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Abstract—This  paper considers a  distribu- Figure 1 shows our envisioned access network archi-
tion/aggregation network that employs optical code tecture. We divide our access network architecture into
division multiple access (OCDMA,) to transmit information  three components: (a) Neighborhood network, (b) Dis-
to a head-end node in a metropolitan area network. The i, tion/Aggregation network, and (c) Metropolitan area
head-end node transmits synchronization pulses and the network (MAN). The neighborhood network consists of

nodes employ ranging techniques to offset the propagation .
delay, resulting in a quasi-synchronous reception at the a network of homes. The neighborhood network may

receiver. The paper develops a methodology to design®/OIVe OVer the years through RF wireless, free-space
orthogonal OCDMA codes for such quasi-synchronous Optics, and fiber-based networks to provide higher data

communication systems. The paper also describes therates to the end user. The distribution/aggregation net-
receiver design and computes the bit error rate of such work connects neighborhoods to the MAN. We consider
systems. the MAN to be the core of the access network. The
distribution/aggregation (DAN) network that connects
|. INTRODUCTION the MAN and the neighborhood networks traditionally
provide large bandwidth data, such as TV broadcast,
Tremendous progress in optical transmission and nes-the end users. In addition, it plays a vital role in
working technology has resulted in a glut of bandwidtitansferring data from the neighborhood network to the
in the backbone wide-area networks. The last-mile patkttAN. The focus of this paper is about information
way, however, is still extremely narrow. Cable- and DSliransfer from the optical access points (OAPS) in the
based Internet access only provide bandwidths of theighborhood networks to a MAN node.
order of a few hundred Kb/s to a few Mb/s, and even
these technologies have been slow to catch on in the L Metropolitan area network
According to [1], only aboutl0% of U.S. households
have broadband access as compared to 6266 of
households with Internet access. \ / ;
Concurrent with the capacity expansion in the wide L, Wireless Access < 802 11a/HiperLAN2/ |
. . oint ree-space optics
area networks, there has been an increase in desk &, . . cess ot 0an
data generation rates and capacities of in-home netwol Y s0211b/g @ WMAN node | |
Current day desktops and laptops are capable of genei- e :
ating data at rates of several hundred Mb/s to a few Fig. 1. Access network architecture.
Gb/s that may need to be sent over a network. Corre-
spondingly, the introduction of 802.11b has increased in-Cable- and DSL-modem technologies form today’s
home network capacity to 11 Mb/s, and the more receDAN network and has an uplink transmission rate of
802.11g further increases the capacity to 54 Mb/s (ap2 Mb/s (using QPSK over a bandwidth of 6 MHz)
proximately OC-1 rate). Thus, we have a situation wheeg 24 Mb/s (using 16-QAM). The uplink data rate
core capacities and in-home data generation capaciieshared by many regions, where each region serves
have increased substantially, while the capacities of ttl@usands of home. The uplink data rate allocated for a
intermediate network (viz., the last mile) have lagged faegion is about 2 Mb/s, shared by several homes in the
behind. region. Such a system is clearly not sufficient to support

Neighborhood network |

Fiber link



high-bandwidth applications such as video conferencing, II. OCDMA PRELIMINARIES

Interactive games, etc. OCDMA divides the channel bandwidth across multi-

We assume a DAN based on optical communicgte users by assigning “codes”. The OCDMA codes are
tion where the OAPs form the end-nodes that transfghipolar (binary numbers composed of Os and 1s) unlike
the aggregated data from the neighborhood networkse traditional CDMA codes (that are bipolar composed
We employ Optical Code Division Multiple Accessof +1s and -1s). OCDMA transmission employs ON/OFF
(OCDMA) as the access mechanism for the DAN. Keying where the unipolar code is sent in place of
the transmissions are perfectly synchronous (all usarsand no code is transmitted in place of 0. All the
are aligned to bit boundaries), it is possible to designCDMA codes employed are assumed to haves. If

orthogonal codes. If the transmissions are asynchronog® code length is, then each user geg)sof the channel
the codes are designed such that the cross-correlatigmdwidth.

