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Abstract

The optical fiber plays an important

role in the broadband wireline
communication networks. Three
techniques: wavelength division
multiplex (WDM), code division

multiple access (CDMA) and time
division multiple access (TDMA) are
most commonly used transmission
schemes to efficiently utilize the large
bandwidth provided by the fiber. The
optical communication devices such as
high speed packet switch and
wavelength converter are the key
components in the optical
communication networks. This
integrated project studies the high-speed
optical communication systems and the
design of the optical components.



In this project, we investigate
optical packet  switches  under
Markovian modeled self-similar traffic
input. We also investigate a 2D OCDMA
system which can be applied to the
passive optical network which is a
solution to realize the full service access
network. For the design of the optica
components, in order to combine the
optical communication modules with the
required optic components and electrical
circuit, to reduce the cost, and to
increase the reliability, we investigate
the hetero-integration technology to
fabricate the devices of different
substrates in one substrate. In addition,
we also investigate the low cost and
small area etalon optic filter and
demonstrate all-optical clock recovery
under the psuedorandom bit sequence
data injection by using a two-section
DFB laser when it was biased at the self-
pulsating condition in single mode or in
multi-mode competition case.
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Abstract
Internet has been utilized worldwide,
the number of users grow rapidly. The

demand of bandwidth increases
tremendously. A good switching
technology is required, and optical

packet switching (OPS) incorporating
with wavelength division multiplexing
(WDM)  technology, which  has
high-speed switching capability, high
data rate and format transparency, is an
attractive in the near future. The topics
of this search are to investigate optical
packet switches under Markovian
modeled self-similar traffic input and
optical code division multiple access
(OCDMA) system.

First, we investigate the loss behavior
of optical packet switches (OPSes)
employing partial buffer sharing (PBS)
mechanism to provide differentiated
services under Markovian modeled
self-similar traffic input. Two priority
classes are considered; both are
self-similar in nature and are fitted by
two independent Markovian arrival
processes (MAPs). The level of buffer
threshold divides the state space of the
buffer occupancy into two parts. Such a
partition in turn gives the critical and
non-critical periods which are assumed
to occur alternatively. Accordingly, we
investigate and analyze both the short
term and long term performance
measures. Pertinent analytical results are
computed and then verified by
simulation. Our analysis is useful in
telling the optimal control of buffer of

OPS handling self-similar traffic to
provide differentiated services.

Second, we make the switching
performance of wavelength division
multiplexing (WDM) optical packet
switch (OPS) employing wavelength
conversion (WC) techniques under
Markovian modeled self-similar traffic
input to point the benefit of wavelength
conversion. The analytical results are
calculated and verified by simulation.
We propose a procedure to calculate the
numerical results in order to reduce the
effort of computation. The computation
complexity of the analysis is then
presented. Our analysis is useful in
dimensioning the WDM OPS to obtain
satisfactory performance.

Last, we study two-dimensioned (2-D)
Optical Code Division Multiple Access
(OCDMA) techniques, several 2-D
OCDMA systems were investigated, we
have found that the Perfect Difference
Code (PDC) have many advantages.
Therefore the spectral/time OCDMA
system utilizing PDC is investigated
completely. The results show that this
system has good performance. In
addition, because the fibers are deployed
in the cities and many residential areas,
we also propose a spectral/spatial 2D
OCDMA system, which may also
applicable for wideband access network.

Differentiated
arrival

Keywords: service,

Markovian process,
matrix-analytic method, partial buffer

sharing, self-similar traffic, MAM, MAP,



self-similar traffic, WDM optical packet
switch, wavelength conversion, OCDMA,
perfect difference code.
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(1) Loss Behavior Analysis of Optical
Packet Switches Employing Partial
Buffer Sharing Mechanism under

Markovian Modeled Self-Similar
Traffic Input
I. Queiueing Model of OPS

Employing PBS Mechanism

Currently, due to the lack of optical
random access memory (ORAM), only
the passive type buffer management
schemes are feasible to be realized in the
high-speed optical switching nodes.
Among the passive buffer management
schemes, PBS mechanism is the most
suitable one for OPS. This is because (1)
optical buffers consisting of FDLs with
fixed delay granularity can not
arbitrarily hold the packets for a random
amount of time, (2) the erasable optical
buffers are not available yet for
implementing push-out scheme. Also,
due to the implementation, OPS of
output queueing type is most feasible.
Hence, the equivalent queueing model
of a specific output port of the OPS with
a service discipline of
first-come-first-serve (FCFS) is equal to
that of a multiplexer.

