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Abstract—In this paper, we demonstrate experimental all- multiplexing, is attractive for high-speed local area networks
optical code-division multiplexing (AO-CDM) systems using 64-ps (LAN'’s) because many users can simultaneously transmit data
optical pulses and a 2 prime code of n = 3. A distinguishing  ag55a5es over a common fiber channel [2]. This characteristic

feature of this experiment is that the modulation of ultrashort f llel icati b bstantially utilized t
optical clock stream by electrical data is realized without using ©O! Parallel communications can be substantially utilized 1o

any optical intensity modulator at each transmitter. Moreover, Support real-time computer interconnections for high-speed
only low-cost standard optical 2x 2 couplers and fiber delay image and data communications. As we know, using optical
lines are employed to implement all-serial encoders and deCOderSorthogonal codes (OOC'’s) with cross-correlation constraint

for a 2" prime code. As a result, this new system is more . . .
cost- and power-effective than a conventional AO-CDM system. Ac of 1 and autocorrelation constraint, of 1 can achieve

Furthermore, the use of AO-CDM systems can offer parallel better bit-error-rate (BER) performance than employing other
communications over a common fiber channel, which in turn can address codes oA, > 1 in all-optical CDM (AO-CDM)
support real-time computer interconnections for image and data systems [7]. Note that the value “1” is the minimum correlation
communications. constraint for incoherent optical signal processing [3], [7].
Index Terms—Optical code-division multiplexing, optical en- However, the complexity of code generation/correlation and
coder and decoder, optical fiber communications, optical signal the power loss of all-optical encoder—decoder must be also
processing, optical ransmission systems. taken into account when we design AO-CDM systems.
A recent study has shown that employi2ij codes in AO-
. INTRODUCTION CDM systems can result in simple encoder and decoder using

INGLE-MODE optical fibers can provide an usable trann all-serial structure, which requires a far smaller number

ission bandwidth of 25 THz in the 1.58n wavelength of optical components and has lower optical power loss than

window, which can support ultrahigh-speed data transmissigﬁIng conventional aII—paraIIeI‘encoder_—decoger [2]. This is
and networking applications. However, the use of electron ceause the second ha}lf of the pE'feS n anp coqleword
signal processing ultimately limits the data throughput. T3 Just the delayed replica of tr pur!s_es in the first _half
eliminate the throughput bottleneck, optical signal processir) this codeword, where < < » and2" is the .COde We'ght. .
should be employed in ultrahigh-speed optical fiber systems the .n.umber O.f p.ullses per codgword). Thls characteristic
where such functions as data sampling, multiplexing, transm n be utilized _to S|gn|f|cantl)_/ S|mpln‘_y the pptlcal enco_der_and
sion, amplification, and demultiplexing (also possibly inclu decoder by using an aII-s.enaI configuration shown in .F|g. 1
ing data regeneration) are performed completely in the opti Z!i where pnlyn +1 opt!cal 2 x 2 couplers are required
domain. In doing so, this in turn can support ultrafast signgﬁr generatmg or correlating anX/’?’ codeword. In cor_wtrast,_
processing with a speed up to 100 Gb/s [1][3]. Therefor@" opt!cal enncodell; (or glecoder) with the parallel gonflguratlon
future high-speed communication systems will be based SAMPrises)_,_, 2" optical 1 x 2 couplers for a given code
optically processed architectures. weight w = 2™ (see Fig. 2), which is bulky_and has a high
In recent years, optical code-division multiplexing (COMPOWer loss for a large value ob so that it may not be
techniques have been receiving considerable attention [1]-[§]Plementable (e.g., when equals several tens or hundreds).
Experimental demonstrations of high-speed optical CDM syl the ideal case, the total coding and decoding power loss
tems have been also reported [2]-[6]. Optical CDM, as dar a2” code is equal t&(n + 1) dB if the encoder—decoder

