral filter. The main advantagecoder and the corresponding power spectral data after the
of this design is the flexibility of choosing the zero-dispersiothresholder for 63 element MS encoding—decoding, clearly
wavelength, although it is achieved at the expense of higrdgmonstrating CDMA operation for longer code lengths. The
average powers required for high contrast thresholding. Tontrast ratios (defined as the ratio of the energy of the PDP
our knowledge, these were the first experiments demonstratingthat of the IPDP) after spectral filtering in the nonlinear
nonlinear thresholding operation in optical fibers with higthresholder are plotted Fig. 15 for length 31 and length 63
contrast ratios. MS phase coding. The cutoff wavelength of the spectral
filter is ~1573 nm. The horizontal axis in the figure is the
pump power applied to the EDFA in the receiver, and the
We have so far discussed the various CDMA subsystemsrresponding variation of the average signal power in the
and presented experimental data for their performance. Weesholder fiber would be from1 to 2.5 mW. As seen in the

IIl. SYSTEM RESULTS
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(c) (d) to cubic phase correction in the encoder LCM. The cutoff wavelength of the

. . ectral filter in the nonlinear thresholder is 1573 nm in each case.
Fig. 14. Autocorrelation data after the decoder and power spectra after ﬁ?e

thresholder for 63 element/-sequence encoding—decoding. (a) Autocorre-
lation of properly decoded pulse, (b) autocorrelation of improperly decoded 4
pulse, (c)—-(d) power spectra after the thresholder corresponding to (a)—(b),
respectively. The average power in the thresholder fibesras3 mw.

35+ E
S 31-63 element

figure, a slight increase in the contrast ratio is observed when S

the LCM provides third-order dispersion correction. Note that sor 1
the contrast ratio for 31 element MS encoding—decoding is8 31-31 slement
larger than that for 63 element MS encoding—decoding, and thé 25l 63-63 element |
difference between the two is more prominent at lower pump3 65-31 slement

powers. This is because the PDP has a larger peak power (artd
also larger average power) for 31 element MS coding than for 2
63 element MS coding (see Table I). At lower pump powers
the EDFA gain is fairly constant, resulting in the amplified 1s} ) .
properly decoded pulse for 31-element coding having a larger
peak power, and therefore higher frequency shifts, and higher o , ‘ , ,
contrast ratios. At higher pump powers, gain saturation effects 18 165 A ;:uBmp powgfdbm) 19 195 20
come into play and the differences in the contrast ratios are '
smaller. The contrast ratio in both cases is limited by the _Ior’g% 1663- ef;?:g:;f[fg‘ggjefﬁctgee‘r’]‘ézpd‘:;;’igéic%ﬂgﬁg?ﬁsggd ;‘;%%ﬁ('%mem
wavelength ASE components of the EDFA in the receivefayelength of the nonlinear thresholder (both shown by solid lines). The
Compared to the earlier thresholding experiments using onlyi@hed-dot line is for a 31-elemekf-sequence user when the interfering user
single pulse shaper for encoing (and only a single ampifelf %% eeryserice rase o, The ot ne o o 4 02 e
ASE is a more serious issue in the integrated system, Sifg@se code.
two EDFA’s are employed. Note also that for 31 element MS
coding, the contrast ratio curve is quite flat over the entire ) o o
range of average powers in the thresholder fiber indicatill?Qwever not a s_erlous limitation asllong as we have sufficient
that the contrast ratio is not very sensitive to the exact val§ina! for detection, and the reduction of the long wavelength
of the average power. This is important as it gives some desfgRE 1S greater than the reduction in the properly decoded
margin for constructing the receiver amplifier especially und&fgnal. Using the second approach we increased the contrast
multiple user operation. ratio of the CDMA test bed to 27.5 and 25 dB for 31 element
To get around the ASE limitation, we have two choice@nd 63 elemenfi/-sequence coding respectively (compared
First, we can install a bandpass filter after the receiver EDM#ith ~18 and~15 dB in Fig. 15) as shown by the solid lines
that eliminates the long wavelength ASE components. Secohti Fig. 16. Note again that the horizontal axis in the figure
we can engineer the spectral filter in the thresholder and &the pump power applied to the EDFA in the receiver, and
its cutoff wavelength to a much longer wavelength1673 the corresponding variation of the average signal power in the
nm) effectively blocking out as much long wavelength ASEhresholder fiber would be from-1.5 to 2.75 mW.
as possible. Note that in the second approach we also reducé/e also tested one more variation of the code length
some of the signal from the properly decoded pulse. This dependence of the contrast ratio, namely when the interfering
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user has encoded its data using a different length codgperation are discussed in the following, with reference where
sequence than the intended user. We can now have sapelicable to our experimental results.

