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A New Family of Space/Wavelength/Time Spread
Three-Dimensional Optical Code for OCDMA
Networks

Sangin Kim, Kyungsik Yu, and Namkyoo Paifdember, IEEE, Member, OSA

Abstract—A new family of space/wavelength/time spread 1-D OCDMA system, one period of transmission clock is di-
three-dimensional (3-D) optical codes for optical code-division vided into a given number of small temporal segments, dubbed
multiple-access (OCDMA) networks has been proposed. Two 45 time chips, and bit “1” is encoded with a number of optical

types of 3-D codes have been constructed: 3-D codes with single . . .
pulse per plane and 3-D codes with multiple pulses per plane. Both pulses spread in the time chips. The OOC has the lowest out-of-

codes are based on the prime sequence algorithm and have showrphase autocorrelation and cross-correlation values among 1-D
improved performance compared to the previously proposed families [1]-[10]—both are equal to one. The limit of 1-D op-
two-dimensional (2-D) prime code. Effective implementation tical codes is that out-of-phase autocorrelation cannot be zero
of the 3-D code has also been proposed. In order to eliminate o456 there are multiple optical pulses within one period. The
the requirement of fiber ribbons and multiple star couplers in lower limit of out-of-phase autocorrelation in the 1-D codes is
space/wavelength/time spread 3-D code based optical networks, . ; p . . .

a wavelengti?/time scheme has been suggested, in which thel, andto achieveitasinthe OOC, code length increases rapidly
periodic property of an arrayed waveguide grating (AWG) is used. as the number of users increases. To overcome the limit of the
It has been shown that the system performance can be maximized 1-D optical codes, 2-D approaches are proposed [11]-[15]. In
for given resources with a proper choice of the wavelengthtime the 2-D optical codes, optical pulses are spread in both space

scheme. Due to the improved performance of the 3-D code and . . . . -
the effective architecture of the wavelengtf/time scheme, the and time domains [11], [12] or in wavelength and time domains

feasibility of the OCDMA network is much enhanced. [13]-[15]. By employing .an0ther dimension (.space.or wave-
Index Terms—Optical code division'multiple access (OCDMA), It(;ngth)],c 2-D COdefv:;lthzsilgg(l)eC%L:\l/lS: pe; rOV\./ IS acEI_eved an(;i
optical networks, space/wavelength/time spread 3-D optical code, /'€ Pefformance ofthe Systém IS much improve
wavelengtt?/time scheme. in comparison to the 1-D OCDMA system. Out-of-phase auto-
correlation and cross-correlation of 2-D code families are equal
to 0 and 1, respectively. The generalized algebraic algorithms
of the 2-D code construction are the prime code [5], [6], [15]
S THE feasibility of optical access networks increases, opnd the Reed—Solomon code [9], [10], [15], and both wave-
tical code-division multiple-access (OCDMA) networkdength/time code and space/time code can be constructed by
attract much attention and have been studied by a numberegher of those algorithms. Besides the algebraic unipolar 2-D
authors in that it does not require fast switching and providesde-based OCDMA scheme, recently, the demonstration of the
bursty, concurrent, asynchronous communications. The m&&€DMA system based on the periodic spectrum encoding has
issue of the studies on the OCDMA networks is to devise a cotleen reported [16].
set of good system performance. In unipolar optical code basedVith simple extension of the 2-D optical code, 3-D optical
OCDMA systems, the system performance is determined by tede in which optical pulses are spread in space, wavelength,
bandwidth efficiency of the optical codes which is closely reand time domains can be easily constructed, and the perfor-
lated with the error probability behavior of the optical code imance is further improved. One simple approach is hybridizing
multiple user circumstance as well as the code set size depte wavelength-division multiplexing (WDM) scheme with
dence on the code length. For the OCDMA scheme to be mdhe space/time code based CDMA scheme, where the 2-D
realistic, it is desired to devise an optical code that can accospace/time codes is applied to each available wavelength
modate a larger number of simultaneous users with a low erfodlependently [17], [19]. It has been shown that with the simple
probability for a given code length. WDM-CDMA hybrid scheme, the bandwidth penalty of the
Since the optical orthogonal codes (OOC) were proposed [2}P space/time codes can be relaxed [17], [19]. Besides the
several types of optical codes have been suggested. The Cgd@ple approach, more sophisticated WDM—-CDMA hybrid
is a one-dimensional (1-D) collection of binary sequences. Irsghemes, in which all available wavelengths are used in each
codeword, have been suggested [18]-[21]. In the previous
works [18]-[21], however, the cases where the same number
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WDM matrix code in [18], loose (not minimal) cross-corre- Now, we define the 3-D code in mathematical language.
lation constraint was imposed, and all possible way§ 6f Definition: A (I x m X n, cw, A\, Ac) 3-D code,C, is a
orderingn wavelengths were considered as codewords. Hencellection of binary (0, 1 x m x n matrices, each of Hamming
as the number of wavelengtha)(increases, the maximumweightc,,, such that the following constraints are satisfied.
cross-correlation value of the code increases-(2). « Autocorrelation ConstraintFor any 3-D codeword( &
In this paper, we propose generalized space/wavelength/time ¢
spread 3-D optical orthogonal codes having O out-of-phase
autocorrelation and 1 cross-correlation values. The algebrai
generation algorithm of the 3-D codes is discussed explicitly Z Z Ti, g, ki, j kor = Cw
and the orthogonality of the proposed 3-D codes is proven:=¢ =0 *=0
mathematically. The proposed 3-D code generation algorithm <A fori<r<n-1
is generalization and extension of the previous hybrid schemes 1)
with the stringent out-of-phase autocorrelation and cross-cor-
relation constraints imposed. The performance of the proposed where

—1 m—1 n—-1

forr =0

3-D codes is analyzed in comparison with that of the 2-D codes.zr, j, x € {0, 1} is an element of matrix’;

