OPTOELECTRONICS LETTERS

Vol.10 No.4, 1 July 2014

Construction and performance analysis of variable-
weight optical orthogonal codes for asynchronous

OCDMA systems’

LI Chuan-qi (Z=142)** YANG Meng-jie (#%%54#), ZHANG Xiu-rong (575 %), CHEN Mei-juan (F53:45), HE
Dong-dong (%1 44-), and FAN Qing-bin (Y&Kxk)
Electronic Engineering College, Guangxi Normal University, Guilin 541004, China

(Received 4 May 2014)
©Tianjin University of Technology and Springer-Verlag Berlin Heidelberg 2014

A construction scheme of variable-weight optical orthogonal codes (VW-OOCs) for asynchronous optical code divi-
sion multiple access (OCDMA) system is proposed. According to the actual situation, the code family can be obtained
by programming in Matlab with the given code weight and corresponding capacity. The formula of bit error rate (BER)
is derived by taking account of the effects of shot noise, avalanche photodiode (APD) bulk, thermal noise and surface
leakage currents. The OCDMA system with the VW-OOCs is designed and improved. The study shows that the
VW-0OO0Cs have excellent performance of BER. Despite of coming from the same code family or not, the codes with
larger weight have lower BER compared with the other codes in the same conditions. By taking simulation, the con-
clusion is consistent with the analysis of BER in theory. And the ideal eye diagrams are obtained by the optical hard
limiter.
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Optical code division multiple access (OCDMA) systems
have received much research interest as their advan-
tages!'"*!. Due to the increasing requirement of a flexible
support of multimedia services, the support of multirate
and differentiated quality of service (QoS) transmission
is becoming an essential challenge for future optical
networks!*®l,

In order to meet the QoS demands of different users,
variable-weight optical orthogonal codes (VW-OOCs)
are always used to support different qualities. Subscrib-
ers with different code weights have the different bit er-
ror rate (BER) performance. This property can meet the
requirement of QoS in multimedia networks. Therefore,
codes with low weight can be assigned to the low-QoS
applications, and codes with high weight can be assigned
to the high-QoS requirement!’""’,

In this paper, a new arithmetic for constructing a
VW-00Cs family is proposed. A smaller code length
based on the actual number of weight and users’ total
capacity is got. The BER formula is derived in asyn-
chronous OCDMA systems using the proposed VW-
OOCs with consideration of shot noise, avalanche pho-
todiode (APD) bulk, thermal noise and surface leakage
currents. Finally, the differentiated-quality OCDMA sys-
tem is simulated in OptiSys 9.0, and a method is pro-

posed to modify the problem of the imbalance power of
the mark in different users’ sending-sign when they have
variable code weight.

The VW-OOCs are a family of codewords with equal
code length and variable code weight which can be ex-
pressed as (L, W, A,, A, N), where L is code length,
W={w\, wy,-++, w,} is a set of code weights, N={N,
N,,-++, N,} is a set of codeword capacities, 4, is auto-
correlation constraint, and A, is cross-correlation con-
straint, where 1,=A.~=1.

A codeword C can be denoted as (cy, ¢, , ¢;), where
¢ (i=1,-+-,w,) is the location of ‘1’ in the (0,1) se-
quences, and w,, is the weight of C. The all-interval-sets
of C are composed of j interval-sets, where j=1,2,--- ,w,—1.
And the j interval-set expresses the distance between two
‘1’s where there are j ‘1’s between them. If there is no
repetitive data in all interval sets of a codeword, the
autocorrelation and cross-correlation equal 1. If there is
no repetitive data in all interval sets of a code family, 4,
and A, both equal 1. The VW-OOCs are constructed ac-
cording to the important conclusion as above in this pa-
per.

The VW-OOCs have n different weights, so n» matrices
are constructed to indicate the » kinds of weights. Matrix
A,, (m=1,2,--- n) denotes the 1 interval-set of the N,
codes with code weight w,,. 4,, is given by

*  This work has been supported by the University Nature Science Fund of Guangxi Province (No.2010 MS018), and the Guilin Scientific Research

and Technological Development Program Topics (N0.20120104-18).