alternative to optical time-division and wavelength-divisioR@ir in Fig. 1 is used, while the total power losslis: dB if
the encoder—decoder pair in Fig. 2 is employed. Furthermore,
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Fig. 1. All-serial configuration of an all-optical encoder or decoder.
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Fig. 2. All-parallel configuration of an AO-CDM encoder or decoder.
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In this paper, we report a new experiment on high-speetherez; € [1, P — 1] is an integer and € GF(P).
AO-CDM systems usin@™ prime code. Unlike conventional Forallk = {0, 1, ---, n—2} andu = {0, 1, ---, P—2"},
AO-CDM systems [2]-[6], in our experiment no any opticathe valid codeword”; of a 2™ prime code is obtained from
intensity modulator is used at each transmitter to gate the 8, S; and Sp_; satisfying [8]

trashort optical clock pulses by electrical data. Moreover, only UP — w2k — 1 P — ) (2k+l _ 1

low-cost standard optic& x 2 couplers and fiber delay lines ( u)(_ - ) << ( u)(_ — ) 4)
. ; an _ 9n k+1 2n_2nk1_1

are employed to implement all-serial encoders and decoders

for a 2" prime code. Therefore, this new system is more cos¢heres = {1, 2, ---, (P —1)/2}.

and power-effective than a conventional AO-CDM system.  Using (4), we can find that all the codewords of the prime
code with P = 11 can be modified to form &" prime code

II. PRINCIPLE AND EXPERIMENTAL SET-UP with » = 3, code lengthL. = 121, and code size 11 (i.e., the
total number of users).

In this section, we demonstrate two-user AO-CDM systems.
the experiment, the used codewords are the zeroth codeword
and the third codeword of thg™ prime code withP = 11
andn = 3 (i.e., code weight 8)

Let P be a prime number. A prime code of length= P?
and weight P is derived from a set of prime sequenceg,
Si = {si0, -+, 8i5, -+, Sicp—1) }» Wherei € GF(P)-Galois
field, ands;; = {i - j} modquP [3]. A prime code withP

distinct codewords(’; = (cio, i1, =+ -, Cik, = -5 Ci(L—1)) for
k=012, ---, L —1, are thus constructed by [3] Cp = (00000000000 00000000000 10000000000
_J1, k=s;+jPandj € GF(P) 10000000000 10000000000 10000 000 000
Cik { 0, otherwise. (1) 10000000000 10000000000 10000000000
A 2" prime code with cross-correlation constrait = 2 10000000000 00 000 000 000)

is obtained from the prime code aP, by selecting only and

the 2™ pulses (per codeword) that satisfy the specific delay- C3 = (00000000000 00000000000 00000010000
distribution constraint: For ang; and any integers;, ¥, z,

andm, such thate # v, = € [0, 2" — 2], y € [0, 2" — 2], and 00000000010 01000000000 00001000000
z € [1, n—1], if z andy are divisible by2*, then we have [8] 00000001000 00000000001 00 100000 000

. 00000 100000 00 000000 000).
tw@(QZ*‘ —Lyom — ty@(QZ*‘ —L)em (2)

We assume that the data rafg of users is equal to 100

Mbit/s. The slot width (i.e., unit delay) is then equal to

1/fsL = 82.6 picoseconds (ps). This data rate has been

adopted by the data-communication standards, sudfilses

. _{ Si, (j=;modr) — Siy +2; P, for j=0,1,---,P—2  Distributed Data InterfacéFDDI) andfast ethernetto support

J Si,2;—1 — Sij T % P, forj=P—1 computer interconnections for data and image communica-
(3) tions.

for a given integerm € [0, 2* — 1], where the %" in (2)
denotes modul@® addition, and the adjacent relative cycllc
delayst;’s are defined as [8]



370 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 5, NO. 2, MARCH/APRIL 1999

RF Comb

Amplificr Generator r--
Clock :
BER b
I
Optical
Tester | Data [ p— DM
P Bias Tee . J- Encoder 0 |
oner Optical X2
Combiner DFB v /\/_»
Laser Fiber - Coupler
Diode X2 -L Optieal I
— Splitter CDM
- Encoder 3
Optical Fiber

L Optical
Manual
CDM ioh-
Decoder 0 _N Hllg; Sz:d
EDFA | 18!
AN 7\ 456tz

Oscilloscope
Optical PD

CDM
Decoder 3

EDFA2

Fig. 3. Experimental setup for simulating two-user AO-CDM communication systems.
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Fig. 4. Optical pulse from a gain-switched DFB LD.