Physical implementation of the 3-D code is also considered,c., is the code weight;

and it is shown that the proposed 3-D code can be realized withe nonnegative is out-of phase autocorrelation;
incoherent broadband light sources in wavelefjitme form integer,\,

by utilizing the periodic property of an arrayed waveguide & denotes module- addition.

grating (AWG) [22] eliminating the requirement of fiber < Cross-Correlation ConstraintFor any two distinct 3-D
ribbons and multiple star couplers in networks. codewordsX,Y € C

The last part of the paper is organized as follows. Some fre-
. . . . -1 m—1 n—1

quently used notations and basic concepts are defined in Se S <3
tion II. In Section 111, the 2-D prime code is briefly reviewed, and Z Z Ti, g, kUi, g, kor = Ae
in Section IV, construction of the 3-D code is described. The per- 5
formance of the proposed 3-D code is analyzed and compared @
with the 2-D code in Section V. In Section VI, implementation of
the 3-D code and newly proposed waveledgime scheme are

discussed. Brief concluding remarks are given in Section VII.

foro<r<n-1
i=0 j=0 k=0

wherez; ; x, yr, ;1 € {0, 1} are elements of matrices
X andY, respectively, and a nonnegative integer,is
cross-correlation.
The cross-correlation constraint guarantees asynchronous op-
Il. PRELIMINARIES eration of the 3-D code-based systemsX n, ¢, Aa, Ac) 2-D

. . cogde can be defined similarly just by replacihg m x n ma-
Codewords of three-dimensional (3-D) code are represenﬁﬁéjes withm x n matrices inme abgve gefinit)igon [15].

by 3-D matrices that have binary (1 or 0) values for their ele- I this paper, for visualization of a 3-D codewotd m x n

ments. For_the 3D .COde expanded over space, wavelength, ﬁ{}ﬂrix, we form a stack of: x » matrices as depicted in Fig. 1
time domains consists &f x W x T matrices wheres, W, 5’}?8 we call eachn x » matrix a plane.

and7 denote the numbers of spatial channels, wavelengths,
time chips, respectively. Each element represents whether the
corresponding point in 3-D conceptual space is occupied by an
optical pulse or not. The fact that,(w, ¢) element of the matrix ~ The basic idea of constructing a 2-D code is to assign tem-
is equal to 1 means an optical pulse of wavelengtéxists at poral locations (time chips) of optical pulses to each spatial
time chipt in spatial channes. channel (or wavelength) in such a way that for any two distinct
In networks based on the space/wavelength/time 3-D codedewords, there is a coincidence of optical pulses only at one
every user is assigned a codeword matrix as its own address sjgatial channel (or wavelength). Otherwise, cross-correlation of
nature. A user transmits data bit “1” with a sequence of pulsttee code will be higher than 1. To guarantee zero out-of-phase
spread in the space, wavelength, and time domains accordingocorrelation, all pulses should be assigned to different spa-
to the code matrix of its intended receiver. At the receivers, thial channels (or different wavelengths), which is equivalent to
pulses of different spatial channels are separated and in etdtehcodeword matrices having only one “1” in each row. In other
spatial channel, the pulses of each wavelength are correlatestds, the code should have single pulse per row.
separately in the time domain. After correlation, all pulses are2-D codes can be constructed by modifying 1-D prime
collected together. Only at the intended receiver, all the sprezatles and 1-D Reed-Solomon codes [15]. The author of
pulses are assembled in the same time chip and one large[@p] called them generalized multiwavelength prime codes
tical pulse is obtained, which is dubbed as the autocorrelati@@MWPC’s) and generalized multiwavelength Reed—Solomon
function. Whereas, at other receivers, a series of small pulsesles (GMWRSC's). They are nhamed assuming that they are
are obtained, which is dubbed as the cross-correlation functitm be used for wavelength/time codes, but they can be directly
Then, the data bit “1” can be recovered by threshold-detectiagplied to construct space/time codes. In this paper, we will
the peak of the optical pulse. Data bit “0” is implemented bgall them 2-D prime codes and 2-D Reed-Solomon codes,
transmitting nothing. respectively, not restricting their application to wavelength/time

I1l. 2-D CobE CONSTRUCTION
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IV. 3-D Cobe CONSTRUCTION

0 Space/wavelength/time 3-D codes can be constructed by ex-
0 tending 2-D codes—space/time codes or wavelength/time codes.
Letusassumedx T, 5,0, 1) space/time 2-D codes. If multiwave-
lengthlightsourced{’) are available for each spatial channel, we
have another degree of freedom to choose the wavelength of each
spatial channel in code construction. For a given temporal distri-
bution of pulses over spatial channels, i.e., one codeword of the
space/time 2-D code, many different codewords can be generated
by changing the wavelength of pulse in each spatial channel. In
assigning wavelengthto each spatial channel, we needto keep the
orthogonality by constraining cross-correlation between any two
codewords with different temporal distributions of pulses over
spatial channels less than or equal to 1. Note that cross-correla-
tion between any two codewords with the same temporal distri-
bution cannot be greater than 1 because of the orthogonality of
the 2-D code. To extend 2-D codes to 3-D codes without losing
orthogonality, we only need to assign wavelengths to each spa-
tial channel such a way that any two distinct codewords have
no more than one spatial channel of the same wavelength. To
do so, we can employ the same algorithm that is used to assign
temporal locations of pulses over spatial channels in construc-
tion of the 2-D code as given in Section Ill. In other words, we
can construct space/wavelength/time 3-D code by applying 2-D
construction algorithm separately to space/wavelength plane and
space/time plane. The algorithms applied to space/time plane and
space/wavelength plane can be different from each other. For ex-
ample, the prime sequence algorithm for space/wavelength and
the Reed—-Solomon algorithm for space/time can be employed. In
this paper, we only consider the case where the prime code algo-
rithm is employed for those two planes.

