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Optical Orthogonal Codes With Large
Crosscorrelation and Their Performance Bound
for Asynchronous Optical CDMA Systems

Chi-Shun Weng and Jingshown \WW8enior Member, IEEE

Abstract—Optical orthogonal codes (OOCs) are commonly Fuja investigated(v, w, 2, 1)-OOCs and showed that it is
used as signature codes for optical code-division multiple-accessimpossible to get more tha?(v — 1)/(w? — w) codewords
(OCDMA) communication systems. Many OOCs have been whose code size is twice the upper boundwfw, 1)-OOCs.

proposed and investigated. Asynchronous OCDMA systems using
conventional OOCs have very limited number of subscribers and In [12], Yang also constructe@, w, 1, 2)-OOCs and the code

a few simultaneous users. Recently, we reported a new code family Size isw times (for evenv) or w — 1 times (for oddw) the size
with large code size by relaxing the crosscorrelation constraint of the (v, w, 1)-OOCs, whenw is less than eight. In [13], we

to 2. In this paper by further loosening the crosscorrelation haye proposedv, w, 1, 2)-O0Cs based offv, k, 1)-perfect

constraint, we adopt the random greedy algorithm to construct difference codes, where = k2 — k + 1.2 < w < k, andk
a code family which has larger code size and more simultaneous . f - | 14 W h | ' h that
users. We also derive an upper bound of number of simultaneous is a power of a prime plus one [14]. We have also shown tha

users for given code length, code weight, and bit error rate. The the performance was improved significantly with larger code
study shows that it is possible to have codes approaching to this weight given a fixed code length.
bound. In [13], we reservedw chips appropriately from the:
Index Terms—Maximal system, multiuser interference, optical Chips of a(v, k, 1)-perfect difference code such that all the
code-division multiple-access (OCDMA), optical orthogonal code codewords fulfilled the crosscorrelation constraint, that is,
(OOC), perfect difference code, random greedy algorithm. A. = 2. Because most of the crosscorrelations between any
two distinct codes in these family are 0 or 1 (while only
very small portion have value of 2), the bit error rate (BER)
performance of the systems using the w, 1, 2)-O0Cs is
R ECENTLY, there have been many papers that haygmost the same as that using the w, 1)-OOCs. Moreover,
discussed OOCs for optical code division multiple accegge code size of(v, w, 1, 2)-O0Cs is upper bounded by
(OQDMA) systems [1]—[13].. (v, w, Ag, Ac)-OOCs are a |g/w|(k-1)/(w—1)[(k—2)/(w—2)||] which may be
family of (0,1) sequences with code length code weight ten times larger than that of idefal, w, 1)-OOCs. Thus, given
w, the maximum value of off-peak autocorrelatidn, and 3 code length and a code size, the code weight of the proposed
the maximum value of crosscorrelation. For the sake of ¢odes is larger than that of ideal codes. The numerical results
synchronization and minimizing multiuser interference (MUlgpowed that the performance(@f, w, 1, 2)-O0Cs with larger
(v, w, 1)-O0Cs withA, = A. = 1 are usually adopted as¢qde weight is better than that of ideal codes, because the larger
signature codes. In general, the crosscorrelation of any twgde weight is more robust to interference to a certain extent.
(v, w, 1)-O0Cs is either zero or one. Therefore, it is difficult Although the performance of th@, w, 1, 2)-OOCs with
to design a receiver to cancel MUI. The code size, UpPgfiger code weight is better, the code size is reduced sharply
bounded by{1/w[(v — 1)/(w — 1)]], of these ideal OOCs is a5 the code weight increases. As a result, it is impossible to
sparse corresponding to the code length. To increase the cpf€ease the code weight @b, w, 1, 2)-O0Cs for a given
size, some code families with nonideal correlation constraigqe length and code size further. One feasible way to increase
have been reported [10]-[13]. In [10], Chung and Kumahe code size is to relax the crosscorrelation constraint fur-
constructed optimalp>™ — 1, p™ + 1, 2)-O0Cs, where is  ther. In this paper, we investigate, w, 1, A.)-OOCs based
any prime and the family size ig™ — 2. In [11], Yang and o the (v, k, 1)-perfect difference set with sizé, where
2 < A. < w < k, thatis,\. is no longer limited to 2. To con-
struct(v, w, 1, A.)-OOCs, it is necessary to choosesubsets
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way to construct the largest size of such system. Howevertatone by cyclically shifting such code — 1) times for syn-

is infeasible due to its complexity. Fortunately, trendom chronous OCDMA [14]. However, for asynchronous OCDMA,

greedy algorithmcan construct asymptotically good maximaive have to modify thév, &, 1)-perfect difference code [13].