between any two codes are bounded under all shifts ofif , — (20, %1, ..., Ty—1) andy = (Yo, Y1, - -, Yo_1)
the code. The number of such OCDMA codes for a givejenote two OCDMA codes, then the auto-correlation and
code length is significantly low. cross-correlation are bounded Byas shown below:

We assume that the MAN node sends out synchroniZito-correlation:
tion pulses that the OAPs use to align their transmissions. v—1
As the propagation delay from the OAPs to the MAN Zmiggi@z <A 1<ti<wv-—1 Q)
may be different, we assume that the OAPs also employ i=0

“ranging” technique similar to that employed in tOday'%ross-correlation:
cable systems to estimate the propagation delay to the
MAN node. Based on the measured propagation delay
to the MAN node, the OAPs try to synchronize their Zwiyi@g A
transmissions to the bit boundaries. However, due to the =0

variations in the measurement, the transmissions do Mdtere @ denotes module- addition. The auto-
reach the MAN node at the same time. Figure 2 showsrrelation at shift 0 yields the weight of the codes
the transmissions from five different OAPs when it ighe properties of the set of OCDMA codes are denoted
received at the MAN node. The transmissions from tH® the three-tuplgv, k, \). In optical systems, a set of
nodes are off from the bit boundary by a maximum dfodes withA = 1 is referred to asptical orthogonal

d units of time. codes(OOCs).

Let s denote the number of chips of the OCDMA code
transmitted during? units of time. If the transmissions
are off from the bit boundaries by at mogtunits of
d time, it is sufficient that two users may be assigned a
Code 5 I ' code that are orthogonal under shifts of upstdn other

| Code 4 — words, the auto- and cross-correlation between any two

Coiijez C | codes employed in the system are bounded\ dgr up

v—1

0</i<wv-—-1 (2)

Bit boundary

1 time Auto-correlation (quasi-synchronous):

— to shifts of s.
. - ) . . -1
Fig. 2. Transmission from five different OAPs as received gy t <
MAN node. The transmissions are off from the bit boundary by a Z Tiige < A 1<l<s 3
maximum ofd units of time. i=0

Cross-correlation (quasi-synchronous):

The rest of the paper is organized as follows. Section Il vl
gives a brief background to the properties of OCDMA Z;wiyi@@ A 0sflss (4)

codes. Section Il describes the construction of OCDMA
codes for quasi-synchronous communication systemsWe refer to OCDMA code sequences which are or-
Section IV discusses the receiver design and computatibogonal for up to a certain maximum shifts fasite

of bit error rate. Section V concludes the paper. shift-invariantoptical orthogonal codes.



I1l. DESIGN OFFINITE SHIFT-INVARIANT OOC cyclic group of ordew and X is the set of all base blocks

We introduce the combinatorial objects used to desigh @ CDF, a BIBD can be defined as the union of the
shift invariant OOCs. These objects have been extéiPits of X. The number of blocks in a BIBD i& = v,
sively studied in the combinatorial literature, and somheret is the number of base blocks. Block obtained
construction methods for them are described in [2], [3fOM the same_block form a resolvability class. Given a
[4], [5]. A balanced incomplete block design (BIBD)(?: ;) CDF with base blocks3; = {b; 1, ..., bix}, 1 <
with parametersv, k, ) is an ordered paifV, B), where 1 <t, _the p.omt-block incidence matrix of the BIBD can
V is a v-element set and3 is a collection ofp k- P€ written in the form:
subseﬁs of V, _caIIe(_JI blocks such that every 2—supset A= [A|As]. .. |A] (5)
of V' is contained in exactly\ blocks. The notation
BIBD(v, k, \) specifies a BIBD on points, with weight where each sub-matrid; is of dimensionv x v. The
k, and index\. orbits of the base blockB; are represented by the