We can generatéV distinct codewords for each temporal
Fig. 1. Visualization of 3x 3 x 3 matrices. Each stack of 8 3 matrices distribution of pulses over space channels by applying the 2-D

represents a podewords of>(<33_>< 3, 3,_ 0, 1) 3-D code. Each columq and rowﬁrime code algorithm for assigning W wavelengths over spatial
of 3 x 3 matrices represent a time chip and a wavelength, respectively. Each,3

x 3 matrix represents a spatial channel or wavelength/time plane. Channels. Fig. 1 shows 9 coFiewords _i”>‘(33 x 3,3, O'_ 1)3-D
code constructed by employing the prime code algorithm, where

codes. Since we focus on 3-D code construction based on %?_n(ljcﬁ are gljener(;:\_;fed frotrﬁo by aﬁ%ﬂlng waveltlalngtr;_s to f
prime code construction algorithm in this paper, only the 2-gpatial channels In difterent ways wi € same aflocation o

prime code is considered in this section. The 2-D prime Cog@tical pulses in time. Moreover, if t_he number of wavelength is
algorithm is presented in mathematical language as follows. greater than or_equal to that Of. spatial channiéisx .S)’ due tp
Given integersS and T = pyps---px for a set of prime the orthogonality of the 2-D prime code construction algorithm,

every cyclic shift in wavelength domain also generates another
numbers such that, > pp_1 > -+ > p; > S, the T, ) . .
S, 0, 1) code is re?:?eger??e(jl@ T m_atzzilx)_((i ; 6XL ) codeword that is orthogonal to others. [You can verify this for
W,ho,se element, , is given by L7277 % the codewords shown in Fig. 1. Each codeword will generate
i two more codewords by shifting pulses in wavelengths. Con-
@y (i1, G, oo, i) =1 sequently, we have 27 codewords inX33 x 3, 3, 0, 1) 3-D
’ fort = s @y, iy + (s @, i2) prime code.] Therefore, we can gener#ité T codewords by
e vz 02)P1 extending § x 7', S, 0, 1) code to§ x W x T, S, 0, 1) code
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+ 4 (5 @p, th)P1P2 " PRt if W > S.If W < S, cyclic shift of codewords in wavelength
xs,¢(l1, G2, -+, ) =0 domain coincide with other codewords, and thus, we R&E
for othert (3) codewords for§ x W x T, 5,0, 1) 3-D code.
So far, we have assumed keeping the number of total pulses in
forse [0, S—1],i, €[0,p,—1](¢=1, 2, ---, k), where®,, acodeword equal to that of the 2-D code in construction of 3-D

denotes modulg- multiplication. The code ha® codewords. code by extending 2-D code. In this case, the 3-D code has one
The proof of zero out-of-phase autocorrelation and 1 cross-cprlse per spatial channel, thatis, single pulse perwavelength/time
relation is omitted in this paper, which is found in [15]. Similaplane. Using the notation defined in Section H,% 7', S, 0, 1)
proof will be given in the next section. 2-D codeis extended t&(x W x T', S, 0, 1) 3-D code.
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However, due to increased degree of freedom, we can atswrelation is greater than 1, we have at least two coincidence
increase the number of pulses per spatial channel in the 3Dpulses of the same spatial channel and wavelength in any
code satisfying orthogonality. In other words, 3-D code withyclic » shift of the matrices in time, which means following
multiple pulses per wavelength/time plane is possible. To s&bur equations are simultaneously satisfied€prs, € [0, S —
isfy the zero out-of-phase autocorrelation constraint, the numtigns; # s2):
of pulses per plane should not be greater than that of available
wavelengths. Thatis the only constraint on the number of pulses’t @ hi + (51 ®@q, h2)q
per wavelength/time plane. In our work, only the case where all + 4 (51 @ hn) @12 - Gin—1) Bw Pmt1
gvaﬂab!e wavelengths are u;ed for gach wavelength/time plane = 51 ®g, I, + (51 ®g, B
is considered for 3-D code with multiple pulses per plane, i.e., bt (51 @, BL) )y B ®)
(SxWxT,SW,0,1). Insuchacase, we has#/’ space/wave- 5L )01 Q2 7" A1) W Tt
length channels, and to satisfy orthogonality, we need to allocate
SW pulses in such a way that for any two distinct codewords s1 ®p, i1 + (s1 ®@p, i2)p1
there is a coincidence of optical pulses only in one space/wave- 4+ 4 (51 @py Br)PLD2 Pt + T
length plane. Then, construction of thexx W x 7, SW, 0, 1)
3-D code is equivalent to construction &fif” x 7°, SW, 0, 1) ,
2-D code. To construct theS(x W x T°, SW, 0, 1) 3-D code by + o (81 @py G)P1P2 - P (6)
using the prime code algorithm, all the possible combinations
of spatial channels and wavelengths are indexed with integers s, @ b1 + (52 @y, h2)1
between 0 andW — 1 by mapping §, w) toj = sW + w )

(s€ [0, S—1],w e [0, W —1]),and §W x T, SW, 0, 1) 2-D o 532 Dax h’"”ﬁ” Gm=1) @W hmey
code, i.e.SW x T matricesX-p, is constructed applying the = 52 @qy Iy + (52 @y, W2)

algorithms described in Section I1l. Then, 3-D codewords, i.e., 4 (52 g, P )qge - Gm1) Bw hyyy (7)
S x W x 1" matricesXs-p, are obtained by remapping-p ; :
t0x3-D, s w, ¢t [$ = (j—JFMod W)/W,w = jMod W], where

z is an element ofX.

In the last of this section, the construction algorithms of the
3-D code with single pulse per plane (W/SPP) and 3-D code with = $2 @p, 41 + (52 @y, i5)p1
multiple pulses per plane (W/MPP) which were described above + -+ (S2 @py 1 )PID2 " Ph—1- (8)
are presented in mathematical language.