A general block diagram of OPS
employing PBS mechanism is shown in
the left hand side of Fig. 1, where there

are N input ports and N output ports
each having K +1 fiber delay lines
(FDLs) constituting the optical buffers
with buffer depth K. When the input
traffic is with a fixed packet length and
the OPS is operating at a synchronous
mode, then the suitable choice of the
delay unit, h, in each FDL is to let h
equal the packet length of the input
traffic measured in time. Consequently,
the equivalent queueing model of one
specific output port of the OPS
employing PBS mechanism can be
depicted in the right hand side of Fig. 1,
in which, a buffer with buffer depth K
and a threshold set at the buffer level
K-d, d>0 [21]. As shown in Fig. 1,
the low priority packets can only access
the ‘K —d -1’ buffer spaces, whereas
the high priority packets can utilize the
whole buffer space regardless of the
threshold level K —d . Accordingly, we
can define the “critical period” as the
time period during which the buffer
occupancy is greater than or equal to
K —d, and the “non-critical period” as
the time interval during which the buffer
occupancy is lessthan K —d [19], [21].
In this report, we assume that the packet
length is fixed and constant. Hence the
resultant queueing system of OPS
employing PBS mechanism handling
Markovian modeled self-similar traffic
with fixed packet length is equivalent to
an MAP/D/1/K queue with PBS policy.
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Fig. 1 A general block diagram of the OPS
employing PBS mechanism and the equivalent
queueing model of a specific output port of the
same one with two different priority traffic

input.

II Loss Behavior Analysis

Now we could analyze the loss
of OPS employing PBS
mechanism  with  MAP  modeled
self-similar input traffic. For the sake of
simplicity, two priorities are considered.
Each priority traffic is characterized by a
MAP emulating self-similar process.
Higher priority (class 1) and lower
priority (class 2) packets arrive at the
system according to MAPs of states m,
and m,, respectively. The above MAPs

behavior

are characterized by the matrices
{C®,DA} and {C(2),D(2)}
respectively. The service time is

generally and identically distributed
with distribution function H(t). Let

DU ({t)(m>0,k=12)  denote the

matrices whose (i, j)th element is the
probability that given departure of class
k at time O, there is at least one packet
left in the system and the process is in
state i, the next departure of class k
occurs no later than time t with the

arrival process in state j, and during that
service time there are m arrivals. Then

DY(t) satisfies the following equation

> (K) m _ Y A[C(K)+D(K)z]7

2Dy (1)2 =|.e dH (7),
k=12.

When service time is deterministic and

is h units/packet, then we have

i D[g]k) (t)zm — e[C(k)+D(k)Z]hu(t _ h),

m=0
k=12.
where u(t) is the unit step function.
Therefore, we obtain

i D(k)(h)zm — elc®D®zIh ] o
m=0

It is obvious that the matrices D! can

be evaluated by
coefficient of z" on both sides of the
above equation. This procedure is
outlined in [18], wherein the complete
proof or reference is not given. We shall
prove the procedure in a simple way and
propose a method to tell when the
procedure could be terminated. We drop
the index k for both classes. Then can be
written as

comparing the

Z Dm (h)zm — e[C+Dz]h
m=0

As el€*" s analytic, we utilize the
decay proposition (Cauchy’s estimate)
of complex variables as follows.

Proposition 1: Cauchy’s Estimate
Let the matrix function

a(z)=)." a,z" be analytic for



|z|<R. Then for any p such that 0 <
o, < R, one has

la, KM (p)p",n=0,123,..., where

M(p) = rlr}ax |a(z)|. More precisely, for
Z|=p

a given & > 0 (in our context, & is
the machine precision of the floating
point arithmetic) 3N such that

Zfﬁ |a | has elements at most ¢. In
i=N+1' 1

view of the Proposition 1 and Taylor

series, Y D, (h)z" =™ can be

m=0

rewritten as

mi_oDm(h)zm +R (2) :Z:;E(A+ Bz)"

where A = Ch, B = Dh and has
coefficients with small moduli at most
& . Hereafter, we drop the argument h in
rest of the report for the sake of easiness.

From > D, (h)z" =€“™" | for

m=0
m=0, we have

D, =1 +Zﬂ

— I!

where 1 is the unit matrix of appropriate
dimension. For m.n>1, let T(n;m) be
the coefficient of z™* in (A+Bz)",
the nth term of the series on the right
hand side of > D, (h)z" =¢l*"

m=0
then we have
TLY)=AT@L2=B, T(n,)=A"
T(n,m)=0, if m>n+1,
and

T(ND+T(N,2)z+T(n,3)z* +...+T(n,m)
+...4T(n,n+1)z" =(A+Bz)"