users who encode their data with length 31 MS transmitting 1)
information over the same optical channel with other users
who encode their data with length 63 MS. Note that in optical
CDMA the intended receiver has to be provided with a-
priori information about the exact nature of the code sequence
of the transmitter. Hence having different users encoding
their data bits with different length MS does not add any
more complexity to the system. When the CDMA receiver
decodes an incoming interference signal, its output remains
as a low intensity pseudonoise burst irrespective of the exact
nature of the code length of the interfering user. This can
be observed from Fig. 16, where it should be noted that the
contrast ratio has actually increased for length 31 MS coding
when the interfering user has its bits coded with a length 63
MS. This can be attributed to a combination of two factors.
First, an interfering user with 63 element MS coding has a
longer temporal spread of its encoded pulse [also compare
Fig. 5(b) and (c)] than an interfering user with 31 element
MS coding. Hence after decoding, a length 31 MS-length 632)
MS improper decoding results in a longer duration improperly
decoded pulse than a length 31 MS-length 31 MS improper
decoding. Since the thresholder is a nonlinear device, a longer
duration improperly decoded pseudonoise signal has relatively
less spectral shifts than a shorter duration improperly decoded
pseudonoise signal. (Note that the absolute spectral shifts in
either case are much less than that for a properly decoded
pulse). This explains the increase in contrast ratio. The second
factor for this increase is the slightly higher loss in the decoder
pulse shaper for 63 element MS coding than for 31 elementg)
MS coding. This would cause the decoder output to have
different average powers depending on the specifics of the
encoding—decoding process. The contribution due to this effect
is expected to be small as measurements at the EDFA output
for the two cases (i.e., length 31 MS-length 31 MS and length
31 MS-length 63 MS improper decoding) have shown only
5% difference in average powers. The contrast ratio for 63
element MS encoding—decoding is likewise higher than that
for 63 element coding-31 element decoding. This also appears
to be related to the temporal and intensity characteristics of
the improperly decoded pulses. Note that for a given MS,
translating the bit pattern by one-bit results in a new MS that is
orthogonal to every other MS obtained by such bit translations.
Hence, a length 63 MS can accommodate 63 possible users. A
combination of length 63 and length 31 MS thus increases the
number of addresses that can be assigned to users, and also
shows the robustness of the optimal CDMA system when the
interfering users have different types of codes.

4)

IV. DISCUSSION

Although the component technologies and the single-user
system results in principle show potential for true multi-user
operation, several factors may affect the practical implementa-
tion of the CDMA system in a multi-user environment. Some
of the issues which would affect practical femtosecond CDMA

The current single user experiments running at pulse
rates of~30 MHz required on the order of 1 mW for
high contrast operation of the fiber nonlinear thresh-
older. In multi-user networking each receiver will see a
sample of each of the multiple-access signals; therefore,
the required postamplifier saturation power scales with
number of users (as well as bit rate). For 30 users with
ON—-OFF keying at 1 Gb/s per user, each postamplifier
will need to amplify to~500 mW. Although this is
possible, for most applications such an amplifier will
be too costly for use on a per node basis. Therefore,
thresholding devices that can operate at lower power lev-
els than in the current experiments are required. It may
be possible to achieve some power reduction by using
longer thresholder fibers or longer pulsewidths. Other
technologies based on nonlinearities in guided wave
optoelectronic devices may also offer some potential for
lower operating powers [43], [44].

We have demonstrated distortionless transmission of
sub-500 fs pulses over a 2.5 km dispersion compensated
fiber link. Although programmable dispersion compen-
sation in the encoder or decoder allows fine tuning of
the overall dispersion balance, nevertheless each fiber
link in the CDMA system will still need rather precise
setting of its large fixed dispersion compensator. Greater
precision will be needed if shorter pulses or longer fibers
are desired, and this may ultimately limit the usable
pulse width or fiber span.