=51 @p, 11 + (51 Op, 9)p1

S2 Opy i1+ (82 Opo ig)pl
+ oA (52 ®py G )PIP2  PR—1 T

Subtracting (7) from (5), we obtain
A. 3-D Code w/SPP ( ) (e — B+ (( ) (he — 1)

1) Case 1 > S, T > S: Given integersS, W = S1= 52) Og U — +h 51 _h,SQ Bgo (12 = 12 _(ﬂ 9
G192+ Gm, ANAT = p1ps - - p, for two sets of prime num- + - (51— 52) @g (hn — Pon)) @2 -1 = 0. (9)
bers such thad,, > gm-1 2 -~ > @1 2 S, pr 2 Pr—1 2 Ginces; # s», (9) is valid only wherh,, = &/, for n € [1, m].
r2pr2 S5, the 6 x Wx T, 5,0, 1) code is represented byt e sybstituteh,, = &/, for n € [1, m] into (5), we obtain

Sx W x T matrix X (ha, ha, -+ hotr, @1, 42, -+, i) whose h!s.- Similarly, subtracting (8) from (6), we obtain
elementz, ., .+ iS given by

(51— 52) @p, (11 —17) + (51— 52) @p, (12 — 15))p1

Ts w t(P1, B <o) a1, 91, 82, -+, 4g) =1 ] .
cw,t(h1, h, 1, 1, %2 k) b (51— 52) @py (in — i4))pip2 Py = 0. (10)

forw =s®q h1 + (5 @g, ha)g1
4 (5 Og n)q1G2 - 1) BW R, Sinces; # sz, (10) is valid only when; = 4’ for j € [1, k].

p p As a result, the assumptiali (hq, ha, -+, Amat, t1, @2, * -,
and? = s @p, i1 + (5 @p, 12)p1 i) # X(Ry, By B, Ll( i, i) is violated. There-
+o (8 Opy ik)PIP2 - PR fore, cross-correlation cannot be greater than 1.
Ts,w t(ha, ha, ooy R, 1, G2, -0, @) = 2) Case 2-W < S,T > S: Given integersS, W, and
for w, t (4) T = pips---py for a set of prime numbers such that >

pr_1 > - >p > S, the § x W xT,8S,0,1) code is
forse[0,S—1],h; €[0,¢;—1](j=1,2,---, m), hmt1 € represented b x W x T matrix X (hy, i1, @2, - - -, © ) Whose

[0, W —1],andi, € [0, p, — 1] (n =1, 2, ---, k). The op- elementz; ., is given by

eration,®,, represents modulp-multiplication. The code has o .

W?2T codewords. The termdy-h,,,.1” represents the cyclic Ts, w1 (1, 1, G2, oo ) =1

shift of pulses in wavelength domain. Since all the pulses be- forw = hq,

long to different spatial channels, zero out-of-phase autocorre- t=s@p, i1+ (s Op, i2)p1

lation constraint is clearly met. The cross-correlation constraint
is proven as follows.

Proof: For any two distinct matriceX (A1, ha, - - -, A1, Ts, w1 (1, 61, G2, oo+, ) =0
i1, 42, - dg) @ndX (A, by, - -+ Ay o, 40, 15, - -, 0y, ), if Cross- for otherw, ¢ (11)

+ -+ (5 @y, Gk)P1P2 - PRt
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forse [0, S—1],hy € [0, W —1],andi, € [0, p, — 1] (n = Proof: For any two distinct matrices( (i1, io, -, ix)
1,2, .-+, k). The code ha®I codewords. Since all the pulsesand X (i1, &, -- -, 4}.), if cross-correlation is greater than 1,
belong to different spatial channels, it is clear that out-of-phase have at least two coincidence of pulses of the same spatial
autocorrelation is equal to 0. Actually, Case 2 can be understagithnnel and wavelength in any cyclichift of the matrices in
as a subset of Case 1. If we égt= 0for n € [1, m] in (4), we time, which means following equations are simultaneously sat-
obtain the equations of the same form with (11). The proof ofidfied for j; = s; W + w, jo = soW + w(sy # $2, j1 # Jo),
cross-correlation constraint of the code is similar to that for tveheres; ands; € [0, S — 1], w € [0, W — 1]
Case 1.

Proof: For any two distinct matriceX (hy, i1, 2, - - -, ix) J1 @py 11+ (J1 @p, 12)P1
andX (h%, ¢, 4, - -+, 4},), if cross-correlation is greater than 1, + -+ (1 Opy i )p1P2 PR T
we have at least two coquence of puls_es of the same spatial = j1 @p, i + (j1 @p, i5)P1
channel and wavelength in any cyclicshift of the matrices . y
in time, which means following equations are simultaneously +o ot (U Op )prp2 s Pr 17
satisfied forsy, s € [0, S — 1] (s1 # s2)

J2 @py 11+ (J2 @p, t2)01
+ 4 (2 @py @ )pLD2 PR T
= J2 ©p, 11 + (J2 ©p, 15)p1
+ 4 (2 @py i3 )P1P2 - Pr—1- (18)

hy =1, (12)

51 @p, i1+ (51 Op, G2)P1
+ o+ (51 @py )PID2 - PR—1 T T
= 51 @p, 11 + (51 Op, 12)p1
trokGon b po @ Gy ey, (= i)+ (G 32) @, (b~ )
4+ A (U1 — J2) @py (i — 13))p1p2- - -px—1 = 0. (19)

Subtracting (18) from (17), we obtain

S2 Opy i1+ (82 Opo ig)pl

] Sincej; # j2, (19) is valid only when,, = ¢/, for n € [1, k].
+ oA (52 ®p, tx)p1P2  PR—1 T : : 1, 4

As aresult, the assumpticti(iy, iz, - - -, i) # X (34,95, - -+, 4},)