##  E-mail: lcq@mailbox.gxnu.edu.cn



Lletal

m m m

11 a, 1w,
m m m
a a o a
21 2 2w,
4,=| . S S (D)
m m m
ale aNW 2 aNme

where each row is the 1 interval-set of a code, and all the

N,, codes have the same weight w,,. The Zme ., codes

m=1

can be got after calculating a;, where m=1,2,--- n,
=12, . w,,and i=1,2,-++ JN,. A set of B is the part that
the all-interval-sets exclude the 1 interval-set of all the
codewords. In other word, the » matrices 4 and a set B
constitute the all-interval-sets of all the VW-OOCs. The
specific process to construct the codes is as follows.

According to the users’ need, make sure the values of
wi,Wy, - -+ ,w, and the values of N|,N,,- - ,N, respectively.

Then, calculate the value of a;' .

First, when j=1, the method to calculate a; is di-
vided into the following three cases. When m=i=1,
a’=1; when m# 1 and i=1, a} =a,’ +1; and when

Nyt 08,-1)

m#1 and i#1, aj =a,  +1. Then, check to see if

there is a number equal to g in set B. Let a] be
added by 1 until there is no one equalto a; inset B.

Second, when j# 1 and j# w,, a; =ay, , +1. Check to

i1
see if there is a number equal to a; in B, and let a; be

added by 1 until there is no one equal to a; in B. Put j-1

m
+ a[(/—z) . "t

+---+a; into B, and check to see if there are
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repetitive numbers in B. Let a; be added by 1 until

a; is not equal to the number in B and there is no re-

petitive data in B.
With m from 1 to n, j from 1 to w,—1 and i from 1 to
N,,, repeat the two steps above to calculate the values of

Z(wm —1N,, . Next, the algorithm for obtaining the last

m=1
number in 1 interval-sets is different from others. First,
calculate the last number of the last code’s 1 interval-set,
so the code length and other numbers can be got as

a[’\’/”wn = a;"(wn—l) +1 4 (2)
L= d, s 3)
j=1
w, -1
al =L-Y al. 4)
=l

With m from 1 to » and i from 1 to N,,, use Eqgs.(2)—(4)

to calculate the last values of ZNW . Check to see if

m=1

n

N,w,

there is any number in B equal to ZN . »andlet a
m=1
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be added by 1 until there is no equal number. The values

of W shown in Tab.l should be added

into B. Check to see if there are repetitive numbers in B,
let ay, be added by 1, and recalculate and recheck as
above until there is no repetitive data in B. Finally, all
the values of a; can be got after the calculation as
above, and the class of VW-OOCs can be obtained by
using

w,—1

(O,Clvm a"’+ag,-~~,2a;),m=1a23 * W i:lsz3”.,Nn-
A

19701

(5)
Tab.1 j-1 numbers which should be added into B
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Using the algorithm mentioned above and the program
in Matlab, such as inputting w;=3, w,=5, N;=10 and
N,=10, we can get the VW-OOCs with L=376 as shown
in Tab.2.

Tab.2 VW-OOCs of (376, {3,5}, 1, 1, {10/20,10/20})

Codes with w;=3 Codes with w,=5

(0,68,138) (0,1,3,7,12)
(0,74,150) (0,8,8,31,45)
(0,77,156) (0,15,32,51,71)
(0,80,161) (0,21,43,67,93)
(0,82,166) (0,28,57,87,120)
(0,85,173) (0,34,69,107,147)
(0,89,179) (0,41,83,127,174)
(0,94,189) (0,48,97,149,202)
(0,96,194) (0,54,10,169,230)
(0,99,199) (0,62,126,191,257)

We analyze the performance of the asynchronous
OCDMA system using the proposed VW-OOCs with
consideration of thermal noise, shot noise, APD bulk and
surface leakage currents.