The point-block incidence matrix of &/, B) design Positions of nonzero elements in the sub-mattix In
is av x b matrix A = [a;;], in which a;; = 1 if the i-th otherwords, a columpin each sub-matrix; is a cyclic
element ofl/ occurs in thej-th block of B, anda,; = 0 Shift of the columnj —1 mod v.
otherwise. An optical orthogonal codgis formed from  Notice that any cyclic shift of any two different
columns of A. The column weight of A isk, which base blocks preserves orthogonality of the corresponding
means that all spreading sequences have wdighnd SPreading sequences. This means that completely shift-
the row weight of A isr, which means that sequences invariant OOC can be obtained by taking first column
have one at exactly the same position. from each sumbatrix4;, 1 < i < t¢. However, the

In this paper, we assume that= 1, because it implies humber of such sequences is small.
that no more than one block contains the same pair ofConsider now a relaxed constraint in which at mest
points. For\ = 1, no pair of columns of the matrix A shifts of the spreading sequences must be orthogonal.
contains two ones at the same positions. Equivalenthf)eé number of corresponding sequences in one orbit
no pair of spreading sequences overlaps at more tHan s77), and the total number of shift-invariant OOC
one position. Recall that spreading sequences with tggduences iV = | 7 ]t.
property are referred to asrthogonal It is trivial to ~ Example. The blocks B; = {0,1,4} and B, =
see that cyclic shifts of two orthogonal sequences af@ 2,7} are the base blocks of &13,3,1) CDF of
still orthogonal sequences. However if two sequences &€ groupZ. The corresponding point-block incidence
cyclically shifted by different amounts, the correspondbatrix is given by Equation 6.
ing sequences are in general not orthogonal any morelf the maximum allowable shift is = 2, then columns
To ensure orthogonality under cyclical shift, a BIBDL: 4, 7, and 10 of the two sub-matrices form orthogonal
must be additionally constrained. A BIBD issolvable codes. The set of orthogonal codes (the columns of A)
if there exists a partition of its block sét into parallel are written as matrbO where each row of the matrix
classes, each of which partitions the §&tAs we will represents a column iA.
show later, the resolvability is a key property necessary

for the design of OOC codes. (110 01 0000000 0]

Let V be a finite additive Abelian group of order 0001100100000
Thent k-element subsets of, B; = {b;.1, ..., bix}, 1 < 0000001100100
i < t, create a(v,k,\) difference family (DF) if o= 1 8 (1) 8 8 8 8 (1) 8 (1) (1) 8 8 (7)
every nonzero element df occurs\ times among the 0001010000710 0
differencesb; ,,, — bip, 1 <@ <t, 1 <m,n < k. A 1000001010000
set B; is referred to adase blockIf V' is isomorphic 00 01000U0UO0T1U0T10
to Z,, the additive group of integers modulo then the ) _ o Rk ,
corrgspondingv, k:,%\) DpF IS cal?ed acycligd?jifference The deta_lls of a CDF design is beyond the scope of thls.
family (CDF). paper and interested readers can find more references in

[2]. An example of a CDF class that is defined for a large
number of block sizesk, are prime power difference
families [3], wherev, the number of points is a prime.
IA k-subset is one in which eveny-element has exactly ones. 1he number of base blocks ts= k(vk;_ll) and the total

If G is a group that acts on a set X, then the@gt=
{9z | g € G}, = € X, is called the orbit ofr. If G is a
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number of supported users is given by for a maximur oo
shift of s is given by:
g 10000
v g
N = \JS T 1J Xt (8) ":; 1000 \-\-\_\_\_\
As an illustration consider a CDF constructec 4 10 — 99,4 1)

by Wilson [5] using the groupZ, with v = 151 ‘é \’-__.l__‘_ 59791
and weight ¥ = 6. There aret = 5 base 2 1] L
blocks: By, = {0,6,31,70,72,117}, By = | R )
{0,48,97,107,123,30}, Bs = {0,82,21,101, 78,89}, ' o oo o c00
By = {0, 52,17,53, 20, 108}, and Bsj = Maximum shift

{0,114,136,122,9,109}. To create OOC, everyrig. 4. Number of spreading sequences supported vs. maximum
(s+1)-th block from each ot orbits is taken. Figure 3 shift for different OOC parameter, k, X).