Fig. 3 shows the experimental set-up for simulating twder, but also can eliminate the insertion power loss associated
user AO-CDM communication systems. At the transmittingiith using an optical intensity modulator (e.g., about several
end, 100-MHz electrical clock signal from a BER tester idB). Consequently, cost-effective AO-CDM transmitters can
amplified first, so that it can drive a 100-MHAP comb be realized by using this scheme, whereas the conventional
generator of which the output signal is added to the 100-Mb#O-CDM transmitter must use an optical intensity modulator
electrical data at a power combiner. Then a DFB laser diotteon—off modulate the optical clock pulse stream [2]-[6]. Then
(LD) at the 1.55zm wavelength is driven by a current signathe resulting optical pulse is fed into all-optical encodeo
containing three components (see Fig. 3), namely, a dc prebigesnerate codeword; (: = 0 and 3). For ™ codeword of: =
a data current pulse, and a clock pulse. By correctly settigthe all-serial encoder (or decoder) comprises eyl = 4
prebias and data currents, the DFB LD is biased just belgassive optical % 2 couplers that are serially connected with
a threshold at which the gain switching occurs. Thus, the L&ach other by Jiber delay linesand 3reference fibergas-
is gain switched only if a data pulse and a clock pulse asemed to have 0 delay) as shown in Fig. 1 [2], whete; =
simultaneously present to make the carrier concentration ab®@.1 ps, At, = 1818.2 ps, Atz = 3636.4 ps} for Cy and
the threshold [10]. In this way, ultrashort optical clock signal i§At; = 1157.0 ps, At, = 1405.0 ps, Atz = 3719.0 ps} for
effectively modulated by electrical data bits at the LD, without’s. Note that both delay-line and reference fibers are only pig-
using any optical intensity modulator. In doing so, it not onlyail optical fibers of commercially availablex22 optical cou-
can reduce the complexity and cost of an AO-CDM transmiplers. In contrast, &"-code encoder (or decoder), if using an
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Fig. 5. (a) Electrical data bit “1” (with ECL logic) and the optical pulse sequence encoded(WitHb) Electrical data bit “1” and the optical pulse
sequence encoded with's.
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Fig. 6. Electrical bit stream “10001” (with ECL logic) and the resulting pulse sequences encoded’ywith

all-parallel structure [2], requires 14 opticalk12 couplers, 7 waveguide-integrable all-serial encoders and decoders. This
delay-lineand lreferencefibers, as shown in Fig. 2. Itis clearin turn can facilitate applications of AO-CDM systems.

that using the all-serial structure can efficiently reduce cost,By using aHP high-speed digital oscilloscope, the 64-
complexity and power loss of optical encoders—decoders, esps-width of gain-switching optical clock pulses is directly
cially for a large value of.. Furthermore, the use of integratedneasured at the output of a 45-GHz photodetector, as shown
optics can allow us to feasibly implement power-efficientn Fig. 4. Normally, a gain-switched laser diode suffers both
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Fig. 8. (a) Measured cross correlation ©6f with C5. (b) Measured cross correlation 6f; with Cj.

timing jitter and frequency chirping, but they can be reducg®), respectively. The corresponding codewords and Cs
by injecting a narrow linewidth continuous-wave (CW) lighfrom two optical encoders are then shown as the lower traces
into the gain-switched laser diode. The CW light of narroun Fig. 5(a) and (b), respectively. Fig. 6 shows the complete
linewidth can be obtained from an external tunable opticalectrical data bits “10001” (upper trace) at the input of a
source. gain-switched LD and the resulting pulse sequencesCipr

An electrical NRZ data bit “1” (with ECL logic) from the (lower trace). Although commercially available low-cosk 2
BER tester is illustrated as the upper traces in Fig. 5(a) angtical couplers (with splitting ratios of 2.8 dB/3.2 dB and 2.9
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Fig. 9. Schematic diagram of a proposed AO-CDM encoder (or decoder) using silica-based PLC [14].