systems [16], [17]. In this paper, we adopt this algorithm t& code family of (v, w, 1, \.)-OOCs is formed by reserving

construct a suboptimal code family ¢b, w, 1, \.)-OOCs. somew chips from thet chips of a(v, k, 1)-perfect difference

The crosscorrelation between two codes is 0 or 1 if they acede such that all the new codes fulfill the crosscorrelation con-

not aligned with each other. When two codes are alignatraint. That is, the maximum crosscorrelation between any two

(the probability is onlyl/v), the value of crosscorrelation iscodes is not larger thak.. The problem is the same as how to

between 0 and\.. As a result, the crosscorrelation propertgonstruct amn(w, r, k) maximal system defined as a family of

of (v, w, 1, A.)-OOCs is only slightly different from that of w-subsets of &-set such that evemtuple of thek-set is con-

(v, w, 1)-O0Cs. Therefore, it is reasonable to anticipate th&dined in at most one set of the system [15], whete (\. + 1)

the performances dfv, w, 1, A.)-OOCs andv, w, 1)-OOCs andr < w < k. Itis well known that the system size, denoted

are similar to each other. To simplify the BER performandey m(w, r, k), is upper bounded by

analysis, we assume that chips of two codes are synchronous N\ ) L

among users. We also take the presumption that the cross- m(w, r, k) < < >< > 3)

correlation is). (which is the worst situation of interference) T/

when two distinct codes are aligned with each other and tRemore tightly [20]

interfered \. chips are randomly distributed among chips. m(w, r, k) <

Based on these assumptions, an upper bound of the BERcanbe

derived according to the principle of inclusion and exclusion. {E V -1 { . V —r+2 V —r+ 1H JH . @

The numerical results show that the performance is improved|w |[w —1 w—r+2|w-r+1

significantly with the increase af when the code weight is not The density of the system is defined as

large. However, when the code weight is larger than a certain N

value, the performance gets worse as the code weight increases. d(w, r, k) = m(w, r, k) - <w> ( ) . (5)

This is because the larger code weight increases the interfering VAN

probability which offsets the robustness. The results also shdwvially, d(w, r, k) < 1 holds. Ifd(w, r, k) = 1, the system s

that it is possible to approach the upper bound of the numberadéo calledSteiner syster§(w, r, k) in which everyr-tuple of

simultaneous users given a code length and a code size.  thek-setis contained iexactlyonew-set of the system. To find
The remainder of this paper is organized as follows. In SegH parametergw, r, k) for S(w, r, k) is a long-standing un-

tion Il, we describe and construct tfee w, 1, A.)-OOCs based solved problem. There are an infinite number of known Steiner

on perfect difference sets and the random greedy algorithm.systems witlr = 2 and3 and a finite number of Steiner systems

Section Ill, we analyze the BER performance of the systemswith » = 4 and5. Moreover, no Steiner systems with> 6 are

conjunction with(v, w, 1, A.)-OOCs and double hard-limitersknown [21].

[18]. The numerical results are given in Section V. We conclude The determination of the maximal valuera{w, r, k) is still

in Section V. an unsolved problem [20]. Fortunately, some useful results have

been reported. In 1963, Erdés and Hanani conjectured that for
Il. (v, w, 1, A.)-OOCs BASED ONPERFECTDIFFERENCESETS ~ everyr andw, r < w [15]

In this section, we describe the formulation of a code family lim d(w,r, k) =1. (6)
of (v, w, 1, \.)-OOCs based on perfect difference sets. Feo