shows the number of spreading sequences as a function

of maximum allowable shifts.
IV. DECODERDESIGN AND BER ESTIMATION

The decoder architecture is given in Figureﬁg
denotes thej-th column in the submatrix4; in the
point-block incident matrixA that is chosen as a valid
codeword. Notice that for synchronous (= 0) or
asynchronous case & v — 1), the decoder reduces to
only one branch.
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Fig. 3. Number of spreading sequences as a function of ma®imu  rig. 5. pecoder architecture when the maximum shift.is
allowable shift for Wilson construction (151, 6, 1).
We now compute the bit error rate of the quasi-
Figure 4 shows the number of orthogonal codesynchronous codes. A similar approach is employed in
referred to as cardinality, of length and weightk, estimating the BER performance of truncated Costas
obtained from prime power difference families. OOCs, proposed for asynchronous transmission [6].



In an incoherent optical CDMA systems the correlator

output of the observed usgrat timet = T (1" denotes 1 N N
: = (N—-1)X ——— 16
the bit duration) is given by o ( ) x NN D) ;; :zy:# o5,(16)
y = bjw + I 9) N N
whereb; denotes the transmitted bit,denotes the code- - N ; _12: (17
word weight, and/; denotes the multiuser interference. T
I; is computed as Using the Gaussian approximation for MUI and as-
suming that the system is MUI limited (neglecting the
[ N I (10) other sources of performance degradation), the bit-error
b n_lz;# " rate (BER) for equiprobable mark- and space-state bits

is computed as:
where I,, denotes the interference contribution by the

n-th user andN denotes the number of simultaneous BER = lefrc(ﬂ1 ) + efrc<7uo> (18)
users. The undesired signal is composed(df — 1) V2 V2
interference signals each being the random variablesWMferet, is the threshold, angl, and u; are the mean
I,, are independent and identically distributed, and if thélues of space- and mark-state bits, and p, are
number of user is sufficiently large, which is typicallcomputed as:
the case in practice, the resulting distribution will fello

. o . o Mo = M (29)
the Gaussian distribution according to the Central Limit
Theorem. o= ptk (20)
Letz = (w0, 21,...,%y—1) @Ndy = (Yo, y1,---,Yu—1) erfc() is the complementary error function defined as:
denote the codewords of two users. The cross-correlation
function between them is computed as: erfc(z \/_/ e~ du. (22)
1) = i Tilio! 0<1<s (11) When the optimum threshold is set fo+ 11, the BER
: reduces to: 3
where® denotes a module-addition. The variance of BER = —erfc( \/_> (22)
the cross-correlation is computed as: g
Figure 6 shows the BER performance as a function
S . .
o2 — }Z [C’ (1) - C—r (12) of number of simultaneous users for different allowable
W s i shifts. The curves = 0 corresponds to the synchronous

case and the curve= v — 1 = 150 corresponds to the
whereC;,, denotes the average cross-correlation amplisynchronous case. In the synchronous case, we are able

tude over all possible shifts computed as: to support 755 users, while in asynchronous case only
5. The implementation complexity, however, decreases
Cry = e Zczvy(l) (13) ass increases. It is observed that for a given BER, the
=0 number of users supported may be increased by a factor
In synchronous case, the maximum shiftss= 0 of ﬁ .

and the cross-correlation function reduces to in-phase

cross-correlation, while in the asynchronous case the V. CONCLUSION

maximum allowable shift iss = v — 1. The mean g) In this paper, we demonstrated that the number of

and variance4?) of multiuser interference (MUI) forv  users supported by an OCDMA system may be increased

simultaneous users are computed as: by a factor of Ls-q—Llj’ if the transmissions are quasi-

synchronous where the transmissions are off by at most
Z Z C,, (14) s chip transmission duration. The approach developed in
this paper is to derive OCDMA codes from those that are
N N orthogonal under all shifts. It is not known if the number
- — Z Z Cry (15) of users supported under this approach is the maximum
N y=1,y#x possible or not.

p o= (N—-1)x
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Fig. 6. Bit error rate as a function of number of simultaneosers
for Wilson (151, 6, 1) construction.
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