= 52 @p, 11 + (52 @p, 12)p1 is violated. Therefore, cross-correlation cannot be greater than
+ o+ (52 @p, g)P1p2 PRt (14) 1
Subtracting (14) from (13), we obtain V. PERFORMANCEANALYSIS
(51— 52) @p, (i1 — i) + ((51 — $2) @p, (i2 — 1)1 In this section, we analyze the performance of the optical

B o —0. (15) codes discussed in the previous sections, the 2-D prime code,
ot (o1 = 52) @p (B = B2+ P = 0. the 3-D code w/SPP, and the 3-D code w/MPP in respects of
code set size, bandwidth efficiency, error probability in multiple

Sinces; # s2, (15) is valid only wheri; = i’ for j € [1, k]. > e '
user circumstance, and system scalability. For the comparison of

As a result, the assumptioMi(hq, i1, 42, - - -, @) # X (hY, 4,

i, ---, 4},) is violated. Therefore, cross-correlation cannot be'® 3-D codes with 2-D codes, only the 2-D prime code is con-

greater than 1. sidered in this paper because direct comparison is possible for
given resources. However, comparing only with the 2-D prime

B. 3-D Code w/MPP code among other 2-D approaches to demonstrate the perfor-

mance improvement of the 3-D codes over the 2-D codes is jus-
tified in that the 2-D prime code is asymptotically optimal in the
aspect of the cardinality and has performance comparable with
the 2-D OOC and the 2-D Reed-Solomon code [15].

Given integersS, W, andT" = p1p» - - - p. for a set of prime
numbers such thaty, > px_1 > -+ > p1 > SW, the (§ x
W x T, SW, 0, 1) code is represented Byx W x T matrix
X (41, 42, - - -, i) whose element, ., . is given by
A. Code Set Size, Code Length, and Bandwidth Efficiency

With S spatial channelgy wavelengths, and” time chips
(code length), we can constru®& 7T (if § > W) or W2T

'Ts,w,t(ilv i?? ) Zk) =1

fort = (sW +w) ®,, i1 + ((sW +w) @, i)

+o A+ (W w) @py t)prp2 - Pra (if S < W) orthogonal codewords for the 3-D code w/SPP.
T, w, (1, G2, -+, @) =0 Whereas” orthogonal codewords can be constructed for the
for othert (16) 2-D prime code and the 3-D code w/MPP. For a fixed code

length, the code set size of the 3-D code w/SPP is larger
forse [0, S —1],w € [0, W — 1], andi,, € [0, p, — 1] (n = than that of the 2-D prime code and the 3-D code w/MPP.
1, 2, ---, k). The code ha¥ codewords. Since all the pulsesThis feature is very important in the aspect of the bandwidth
have different combinations of spatial channel and waveleng#fficiency of the system [11], [13], [17]-[21]. In an OCDMA
i.e., belong to different space/wavelength channels, it is clearstem with a given modulation bandwidth of the light source,
that out-of-phase autocorrelation is equal to 0. The cross-corfzuc., per-user bandwidthB,s.;, iS inversely proportional
lation constraint is proven as follows. to the code length, that iBuser = Bsource/T assuming that
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the chip time is equal to the FWHM of the optical pulse. Inthe ~ '-00E+00
system based on the 2-D codes and the 3-D code w/MPP, the 1.00E-02
per-user bandwidth should be compromised with the number 1.00E-04
of total users (code set size). Whereas, for the 3-D code W/SPF.- 1 goe—06
the code set size can be increased without reducing the per-usex ; og_gg
bandwidth. In other words, for the system based on the 2-D

---x-- 2-D code

—e— 3-DSPPW=
—a— 3-D MPP W=
—a&— 3-D SPP,W=3
—+— 3-D MPP W=3

. 1.00E-10 ——3-DSPP,W=
prime code and the 3-D code w/MPP to accommodate the sam: e—3-D MPP W=
- 1.00E-12 3-DMPP,
number of total users with the 3-D code w/SPP, the per-user
1.00E-14

bandwidth of the system need to be reduced.

According to the above discussion, it appears that the 3-D
code w/MPP shows no improvement compared with the 2-D
prime code in terns of bandwidth efficiency. In practice, howgig 2. Bit error rate versus the number of simultaneous users for
ever, the number of users who can access the network simultaspeee/wavelength/time 3-D OCDMA system and 2-D systém.= 16,
ously with a guaranteed errr probabilty s a more meaningfhl, 1211 1 % e faees epiaent e 25 s puse v
measure of the system performance rather than the numbeﬁ e code systems.
total users, and thus, the bandwidth efficiency considering the
number of simultaneous users is more important than that con- o - o
sidering the number of total users. Therefore, the per-user band®Ncep is given, the error probability of the system is given
widths of codes to accommodate the same number of simulfy-
neous users need to be considered. The number of simultaneous
users is closely related with the error probability behavior of the 1 Z N-1 i(1 = pyN—1-i
codes in multiple user circumstance, which is discussed in de- 2 i )P P
tail in the following subsection. The bandwidth efficiency con-
sidering the number of simultaneous users is also discussegyiereT’h is a threshold in detectiodV is the number of simul-
the following subsection. taneous users, and the factor 1/2 accounts for the probability that
the wanted sender transmits “0” assuming equiprobable on—off
data bit transmission [12], [15]. Note that when the sender trans-
mits “1,” no error occurs.