Let W be thev-set of the integers, 1, ..., v — 1 modulo 1heY proved (6) for- = 2 and everyw and forr = 3 and

v.AsetD = {dy, do, ..., dy} is ak-subset of¥’. For every =7 + 1, wherep is a prime power. Eventually, R6d| proved

a # 0 (mod v), there is exactly one ordered pdit;, d;), this conjecture in 1985 [22]. . )
i # j, such that One way to construct a maximum size ofrafw, r, k) max-

imal system is to compare all collectionsweftuples of the:-set
di —dj =a (mod v). (1) and choose one which forms am(w, r, k) maximal system

. . . . k
A setD satisfying these requirements is calletvak, 1)-per- with largest size. The number of possible coIIecuor@QS(w)),
fect difference set. The existence of 4 + ¢ + 1, ¢ + 1, 1)- which is too complex to apply exhaustive search. Fortunately, it
perfect difference set, whergis a power of a prime, has beenWas proved that thg random greedy algorithm can almost surely
proved and constructed by Singer [19]. We can construct a pephstruct asymptotically good maximal systems [16], [17]. That

fect difference cod€ = {co, c1, ..., ¢, .-, ¢(s_1)} based is, the densityl(w, r, k) tends to 1 ag approaches to infinity.
on the perfect difference sét with the rule In this paper, we adopt the random greedy algorithm to con-
o struct a family of(v, w, 1, A.)-OOCs as follows.
o = { 1, ifieD ) 1. Construct dv, k, 1)-perfect difference sab with k ele-
0, otherwise. ments according to [19], whele= ¢+ 1,v = ¢> + ¢+ 1, and

The code weight and code length aeand v, respectively, ¢ is a power of a prime.

wherev = k> — k + 1 andk = ¢ + 1. The off-peak auto 2. LetM denote amn(w, .+ 1, k) maximal system which
correlation of such code is always equal to one. This propeityempty initially.

is useful to construct a code family with crosscorrelation equal 3. Construct a complete list of candidatesubsets of).
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700 T T T . The average photon arrival rakeper pulse is given by
[ 1Py
600 | A= i (8)
500 wheren is the APD quantum efficiencyPy, is the received
Z signal power per pulsé, is the Planck’s constant, anfdis the
s 400 3 optical frequency. There are only two states after the second
5 [ ] hard-limiter, denoted by, and Sy, respectively. The statg,
'53; 300 d m (4,3,28) 1 means that the average photon arrival rate is equal fbhe
[ 1 other states) is that the photon arrival rate is zero (this occurs
200 4 only when the desired data bit is zero and the MUI is removed
v 1 completely by the two hard-limiters). For stat&s i € {0, 1},
1 the probability density function of the output after the photo
100 .
1 detector can be expressed as [23]
o () = —(yi—ni)? /207
0 5000 10000 15000 20000 Py, (yi) = /[2m0? ‘ ©

i th candidate
where the meap; can be expressed as

i = GT.(iA+ Iy/e) + Tl /e (10)

4. Pick onew-subset randomly from the list and eliminate ivhere G is the average APD gairY. is the chip durationg
from the list. If thew-subset shares at most elements with all is the electron chargel, /e is the contribution of the APD
selectedv-tuples inM, then include it inM, otherwise, discard bulk leakage current to the APD outpu, is the APD surface
it. leakage current, and the varianggcan be written as

5. Repeat Step4unti|th§re are no more candidates in the list. 02 = GRE.T.(i\ + I Je) + Tul. /e + 02 11)

6. The Ith subset, ', in M corresponds to a code ' '

C! according to (2). All the code’! form a family of WhereF, is the excess noise factor given by

Fig. 1. Three searching results of random greedy algorithmfgt, 3, 28).