In the APD, the total photon arrival rate influenced by
the sign, body leakage current and background light is
given by

A+A+ I—‘“ b=1

s 4 +—b,b:0,
M A e

e

where b is the sending bit, /s and 4, are the photon arrival
rates influenced by sign and background light, respec-

. . 1, .
tively, e=1.6x10"" C is the electron charge, —is the
e

contribution of the APD bulk leakage current to the APD
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output, and M, is the extinction ratio. A = , where

P, is the received signal power, 7 is the APD quantum

efficiency, /=6.63x107* I's is the Planck’s constant, and f
is the optical frequency.

w; chips can get the optical signal which is carried by a
code in VW-OOCs with weight w; after the operation in
optical correlator, and the other L—w; chips have no opti-
cal signal. When the number of total users is K, and K;
user is with weight w; (i=1,2,- -+ ,n), the number of send-

ing signals including all ‘1’ and ‘0’ is ZWI.KI. . When
i=1

the sending bit is 1, there are w,+/ marks at the photon
arrival rate of A, where [ indicates the interference by
other users. The other null signal arrives at the photon

. A .
arrival rate of —— . The impacts of APD body, surface
leakage current and thermal noise exist in each chip.
Therefore, the probability density function of the output
of the photodetector can be expressed as a Gaussian
function by

)’

P(y|I,b=1)= e (7)
2no;,
where
a yl
u, =GT.[(w, + DA, + (;w,K, —(w, + ]))Vf
I I,
M%+iﬂ+ﬂéﬁ, (8)

e

02 = G ET(w,+ DA + (3 wK, —(w,+1)) ;4 "
i=1

e

L+ e s v o2y, ©)
e e

where G is the average APD gain, /; is the APD surface
leakage current, and F. is the excess noise factor.

Fe:keffGJ’_(z—é )(1—ker), where kg is the APD effective

ionization ratio, and o is the variance of thermal noise

Lo 2k, TT :
which is expressed as o, = % , where kz=1.38x107
ek L
J/K is the Boltzmann’s constant, T, is the receiver noise
temperature, and Ry, is the receiver load resistance.

When the sending bit is 0, / marks arrive at the photon

s

. . . A
arrival rate of As, other null signals arrive at ——, and
noise exists at each chip like the condition of sending bit
1. Therefore, the probability density function of the out-
put of the photodetector is expressed as

=)’
1 -

e (10)

P(y|Lb=0)=

2no,,

where
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In the OCDMA system, the influence due to multiuser
has a big part in BER. The probability density function
of the multiuser influence (MUI) with code weight w; is
given by

LK -1
P(1)=ZZ[ M jpr“(l—p,)wx

m=I m =0

n (K.
H[m{]p?(l—pj)“' , (13)

Jj=1 J

ww.
i

2
where , =2 and p, = are the probabilities
L

that one specified mark position of user with weight w; is
hit by the interfering user with weight w; and w;, respec-
tively. m; and m; are the numbers of users hitting the tar-
get users with the weights of w; and w;, respectively, and
they should meet the conditions of m; <K—1 and m; < K.
K; is the number of synchronous users with code weight
Summing up the above, the BER caused by MUI and
all kinds of noise is expressed by

K —_ —_
BER=12{P(1)+Q(M oD, o =tulDy |
2 I=th O-ho (1) O-hl (1)
(14)
where Q(x) is the Gaussian integral function which is

1

NP

which generally equals w;. The parameters used to cal-
culate BER are as follows: light wavelength A=1 550 nm,
APD quantum efficiency #=0.6, APD gain G=100, APD
effective ionization ratio k.;=0.02, the received signal
power P, =-10 dBm, the photon arrival rate caused by

given as Q(x) = feizdu , and th is the threshold

background light 4,=10° s™', body leakage current /,=0.1
nA, the extinction ratio M.=100, APD surface leakage
current /=10 nA, receiver noise temperature 7,=1100 K,
receiver load resistor R =1 030 Q and chip duration
T=0.1 ns. Putting Eqs.(8), (9), (11)~(13) into Eq.(14)
and using the parameters shown above, we get the BER
finally.