Assuming adequate power budgets are available, the
overall capacity in this ultrashort pulse CDMA scheme
scales inversely with pulse width (for fixed code length)
and increases strongly with increased code length (for
fixed pulse width) [7]. Here we have demonstrated
operation with 500-fs pulses and code lengths of 31
and 63. However, to obtain capacities in the range of
tens of Gb/s to~100 Gb/s or above, one needs code
lengths in the range from 127 to 511 and shorter pulse
widths (~100-300 fs). For the current pulse width longer
code lengths (at least up to 127) should be possible by
improving the pulse shaper spectral resolution. Shorter
pulse widths would allow a greater increase in code
length, since more spectrum is available for coding.
To maintain shorter pulse widths, gain narrowing in
the amplifiers, which is a significant limitation in the
current experiments, must be avoided. Additionally, sub-
stantially longer code lengths would require LCM'’s (or
other modulator array technologies) with more than the
current 128 pixels.

The accumulated nonlinearity in the transmission fibers
must remain small in order to avoid degrading the
decoded pulses. On the other hand, if the transmit-
ted power is too low, the power requirements of the
nonlinear thresholder will place additional demands on
the receiver amplifier. We have performed simulations
and experiments showing that uncoded pulses can be
transmitted with average powers up to thel mwW
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level in the current setup (at the same pulse repetition ACKNOWLEDGMENT
rate) before nonlinearities become evident [45]. Coded The authors would like to gratefully acknowledge A.

pulses (as here) have lower peak intensities and therefogg, scarkar of Lucent Technologies, NJ, for providing the
are less susceptible to nonlinearities. Based on theggnersion compensating fiber, V. DaSilva and M. Newhouse
considerations, at present we do not expect nonlinearitigscorning Inc., Corning, NY, for providing dispersion shifted

in the transmission channel to be a serious limitatioR4 erbium doped fibers, and I. Duling of Naval Research
However, further study is needed to fully assess nopaporatory, Washington, DC, for helpful discussions related to
linearity limits for femtosecond pulse transmission iRypiym amplifiers. They would also like to thank A. Emmanuel
dispersion compensated links with large pulse stretching4 s shen for calibrating the LCM's, and D. Leaird for

and compression ratios.
In a N user system, the broadcast star architecture will
lead to a factor of/V splitting loss not present in the
current single user experiments. This loss would have
to be offset either by using a more powerful sourcey
(compared to the 40W after spectral filtering currently)

or through additional amplification. 2]
Even though we have demonstrated relatively low-loss
filter pigtailed operation, the encoding—decoding device
in its present form requires the use of bulk gratings[3
and lenses which limits its use in practical applications.
In the future this part of the system will have to bel4l
miniaturized, perhaps taking advantage of integrated
wavelength division multiplexing technologies. Exper-[5]
iments demonstrating simple pulse shaping operation
have been reported both using integrated acoustooptic
tunable filters [46] and arrayed waveguide gratings [47][6]
and a miniaturized and packaged pulse shaping setup
used for gain equaliztion of amplified WDM systems
was demonstrated in [48]. [7]

(8]
V. CONCLUSION

We have presented a detailed description of a femtoseg;
ond optical CDMA scheme. On the subsystem level, three

main component technologies, namely, femtosecond enc

ing—decoding, femtosecond dispersion compensation, and ul-
trafast nonlinear thresholding, have been developed and char-
acterized. The high fidelity femtosecond encoding—decodir[nlgl]
obtained for length 63 and length 3Z-sequences has shown

the potential for true multi-user operation. Femtosecond dig#]
persion compensation, especially with residual third-ordess)
dispersion correction, should extend the propagation distance

to over 10 km. The high-contrast thresholding should a{i4

low good discrimination against multi-access interference,
although lower operating power would be desirable. On a
system level, the ability to propagate a coded pulse and decdtis
it with a 27.5 dB contrast against interference has the potential
to extend optical CDMA beyond the single-user operatiol®l
demonstrated here. Similarly, the high contrast ratios obtained
for different lengthAZ-sequence coding makes it possible tL7]
add more addresses than would be available with a ﬁxﬁ]
single-length M -sequences. In conclusion, we have demon-
strated for the first time the ability to propagate femtosecond

optical pulses from CDMA transmitters to receivers in aH®

integrated system including all the required operations needed
for femtosecond pulse CDMA. In the future we plan to use this
system as a test bed to investigate CDMA system performaqgﬁ
during multiuser operation.

technical assistance.
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