(v, w, 1, A)-O0Cs. . F. = keaG + (2= 1/G)(1 — ker) (12)
The crosscorrelation between any two distinct codes can be ] S i ]
expressed as wherek.g is the APD effective ionization ratio anef;, is the

_ variance of thermal noise expressed as
o { Oorl, two codes not aligned

0~ A, two codes aligned. (7) o, = 2kpT T /(¢*Ry) (13)

Since this algorithm involves randomness, the density of thé1erek s is Boltzmann’s constant;. is the receiver noise tem-
system may be far from 1 with small probability. On the othdderature, and?, is the receiver load resistance.
hand, the density may be close to 1. Roughly speaking, the denAfter the photo detector, the signal is fed into the on-off
sity is somewhere in between, but not very far from 1 [16], [17keYing (OOK) decoder. If the outpi; is larger than a constant
In Fig. 1, we apply this algorithm three times to form three dighreshold#, we declare that the output data bif is one,
tinct maximal systems ofn(4, 3, 28) with system sizes 634, otherw!se, zero. To minimize the error probability, we set the
630, and 632, respectively. The total number of candidatesSiPoptimal value of the constant threshéltb be
20475. Fig. 1 shows that the size df grows quickly in the g — Hoot + 11100
early stage of iterative due to the small sizeMdf However, o1 +oy
when the size is getting larger it grows slowly because most ofThe probability that the staté (or S ) is decoded incorrectly
the candidates are discarded. This factis helpful because we §3p, — 0 (or b, = 1) can be expressed as
construct the most part of codes during early searching stage es-
pecially when the number_ of Candi_dates is too large to searcrpr(bo = 0[S1) = Pr(b, = 1]So) = lerfc <u1 - 9) (15)
through. Note that the optimal maximal systenmef4, 3, 28) 207
is also a Steiner system 6f(4, 3, 28) whose size is equal to
819. In other words, the density4, 3, 28) is about 0.77, which
is not far from 1.

(14)

where erfc(-) stands for the complementary error function,
defined as

erfe(z) = % /00 exp(—u?) du. (16)

lQe probability that the stat&, (or.Sy) is decoded correctly to
€b, = 0 (orb, = 1) can be expressed as

I1l. PERFORMANCEANALYSIS

We analyze the performance of the systems using dou
hard-limiters with consideration of shot noise, therm
noise, APD bulk, and surface leakage currents. We adopt Pr(b, = 1|51) =1 — Pr(b, = 0|S51) a7
(v, w, 1, X\;)-codes as the signature codes. The receivgrq
structure is shown in Fig. 2 [18]. To simplify the analysis, we
assume that chips are synchronous among users because it is Pr(bo = 0[S0) =1 = Pr(b, = 1]50) (18)
the worst case and results in an upper bound [3]. respectively.
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Fiber-Optic P Optical Optical Optical Photo-
Network Fabricl_l Hard-Limiter Correlator > Hard-Limiter B detector

v

N-1 Other Channels
.. b |OOK
Output bits <¢— Decoder
Fig. 2. Receiver structure of OCDMA systems with double hard-limiters.
A. Upper Bound of Performance the desired code is interfered by at least one user, the hard-lim-

Without loss of generality, we consider the uggrassigned iters cannot remove MUI entirely. As a result, the state will be
CodeC! = {cb, cl, ..., cl ’1} (based on Subsét!) is the Si. In the following, we derive the probabilithr(S;|b = 0)
desired user and the desired data bit iEhe useil/2 assigned USing the principle of inclusion and exclusion.

CodeC? = {cZ, ¢2,...,c2_,} (based on Subsef?) rep- For any: chips ofw mark chips of a desired code, the prob-

resents any other user. If their relative cyclic shiftjisj € ability that thei chips are not interfered by one other user is

{0, 1, ..., v — 1}, the crosscorrelation can be expressed as W —
v—1 w—1 < ¢ )
]jzzcgc,‘f@j (19) Fi=1-q —q-+aqi- i o (26)
% (%)
whered denotes the addition modulo The value of; is given
by Given the number of simultaneous uséfs the probability
that thei chips are not interference by the oth®r— 1 users
I; = |E'nE| (20) is (F;)N-1if all the N users are independent to each other.

According to the principle of inclusion and exclusion, the

2 ing 2
where E* is a set formed by adding to each element oF f probability Pr(Sy]b — 0) can be expressed as

and| - | represents the size of a set. Whee- 0, the value o

I; is not larger thark.. On the other hand, the value bfis not w w

larger than 1 when # 0. Pr(Silb=0, N)=» (-1)' < ; ) (F)N (27)
To simplify the analysis and to derive the upper bound of per- i=0

formance, we assume that the crosscorrelation is always eqdglthe other hand

to A. when two distinct codes are aligned with each other (that

is, 7 = 0). We also assume that the interfergd chips are Pr(Solb =0, N) =1 —Pr(S1]b =0, N)

randomly distributed among chips. Letp; andp. denote the w
probabilities thaf ; is 1 and)., respectively. Because the value = Z (—1)+1 <w> (F;)N-1, (28)
of I; is A. only whenj = 0, the value ofp.. is 1/v and then =1 ?