dB/3.1 dB) are used in the encoders and decoders, the optical
pulse sequence of nearly constant amplitude is obtained for
Cy, by using couplers of splitting ratio 2.9 dB/3.1 dB and
carefully fusing pigtail fibers between two couplers in series.
In the experiment, we can control the delay-time error of ﬁbesrigmlLight
delay lines within 17 ps as measured {dy, only by carefully ——
cutting and fusing the pigtail fibers of couplers. For the pulse
sequence of’3, unequal pulse amplitudes are visible [see the
lower trace in Fig. 5(b)], because opticak 2 couplers with  Pump Light
worse ratio (2.8 dB/3.2 dB) are used at this encoder such
that the accumulated amplitude error is more severe. This Silicon Substrate
also suggests that using a silica-based planar lightwave ciraeit 10. Schematic diagram of an erbium-doped silica-based planar wave-
should achieve the low power loss, uniform splitting ratio, angtide amplifier [17].
very precise time delay for all-serial encoders—decoders, as
will be discussed subsequently. Because of symmetric pulgéth this technology, integrated-optic components can be
distribution in each2™ codeword, decodei is the same as implemented lithographically, resulting in the potential of low
encoder: for the codeword”;, wherei = 0 and 3. cost for mass production. Planar waveguides are light paths
The autocorrelation o’y is measured at the output ofthat are carefully fabricated as a region of increased refractive
decoder 0, which has a main peak of 8 (i.e., code weiginidex within some low-loss transparent substrate material or
8) and the highest sidelobe of 7 as shown in Fig. 7, becaugson such a substrate [11]. In particular, silica-on-silicon tech-
Co is of a repetition code. The cross correlation@f with  nique is very promising for integrated optics. This is because:
Cs5 is shown in Fig. 8(a). There is no surprise to observe tha} the fabrication process is cheap and compatible with that
the cross correlation af’s with Cy, shown in Fig. 8(b), is the used for silicon-based microelectronics; 2) the connection to
same as that of’, with C'3. These are also confirmed by thesingle-mode optical fibers may be achieved with low loss and
computed cross correlations. cost; 3) a wide range of low-loss passive components may
be easily fabricated on large substrates; and 4) some active
devices such as optical amplifiers can be constructed [12].
Il DESIGN CONSIDERATION Silica-based planar lightwave circuits (PLC's) are very suit-
The use of discrete optical 22 couplers and fiber delay able for integrated AO-CDM encoders and decoders because
lines can implement AO-CDM encoders and decoders as @é-low loss (e.g., less than 0.1 dB/cm [11]) and compact-
scribed in the above. This simple approach, however, has somess. Moreover, they can have high reproducibility and low
disadvantages. For example, the resulting encoder and decabermpling loss to optical fibers (e.g., 0.05 dB) [12], [13]. Silica-
normally have a relatively large size and low reproducibilitthased PLC’s have been already employed as an ultrahigh-
To fabricate them, special attentions are paid to fiber aligapeed time multiplexer in all-optical time-division multiplex-
ment, length adjustment/control, and fiber splicing, which iimg (AO-TDM) systems with a speed up to or beyond 100
turn lead to the unavoidable splice power loss and time-del&®p/s [14]-[16]. Here we can use a similar structure, i.e., a
error in the manufacture process. Moreover, the achievabliach—Zehnder interferometer (MZI) chain, to design an AO-
precision in control of fiber lengths may prevent such encode2®M encoder (or decoder) with silica-based PLC, as shown
and decoders from ultrahigh-speed operations. To overcoineFig. 9. The device comprises low-loss silica waveguides
these difficulties, monolithic integration of optical passivand directional couplers on a silicon substrate. The difference
couplers with delay lines is highly required. between the proposed encoder (decoder) and the reported time
As known, integrated optics or planar waveguide technologyultiplexer is only due to the selections of different delay
has played an important role in the fabrication of lightwavémes for a MZI chain. This is achieved by carefully choosing
circuits due to the reasons of manufacturability and econoney specific length difference between two arms in each MZI.
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Fig. 11. Configuration of a proposed AO-CDM system using integrated optics and optoelectronic integrated circuits.

Since the use of integrated silica-based waveguides can gudso advantageous if the waveguide and alignment features are
antee a high precision in length control, this makes waveguitibricated on a common substrate [12]. For example, fiber-to-
delay lines not only compact but also have a more accur&eC connection can be implemented by using V-grooves on
delay time compared with using their fiber-optic counterpatthe silicon substrate.