Now, we analyze the error probability behavior of the 2-D ForS = 16,7 = 127, error probabilities of the codes are cal-
prime codes and the 3-D codes. In the analysis of the ermlated with various numbers of wavelength and simultaneous
probability of the OCDMA system, we ignore thermal andisers by (20). In calculation, the optimal threshold, which is
shot noises in photodetection, and only the interference frargual to code weight, is assume@/( = S for 2-D code and
other users is considered. We also assume that there is ei4® code w/SPPI'h = SW for 3-D code withW pulses per
complete overlap of chips or no overlap when two codeworgtane) Fig. 2 shows the calculated error probabilities. Both 3-D
are correlated—chip synchronization—for the sake of mathesdes show the improved performance compared to the 2-D
matical convenience [12], [15]. Note that this does not megmime code. The improvement of the 3-D code w/SPP stems
that the system is synchronous and the chip synchronizatfoom the reduced cross-correlation probabiljiy[Note that it
assumption is different from the “bit synchronization” as ifs (1/W) times of the cross-correlation probability of the 2-D
synchronous systems. We are still dealing with asynchronattsde.] Whereas, in 3-D code w/MPP, the improvement arises
systems without system clock and it has been shown thHaim the increased threshold incurred by the increased code
this assumption results in an upper bound on the systeweight, the number of pulses in a codewords, in spite of the
performance [3]. increased cross-correlation probability. As seen in Fig. 2, for

To analyze system performance under multiple user circum-small number of simultaneous users, the 3-D code w/MPP
stance, we need the probabilitythat we will get 1 in cross-cor- shows lower error probability than the 3-D code w/SPP, which
relation between two distinct codewords at the time of deteicaplies that the increased threshold effect is dominant. As the
tion. In other wordsp is the probability that we will get a small number of simultaneous users increases the reduced cross-cor-
optical pulse from an unwanted sender at the time of detgelation probability becomes dominant. Therefore, the 3-D code
tion, where the power of the pulse is 1/(code weight) times @f/SPP shows lower error probability than the 3-D code w/MPP.
a signal pulse. Let us cafl the cross-correlation probability. The result indicates that when we design an OCDMA system
In the 2-D prime codes, there is one pulse per row ang using the 3-D code with given resources (spatial channels,
(1/2T) x (number of row$ [12], [15]. In the 3-D codes with wavelengths, and time chips), the choice between the 3-D code
multiple (W) pulses per planey is given by (1/27) x SW  w/SPP and the 3-D code w/MPP depends on the requirement
since the code is equivalent to the 2-D code vl rows. In  of the system. For example, if 16 spatial channels and 3
the space/wavelength/time 3-D codes w/SPP, for the pulse imavelengths are available, and the code length is limited to
spatial channel from an unwanted sender to contribute to nols7, Fig. 2 indicates that for the system which requires bit error
at the time of detection, it should be of the same wavelengtite (BER) lower thari0—?, the 3-D code w/MPP should be
with the pulse from the wanted sender in that spatial channatiopted. Whereas, the required BER is higher thair?, the
Thereforep is given by(1/27) x (1/W) x S. 3-D code w/SPP will be better choice.

0 100 200 300 400
Number of simultaneous users

(20)

i=Th

B. Error Probability in Multiple User Circumstance
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1.00E+00 using the 3-D codes. In Fig. 4, the 3-D codes w/SPP show re-
1.00E-02 duction in the code size approximately by the factorl pfV
1.00E-04 ---x--- 2-D code compared with the 2-D prime code, which implies increase in
o« 1.00E-08 —5—3-DSPP,W=2 the per-user bandwidth by the factor Bf. One can see that
D 1 0oE-08 —e—3-DMPP.W=2 the improved error probability behavior of the 3-D codes brings
: —&—3-D SPP,W=3 ; - -
about the much improved bandwidth efficiency.
1.00E-10 —+—3-D MPP,W=3 )
In Fig. 4, one can also see that the 3-D code w/SPP outper-
1.008-2 forms the 3-D code w/MPP for the given conditions. However,
1.00E-14

as mentioned previously, it should be stressed that the 3-D code
w/MPP can be better choice than the 3-D code w/SPP depending
on the error probability requirement of the system. If the re-
Fig. 3. Bit eror rate versus the number of simultaneous users fguired BER is much lower tham0?, the situation could be
space/wavelength/time 3-D OCDMA system and 2-D systém.= 24, (different. Nevertheless, we would like to point out that as avail-

T = 127, W = 2, 3, 4. Filled figures represent the 3-D single pulse per, : : _
plane code systems and the hollow ones represent the 3-D multiple pulses |’e Spatlal channels and WaV8|engthS increase, the 3-D code

0 100 200 300 400
Number of simultaneous users

plane code systems. w/SPP will be more likely to show better performance.

900 C. Scalability of OCDMA System

800 . -

700 Another measure of the OCDMA system is scalability of the
% 600 ---%-- 2-D code system, that is, how easily the number of simultaneous users can
§ 500 —&—3-DSPPW=2 be increased with minimum modification of network configura-
§ 400 > 23 fAZF;,\\I/vvfe tion. The number of codewords in the 3-D code w/MPP is lim-
& ggg —a—3-D MPP.W=3 ited by the code lengti’, whereas that in the 3-D code w/SPP

is W1 assuming < S. The number of codewords of the
3-D code w/MPP does not change as the number of wavelength
increases. As a result, when we need to increase the number
of simultaneous users with the same BER guaranteed for a de-
ployed system, we can accommodate more users by employing
Fig. 4. Required minimum code length versus number of simultaneous usaere wavelengths in the systems based on the 3-D code w/SPP,
for OCDMA system based on 3-D codes and 2-D prime code with BER whereas we cannot accommodate more tiiasimultaneous
107°.5 = 24, W = 2, 3. Filled figures represent the 3-D single pulse per .
plane code systems and the hollow ones represent the 3-D multiple pulsesy3grS in the systems base on the 3-D code w/MPP no matter
plane code systems. how many wavelengths are employed. For example, let us con-
sider the systems composed®f= 16, W = 3, T = 127 with