= (w? — \.)/v. We have the expected value bfas [4 . . .
pr=(w )/ P ) bfas [4] Therefore, the bit error probability can be written as

w
E(I) = p1+ Acpe = —— (21) P. = Pr(by, = 0|S)) Pr(S1]b = 1) Pr(b = 1)
The probabilities thall72 contributes 1 and. pulse positions + Pr(b, = 0|So) Pr(So|b = 1) Pr(b=1)
are given by
+ Pr(b, = 1|S1) Pr(S1]b =0, N)Pr(b = 0)
q1 = PI‘(I]' = 1) :p1/2 (22)
and + Pr(b, = 1|So) Pr(Solb =0, N)Pr(b =0)
e = Pl = Xo) =pe/? @) ok (m —9) e, )
respectively, where the factor 1/2 means the equiprobable 0 and 2 V207 2
1 symbols. 0
If the desired data bit is 1, the state after the second hard- 1 —erfe [ P2 22) ). (29)
limiter must beS,, that is V207

Pr(Sib=1)=1.
On the other hand
1 — 1
Pr(Solb=1)=1—-Pr(S1|b=1) = 0. (25) P. =~ —erfc <,u1 9) + 3 Pr(S1|b =0, N). (30)

\/ 202
When the desired data Hbitis 0, the state after the second !
hard-limiter should beS; if the two hard-limiters can com- The first and second terms in (30) represent the noise power and
pletely eliminate MUI. However, when each of thechips in interference contributions, respectively.

@9 i erfe ((ﬂ,l - 6)/\/20—%) < 1, (29) can be approximated as
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TABLE | E T T T A LIS SN A AL LA I E
LINK PARAMETERS E ] e without HL B
E - — Ac =6, DHL
Name Symbol  Value 102 b - ;"c :i g:t N
Light wavelength 1.3um E S ;L: = 3: DHL 3
APD n 0.6 = e Ac =2, DHL E
Quantum efficiency g “ E lower bound, DHL 2
APD gan G 100 g1
APD effective kefs 0.02 g
ionization ratio 5
APD bulk T, 0.InA. 5 10°
leakage current o
APD surface I 10nA
leakage current 10°®
chip duration T. 0.1ns
. 1 1
bltr?,te _ n—’UTc o ot v v v S e
Receiver noise & 300k 8 10 12 14 16 18 20 22 24
temperature w
Receiver load resistor Ry, 103092

Fig. 3. Biterror probabilities versus the code weight under 757, N = 33,
and Py, = 0.5 pW.
B. Lower Bound of Performance

Because we assume that the crosscorrelation is always e( 2 ' ' ‘ '
to A. when two distinct codes are aligned with each other, thel 2L .~ | - without HL N
error probability is upper bounded by (30). On the other han T ngg; S:t
we will derive the lower bound of performance for given code 3 -— Ac=4,DHL E
and noise level. 10t L "';‘:zg g:t ]

Because a family of(v, w, 1, A.)-OOCs are formed by Z lower bound, DHL | 3
choosingw chips from k chips of a(v, k, 1)-perfect dif- 3§ —\ 3
ference code, any twdwv, w, 1, \.)-OOCs must at least & . o ]
sharemax(2w — k, 0) chips of thek mark chips. Thus, the £ '@ £\ 3
crosscorrelation is larger than or equahtax(2w — k, 0), if & A";%%‘z‘? 4
two distinct codes are aligned with each other. To derive tl R, =0.5 W 3
lower bound of the BER, we assume that the crosscorrelati  19° £ E
between any two codes is equahtax(2w — k, 0), if the two ]
codes are aligned. From (26) and (27), we have — 3

10-10 PR |

1 g — 0 1 & i w 10 20 30 40 50 60
P, > —erfi — -0 .
> g (5 )+ 50 (7) "