In order to obtain the BER conveniently, let the capac-
ity N equal 100, and there are two kinds of weights w,
and w, in the code family. The BER versus the number of
simultaneous users with different w; and the same w, is
shown in Fig.1, when the numbers of users with the dif-
ferent weights are equal, i.e., K;=K,. Obviously, BER is
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increased with the quantity of users increasing, and the
users with the bigger weight have the lower BER. The
BER of the users with different weights in the same sys-
tem is shown in Fig.2, when the numbers of users with
different weights are equal too. In the same system, the
users with the bigger weight have the lower BER, which
is consistent with the conclusion shown in Fig.1. The
BER is shown in Fig.3 when the quantities of users with
various weight are different, i.e., K1#K,. The difference
of BER is not very significant when the proportions of
K, and K, change. So if the number of simultaneous us-
ers is random, the characteristics in Fig.3 will be more
beneficial to estimate the actual BER.
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10* £ —*—vwv::9:VwV§:5
P —e—w=11,w=5
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Fig.1 BER versus the number of simultaneous users
with different wy and the same w;
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Fig.2 BER of users in the same system with different

weights
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Fig.3 BER versus the number of simultaneous users
with different proportions of K and K>
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The performance of VW-OOC is simulated using Op-
tiSys 9.0!""]. We use a simple system with two users for
simulation. A continuous wave (CW) laser with wave-
length of 1550 nm is used for light source, and the time
delay is used for coding. The codes of user 1 and use 2
are (0,8,18) and (0,1,3,7,12), respectively, and the code
length is 31. The encoded part of user 2 is with the unit
time delay of 0.2 ns, and the tests are carried out at a rate
of 10 Gbit/s. A codec is made up of a splitter, a combiner
and w time delay, where w is the weight of the user’s
code. The power of signal is reduced by w times after a
splitter and w times after a combiner, so the users with
various weights have different signal powers. Further, the
signal with small weight has high power, and that with
big weight has low power. To avoid this result, an er-
bium-doped fiber amplifier (EDFA) with different mag-
nifications is added after encoding. For example, if the
weights of user 1 and user 2 are w; and w», respectively,
the signal power can be reduced by w’ and w; times,
so the EDFA magnifications of user 1 and user 2 are w’
and W}, respectively.

The performance of the system characterized by BER
is compared with others. In the simulation system, the
BER is expressed in the clarity of the eye diagram. The
clearer the eye diagram, the smaller the BER. The eye
diagrams of user 1 and user 2 are shown in Fig.4. Be-
cause the time delay is used for coding, the side lobe
exits unavoidably. Therefore, the optical hard limiters are
used in simulation, and the eye diagram with optical hard
limiter is shown in Fig.5. Obviously, the optical hard
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Fig.4 Eye diagrams without optical hard limiters
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limiter can well reduce the side lobe and get the lower
BER. Based on the eye diagrams in Figs.4 and 5, we get
the conclusion that the users with the smaller code have
the higher BER, which is consistent with the conclusion
in theoretical analysis.
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Fig.5 Eye diagrams with optical hard limiter

A construction scheme of VW-OOCs is investigated in
this paper. By using the program in Matlab, an all-inter-
val-set with no repetitive number is produced. Therefore,
the VW-OOCs have ideal correlation, and we can easily
get the code family only using the code weights and cor-
responding capacity. The BER performance of the pro-
posed codes is also evaluated analytically with consid-
eration of all kinds of noise. The conclusion shows that
the codes with the bigger weight have the lower BER,
and changing the proportion of the users with different
weights only affects the BER a little. The improved sys-
tem also shows the conclusion that users with the bigger
weight have the lower BER.
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