As the number of spatial channels increases, the range of BBRR equal tol0~°. According to Fig. 2, both systems based
where the 3-D code w/SPP outperforms the 3-D code w/MRiA the 3-D code w/SPP and the 3-D code w/MPP can accom-
increases. Fig. 3 shows the calculated BERSox 24, 7 = modate roughly 100 simultaneous users. By employing another
127. Note that the crossing between the curves of the 3-D codavelength, the number of simultaneous users can be increased
w/SPP and the 3-D code w/MPP f3f = 2 in Fig. 3 decreased to about 150 and 127 with BER 107 in the systems of the
to about BER= 10~*!, which was about BER= 10~ for 3-D code w/SPP and the 3-D code w/MPP, respectively. If more
W = 2in Fig. 2. Figs. 2 and 3 also indicate that for a fixedvavelengths are available, we can accommodate more simulta-
number of spatial channels, the 3-D code w/SPP is more likelyrieous users in the systems of the 3-D code w/SPP. By contrast,
be better choice than the 3-D code w/MPP as more wavelengimshe systems of the 3-D code w/MPP, the number of simulta-
are available. This is because the maximum number of usaeeous users is now limited by the number of codewords (code
in the 3-D code w/MPP is limited t@" due to the code size set size) and we cannot accommodate more than 127 users even
limitation. if more wavelengths are used. All the effect of increased wave-

Now, let us consider the bandwidth efficiency considering tHengths on the system is to reduce BER in that case. Therefore,
number of simultaneous users. A minimum code length requirgédtan be said that the 3-D code w/SPP has greater system scal-
to support a number of simultaneous users with a certain BERIlity than the 3-D code w/MPP.
guaranteed can be calculated. The minimum code length is lim-Another advantage of the OCDMA system based on the 3-D
ited by not only the error probability given by (20), but also theode w/SPP is that adding wavelengths does not affect the ex-
maximum number of users that is related to the code length. Thg8ng users or network configuration at all. Only the new users
implies thatP.(V, T') < Pguaranteed @NAN > T should be sat- need to be equipped with encoders/decoders that can process the
isfied simultaneously for the 3-D code w/MPP. Fig. 4 shows trelded wavelengths, which also offers great system extendibility.
calculated minimum code length that is required to accommo-Before closing this section, we would like to point out that the
date various numbers of simultaneous users With< 10~% basic concept of the WDM/CDMA hybrid schemes suggested
for S = 24, W = 1 (2-D code), 2, 3. As seen in Fig. 4, thein [17]-[21] is equivalent to the code w/SPP proposed in this
3-D codes need much shorter code lengths than the 2-D pripaper, and with the WDM/CDMA hybrid schemes, 3-D orthog-
code in order to accommodate the same number of simultaneonal codes that have similar performance to the 3-D code w/SPP
users, which means larger per-user bandwidth is provided tgn be constructed if the compete set of orthogonal codewords

100
0

0 200 400 600 800
Number of simuitaneous users
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Encoder Decoder Encoder Decoder

i
bi

Fig. 6. Structure of wavelengtftime implementation of the 3-D OCDMA
@‘ B . O networks. Center wavelengths of the fiber gratings connected to an output port
& of AWG's in the encoder/decoder are separated by free spectral range of AWG.

- / - fiber grating in each spatial channel of the encoder/decoder. The
@ T @) length of each delay line, the relative distances among gratings,
and the center wavelength of each grating are determined by a
Fig. 5. Structure of space/wavelength/time 3-D OCDMA networks. (MUItiPI%OI’reSponding codeword given in Section IV. In the structure
pulses per plane case. For case of single pulse per plane, only one fiber gratiH% . . .
is used in each spatial channel.) shown in Fig. 5, the path length of each spatial channel between

a pair of encoder and decoder should be same. Otherwise, all the

. I ill I inth i hi h
can be found. One of the hybrid schemes that was referreqsrfread pulses will not be collected in the same time chip at the

the WDM matrix code in 118 oh | q fended receiver and thus, error occurs. However, it is very dif-
as the YL matrix co ein| ]app_ea_lrs 0 have 1arger co e?ﬁhlt to realize. Although the difficulty can be partially relaxed
size which is proportional téd’!, but this is the result of the loose

lati traint tioned earlier. Although ’ﬂ use of fiber ribbons, requirement of multiple star couplers is
cross-correfation constraint as mentioned eartier. ough oMl disadvantageous. To make the 3-D code more feasible, we
orthogonal 3-D codes are considered in this work, the compr

. : eed to eliminate the requirement of fiber ribbons and multiple
mise between the cross-correlation value and the system per QL couplers

mance to increase the code set size may be an interesting re- . .
Y g he reason that we need multiple star couplers in the struc-

search topic. This remains as one of a number of directions %Fe shown in Fia. 5 is to prevent optical pulses in different spa.
further research at this time. 9. p p p p

tial channels from being mixed together before correlated. If we
assign different sets of wavelengtis\. ..}, to spatial chan-
nels,s, we do not need multiple star couplers. In this scheme,
the pulse of\,, in spatial channel s replaced with a pulse of
Structures of OCDMA systems based on 3-D codes are dis- ,,, and we can send pulses of all spatial channels though one
cussed in this section. Fig. 5 depicts the general configuratifiper without mixing. As a result, the requirement of multiple
of the OCDMA system based on the space/wavelength/time 3skar couplers is eliminated. As it were, space/wavelength/time
code w/MPP. Each fiber connecting the encoder/decoder and8aB code is converted to wavelengttime code for implemen-
star coupler corresponds to each spatial channel and the cetatgon. This scheme can be easily implemented with help of pe-
wavelength each fiber grating is tuned to each wavelength of thiedic characteristics of x S AWG [22]. When a number of
code. An optical pulse, which has broadband spectrum, incidevevelengths are demultiplexed in an AWG, a group of wave-
into the encoder is split into the circulators, and each wavelendgmgths which are separated by free spectral range of the AWG
component of the optical pulse is reflected at the fiber gratirsge coupled into the same output port. Therefore, if we assign
of different location. As a result, we obtain a series of opticéthe group of wavelengths to a spatial channel, the scheme can
pulses with different wavelength components in each fiber. be implemented by the structure shown in Fig. 6. As seen in
the decoder, if the sequence and the relative distances ambitg 6, each output port of the AWG in the encoder/decoder cor-
the fiber gratings are properly determined, the series of opticakponds to a spatial channel in the space/wavelength/time 3-D
pulses are assembled in the same time chip obtaining one lazgde, and the center wavelengths of gratings in each fiber be-
optical pulse. The system of the 3-D code w/SPP is of simillong to a group of wavelengths that can be coupled to the cor-
configuration to Fig. 5. Only the difference is that there is onesponding output port of the AWG. Fig. 6 depicts the structure