] N—1 Fig. 4. Bit error probabilities versus the code weight undet 6643, N =
<w — z) 300, and Py = 0.5 pW.
(31)

w—1 Ae
I—@=gta- e w performance of the systems with double optical hard-limiters is
( Ae > improved as the code weightincreases. This is because the larger
where). = max(2w — , 0) code we.ight is more robust to interference. The'performance of
¢ v codes with largeh. is worse than that of codes with smaller.
However, codes with largex, have larger code size. Moreover,
IV. NUMERICAL RESULTS whenw > 15, the lower bound of the BER increases sharply due

In this section, we present the numerical results of the sye-max(2w — k, 0) increasing withw. As a result, the lowest
tems with(v, w, 1, X\.)-OOCs. The parameters used are giveBER of the lower bound is about 1€’ underv = 757 andN =
in Table I. 33. In other words, givenw = 757, the maximum number of

The bit error probabilities versus code weight with or withowtimultaneous users is about 33, no matter what value dhis
double optical hard-limiters are given in Figs. 3 and 4. Note thégure also shows that the performance of the system without
to simplify the calculation of the BER performance without opeptical hard-limiter is not improved significantly with the in-
tical hard-limiter, we assume that the maximum crosscorrelatioreasing of code weight. The phenomenon is due to the larger
between any two codes is one and we only take the interferetice code weight, the larger the interfering probability between
contribution into consideration. These assumptions result in they two codes. Therefore, the advantage of a large code weight
lower bound of BER performance. Consider the systems withdiluted. Comparing the performances between systems with
double optical hard-limiters. Part of the BER induced by ther without double optical hard-limiters, we find that the system
noise power is 2« 10~!! underPy = 0.5 uW. In Fig. 3, the with double optical hard-limiters outperforms that without any
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TABLE I 10—
UPPERBOUND OF T (w, A, + 1, 82) VERSUSw AND A. UNDER £ .
BER < 1079, N = 300 AND v = 6643 .
10° 3
A
3 4 5 6

19 [349 z 10° E

20 s

21 1120 g 47 i

22 916 5 E

23 745 §

24 478 2439 m 108 3

25 373 1492 e

w 26 1154 i ~

27 962 3261 10° £f----- average Pw = 1nW, DHL I -

28 755 92793 F|- — average Pw=2nW, DHL 3

29 653 2052 [ average Pw = 3nW, DHL

30 563 1716 L EEE—

31 1956 10 15 20 25 30 35

32 622

33 546 Fig. 5. Bit error probabilities versus the code weight undet 6643, N =

2‘51 ggg 300, A. = 6, and three different values of the average received power per bit.

10-4g""I'"'l“"l"“l"“I“"i“"(““5

optical hard-limiters for the most part. In fact, under suitabl ]
signal power, the performance of the system with double o  10°® —\ 3
tical hard-limiters outperforms that without optical hard-limite : \ ]
because the former could remove some interference pattel s [ ]
Fig. 4 shows the performance @643, w, 1, A.)-OOCs. Fig.4 £ \ E
has similar characteristics with respect to Fig. 3 except that t 3
performance of the system without optical hard-limiter is ge & 19" £ \ v=6643 E
ting worse with the increasing code weight. The reason is sit £ : \\ Nsa0 ]
ilar to that in Fig. 3. However, the advantage of larger cocz 10® L - -
weight cannot offset the increasing of interfering probability Er P \\Q -
On the other hand, because the interference increases du 10° . _ x: =5: DHL \\\\ - ]
large code weight for the system with double optical hard-lin - — % =4, DHL S~ ]
iters, there is an optimal value of code weight for a given coc o0 . — N ]