For example, silica-based PLC'’s have achieved an accuracy®s shown in Fig. 3, all the electronic circuits at an optical
of delay time being better than 15 fs [16]. This in turn catfansmitter can be implemented by employing mature IC
support ultrafast signal processing above 1 Tb/s. Moreover, figghniques that have been already used in radio and wireless
coupling ratios of the couplers in each MZI can be controllégPmmunications. It is because, compared with optical pulses
by thin-film heaters [14]. In doing so, it can guarantee unifori@f @ few tens of picoseconds, the electrical signal which is
splitting ratios for couplers, and therefore, constant-amplitugéed to gain switch the laser diode normally has a much larger
optical pulse stream can be generated. As reported in [15], ffigSewidth (e.g., a few hundred picoseconds or even larger).
50-Gb/s time-multiplexed optical pulse stream has been géfioreover, a laser diode can be monolithically integrated with

erated by using a silica-based PLC, having almost equal pu%é/-groove to enable passive alignment with the optical fiber

amplitude and accurate time interval between optical pulseb20]: The use of this monolithic approach can result in the
uction of assembly time and size required for pigtailed

Recently, an erbium-doped silica-based planar wavegui he other h le-h ; X
amplifier has been demonstrated with a net gain of 27 dB, aEﬁers' On the other hand, InP—InGaAs double-heterojunction
e

it has been integrated with a directional coupler to multipl "polar' transistors (DHBT's) can be .monolithicaII.y integra'\ted
the signal and pump lights [17]. In the waveguide amplifieY‘”th p-i-n photodetectors to realize wide-band optical receivers

erbium-doped silica-based waveguides were fabricated orfhgt can support a trc_ansm|ssmn _spee_d up tq 40 Gbis [.21]'
. . o It Is expected that either monolithic integration or hybrid
silicon substrate by flame hydrolysis deposition and reacti

) . 7 . integration can be applied to fabricate a high-speed optical
lon etching [17], [18], as shown in Fig. 10. Moreover, with pla; DI\%I receiver contai?ﬁng the DHBT-based g(ljeciZion cirF;:uit

nar waveguide technology, such an erbium-doped waveguj 3]. Therefore, the configuration of the proposed AO-CDM

amplifier can be further mtggrated with a passive AO-CD stem using integrated optics and optoelectronic integrated
encoder or decoder (see Fig. 9) on the same silicon substr, IRuits (OEIC’s) is illustrated in Fig. 11

to make the encoder or decoder subsystem more compact
and suitable for mass reproduction at low cost. Monolithic
integration can also eliminate the coupling loss at each fiber- IV. CONCLUSION

device interface. For practical applications, the input and|n this paper, we have reported the design of new AO-CDM
output fibers must be connected to such silica-based PLC'ssiistems using 64-ps optical pulses an@”aprime code of
order to make the system work. Moreover, itis highly desirablge= 3. In principle, 11 users can be accommodated with data
that fiber-to-PLC connection should have a low cost and allowite up to 129 Mb/s if we assume that the slot width is equal
mass production. To achieve this aim, V-grooves can be used64 ps. This data rate can support FDDI and fast ethernet
to efficiently connect PLC'’s to optical fibers with the potentiapplications. Since no optical intensity modulator is required
low cost, by preferential etching and direct implementation aat each transmitter and only low-cost opticak 2 couplers

the silicon-supported integrated optic components [19]. It &e used to implement the all-serial encoder—decoder, both
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cost- and power-effective AO-CDM systems can be realizefd3]
Furthermore, the lossless AO-CDM encoder (and decoder)
can be implemented by using the silica-based PLC integratgg
with an erbium-doped silica waveguide amplifier of 27-dB

gain [17]. This can make encoders and decoders compact.
For practical applications, the input and output fibers mugts
be connected to such silica-based PLC’s. To achieve this
aim, V-grooves can be used to efficiently connect PLC's

to optical fibers. We have also discussed the feasibility ¢ffs]
using integrated optics and OEIC’s to implement the proposed
systems. Since the use of AO-CDM systems can offer paralﬁ:h
communications over a common fiber channel, this in turn

can support real-time computer interconnections for image and
data communications. (18]
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