VI. | MPLEMENTATION OF 3-D CODE AND WAVELENGTHZ/TIME
SCHEME
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Fig. 7. Structure of encoder/decoder for waveleffiime OCDMA Nurrber of simuitaneous users

networks with tunable filters and reflectors. By employing tunable filters, many

codewords can be encoded/decoded selectively with a encoder/decoder. Fig. 8. Bit error rate versus the number of simultaneous users for single
pulse per plane wavelengttime 3-D OCDMA system and 2-D system with
60 wavelengthstW’ = 60, T = 197, W = 2, 3, 4, 5. (The 3-D OCDMA

for Wavelengtﬁ/time scheme for the 3-D code w/MPP. We cagystems with multiple pulses per plane for varidlisshow the same BER with

. . ﬁhat of the 2-D system if the number of total available wavelengths is fixed.)
implement waveleng#itime scheme for the 3-D code w/SP

by using only one grating in each output of the AWG in en-

coder/decoder. In either structure, lengths of delay lines betweert 97, 30, 0, 1) wavelengtitime scheme w/SPP is the best
gratings and the order of gratings are determined accordingctmice. This result indicates that OCDMA system performance
the 3-D codes given in Section IV. can be maximized for a given number of wavelengths and a

Note that in structures shown in Figs. 5 and 6, we do not negityen code length by employing the wavelerfgtime scheme.
coherent light sources such as laser diodes (LD’s). Instead of
a bunch of LD’s, one incoherent broadband light source such
as light emitting diode (LED) is used for each user, which is
advantageous over wavelength division multiple access system.

Within the bandwidth of the ||ght source, we can increase the|n this paper, we constructed Space/wave|ength/time Spread
number of wavelengths by simply increasing the number of thep optical orthogonal codes by extending the 2-D prime
AWG ports or employing more kinds of fiber gratings. codes, and the performance of 3-D codes are analyzed and

The wavelength'time scheme w/MPP is equivalent 8¢’( x  compared to that of the 2-D code. The 3-D codes showed much
T, W', 0, 1) wavelength/time 2-D code, whe¥é’ = SW,in improve performance compared to the 2-D prime code. In
the aspect of code construction and error probability i W. construction of the 3-D codes, we proposed two types of codes
The advantage of the wavelengtfime scheme is that an AWG with different numbers of pulses per wavelength/time plane, the
with a smaller number of ports is used in the implementation 8tD codes w/SPP and the 3-D codes w/MPP, and investigated
the codes. Note thdt x W’ AWG's are needed to implementthe effect of the number of pulses per wavelength/time plane
(W’ x T, W', 0, 1) wavelength/time 2-D code, whilex S on performance. For a small number of simultaneous users, the
AWG'’s are needed for wavelenditime scheme. Moreover, 3-D code w/MPP showed better performance due to dominant
if the wavelength/time scheme w/SPP is employed, we wileffect of increased threshold. The 3-D code w/SPP showed
have system extendibility and can accommodate more simlgwer error probability for a large number of simultaneous users
taneous users depending on system requirements as discussex the effect of reduced cross-correlation probability became
previously. Another advantage of the wavelerddime scheme dominant. This implies that the choice between the two 3-D
W/SPP is that if we use tunable filters and reflectors insteaddes depends on the amount of traffic in the access networks.
of fiber gratings as depicted in Fig. ¥ codewords (when Physical implementations of the proposed 3-D codes were also
S > W) or W2 codewords (whets < W) can be selectively considered. To eliminate the requirement of fiber ribbons and
transmitted or received with one encoder/decoder by tuning tmiltiple star couplers for implement of space/wavelength/time
filters. codes, we proposed the wavelerfgtime scheme in which

To compare the performance of the waveleAfittne scheme the periodic property of an AWG is used. The performance
w/SPP with that of 2-D code or wavelengttime scheme of the wavelength'time scheme w/SPP was compared to the
w/MPP, the error probability of’ x T, W', 0, 1) 2-D wave- 2-D prime code system with the same number of wavelengths
length/time code system an@f’'/W) x W x T, (W’/W), for fair comparison. It was shown that the wavelerigfme
0, 1] wavelengti/time scheme w/SPP for variol® are cal- scheme w/SPP could accommodate more users depending
culated assuming the total number of available wavelengthsis the system requirement. We believe that the proposed
fixed to W'. Note that the performance o’ /W) x W x T, wavelengtR/time scheme w/SPP enhanced the feasibility and
W', 0, 1] wavelengti/time scheme w/MPP is the same witithe scalability of OCDMA system based on the 3-D codes.
that of W’ x T", W’, 0, 1) 2-D wavelength/time code system. In this paper, only the prime code algorithm was considered
Fig. 8 shows the calculated result fi&f’ = 60, T = 197. If for 2-D and 3-D code construction, but we would like to point
the required BER is higher thaio—®, (20 x 3 x 197, 20, 0, out that all the ideas for the extension of 2-D code to 3-D
1) wavelengtf/time scheme w/SPP shows best performanceode and the wavelenditime scheme are still valid for the
For the system which requires BER lower theoT?, (30 x 2 Reed-Solomon code algorithm.

VII. CONCLUSION
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