length and number of simultaneous users. Fig. 4 shows tl
the best performance is when the code weight is around 30.
such a case, the bit error probability (@643, 30, 1, 5)-OOCs
or (6643, 30, 1, 6)-OOCs is about 4.6« 10~ which is very Fig. 6. Bit error probabilities versuB,, unders = 6643, N' = 300, and
close to the lower bound. Consequently, the maximum number= 24.
of simultaneous users is around 300 giver 6643. Fig. 4 also
shows that the largex. results the worse performance, espeability. Similarly, when the value of the average power per bit
cially when code weight is less than 10. However, when the coideequal to 2 nW, the lowest BER is about %0101, How-
weight is larger than 20, the phenomenon is not obvious, bevser, because it has larger average power per bit, the effect of
cause a large code weight dilutes the effect of interference. Tthe noise power is not obvious uniil > 28. When the value of
upper bound ofz(w, A, + 1, 82) versus the code weight underthe average power per bit is equal to 3 nW, the curve is almost
BER< 1079, N = 300, andv = 6643 is listed in Table Il. It the same as the corresponding one in Fig. 4. This is because the
shows that the code family @643, 27, 1, 6)-OOCs has the average power per bit is large enough that the noise power con-
largest upper bound of code size. tribution no longer dominates the bit error probabilities.

Fig. 5 shows the bit error probabilities versus the code weightFig. 6 shows the bit error probabilities versus the received
underv = 6643, N = 300, A. = 6, and three different values power per pulse under = 6643, N = 300, andw = 24. The
of the average power per bit. Considering the value of the awee curves illustrate that there exists an error floor which is
erage power per bit is equal to 1 nW, the BER performanceastually equal to the interference contribution in (30).
improved with the increasing of the code weight undex: 19 The bit error probabilities versus number of simultaneous
because the interference contribution in (30) is the dominamders are presented in Figs. 7 and 8. For the systems with
term. On the other hand, the BER performance is getting wordeuble optical hard-limiters, these figures indicate that the
underw > 19 because the larger values of code weight reduperformances of codes with larger crosscorrelation are worse
the signal power per pulse. As a result, the noise power conthan those of codes with smaller one. However, when the
bution in (30) is getting larger and dominates the bit error probumber of simultaneous users is large, the phenomenon is not

02 025 03 035 04 045 05 055 0.6
Py uw
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example of constructing:(4, 3, 28) maximal systems shows
that the system density is around 0.77, which is not far from 1.
Moreover, most of the codes can be formed at early constructed
stage. This fact is very helpful especially when the number of
candidates is too large to search through. Because most of the
crosscorrelations between any two codes are 0 or 1 (while only
a very small portion have value of.), the numerical results
show that the larger value of crosscorrelation does not decrease
the performance significantly, especially when the code weight
or number of simultaneous users is large. For the systems with
double optical hard-limiters, the results also imply that there
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210" ¢ E
Q £, 3
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1<) 3 E
& L 4
E 3 ]
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- Ac =6, DHL ]
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lower bound, DHL |3
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Fig. Bit error probabilities versus the number of simultaneous users under

7.
v = T57,w = 13, andPy = 0.5 uW. (1]
10° g [2]
(3]
10-2 g . _;
2 E E [4]
3 104 L B
510 & 5]
[<] [ ]
S 3 E
S E E
3 10° F E 1
) F E
v=6643 | - without HL 3 [7]
10 w=25 - — ke =6, DHL _5
PR, = 0.5pW — — X =5, DHL E
-— Ao =4, DHL ] 8]
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10-10.‘”|..H|H..|.‘..,Hm.‘.u.."
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Fig. 8. Bit error probabilities versus the number of simultaneous users unddi0]

v = 6643, w = 25,andPy, = 0.5 pW.

(11]
obvious due tog; dominating the BER. These figures also
show that the performances of the systems with double opticzﬂz]
hard-limiters outperform those of the systems without any
optical hard-limiters. (13

V. CONCLUSION [14]

One feasible way to improve the performances of OCDMA
systems is to increase the code weight with the penalty dft]
decreasing the code size when the code weight is less than[l%]
certain value. In this paper, we further relax the crosscorre-
lation constraint to get larger code size and derive the uppét’]
and lower bounds of performances. Because the optima|g
construction of a maximal system using exhaustive search is
infeasible, we adopt the random greedy algorithm to construct
(v, w, 1, A.)-OOCs. It is proved that this algorithm almost [19]
surely can construct asymptotically good maximal systems. An

is an optimal value of code weight for a given code length.
We demonstrate that it is possible to approach an upper bound
of the number of simultaneous users for a given code length
and code size. Meanwhile, the code size is maintained on a
satisfactory level.
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