Multiplying both sides by (A + Bz), we
obtain

[T(n,)+T(n,2)z+T(n,3)z*
+o+T(nm)z" 4.+
T(n,n+1)z"](A+Bz) =[A+Bz]""

which could be re-written as
[T(ND)+T(n,2)z+T(n,3)z° +...+
T(n,mz" +...+T(n,n+1)z"](A+ Bz)
=T(n+1L)+T(n+12)
+..4+T(N+Ln+2)z""
Equating the coefficients of like powers
of z, we obtain
T(n+11) = T(nDA,
T(n+12) = T(n,2)A+T(n,1)B,

T(n +1,.q) = .T(n,q).A+T(n,q—1)B,

geN
For any positive integer m, D, =
coefficient of z" in w
m!
m+1
coefficient of z™ in M
(m+1)!
m+2
coefficient of z" in ﬂ
(m+2)!
!i'e'!
I:)sz(m,m+1)
m!
T(m+1Lm+1) T(m+2,m+1)
+ + +...
(m+1)! (m+2)!

Consequently, we obtain
D, :ZM, form=12,...,N
k=m kl

We then could compute the matrices
D,s for both high priority and low

Zm_]priority packets. Though the above

equation involves infinite number of



terms, due to the presence of k! in the
denominator, only finite number of

terms are required to compute the
matrices D,s . The procedure of

computing the matrices D,s can be
terminated using Proposition 1. The
procedure of computing the matrices
D,s can be terminated using
Proposition 1. This is an alternative
method to the method proposed in [10],
[12], which works well too.

Now consider the embedded
Markov chain {L,,J,|n>0} at the
departure epochs of the queueing system
on the state space
S={(b,i,j)|0<b<K,1<i<m,
1< j<m,}, where Lndenotes the buffer
occupancy and Jn denotes the phase of
superposed MAP. For the sake of
convenience, a queueing system is said
to be at level b, if its buffer occupancy is
equal to b-1 (excluding the one at
service). Under the operation of PBS
mechanism with the level of threshold
K-d,d>0, the embedded Markov
chain has an irreducible transition
probability matrix P that is given by

[0 e .. o GC 6 ®D) .. GO ©®D) GEK) |
D D .. D c D ®D . D ®D E(K)
0 D . D c D ®D . D ®D E(K -1)

0 0 . D [ D ®D . D ®D E(K -2)

0 0 . D [ D ®D . D ®D E(d +2)
0 0 . D Cc D ®D . D ®D E(d +1)

0 0 . 0 D ®D D ®D . D ®D E(d)

Lo [ 0 0 0 . D ®D EQ |

— @ (2)
D =) . (DP®D¢

D—2 - Zi:o Di(Z) ’

G = X.,(0PeDs)

E(p) = DP®D,, p=123,...,K,
G = (-C)'D,

C =Cl)®C(2),

D = D(1)®D(2),

In above, the matrix G consists of the
conditional probabilities that system is
idle. The fundamental arrival rate of
class k packets
is A% =xz(k)D(k)e, k=12,  where
7(k) is the steady probability vector of
C(k)+D(Kk). Then the traffic intensity is
givenas p = (A% + A9)E[H (1)].

From the operation of PBS
mechanism, it is clear that high priority
packet loss occurs buffer is full, whereas
low priority packet loss happens due to
the buffer occupancy threshold. Then,
by definition, the steady state high
priority packet loss probability (P™)
and the steady state low priority packet
loss probability (P"®) are respectively
given as

o _ Mean of high priority packet loss
Mean of high priority packet arrival

plb _ Mean of low priority packet loss
Mean of low priority packet arrival

Firstly, the mean number of high priority
and low priority packet arrivals are

APE[H@®)] and  APE[H(@®)]
respectively. Secondly, let
Y =Yor Yir--o Vi) , where

Yy =(ym,yk,lvz,...,ym'mz), vk, is the



probability that departing packet leaves  where

k packets in the system, i.e., yP =y, ye = 'GD, GD, .. GD.,, GD,,.]
1. And then following [19], the mean of D, D, Dy, Deys
high priority packet loss and the mean of b _ 0 D, .. Dyys Diysnl,
low priority packets loss are respectively " 0 0 ... Dxys Dy
given as follows: : S 5 5
0 0 .. D D,

2. %G(DO; ®D.,)e+ ) '
> Y (D © D), o oo “ohens mw
T TS L AN Hol
Y T DY ©DZ, oy 4 + DY @D : : : :
Y 3 iy [D, @D e C, DY ®D, DY, ®D, E(d+2)
where D, =" DY . Thus we can ’ 0 0 0 D,
calculate the steady state high priority B 0 0 and
packet loss probability, P™, and the S R
steady state low priority packet loss 000 .. O
probability, P". C, DY®D, DY®D, .. E(d+l)

Next, we proceed to calculate the . = D‘gl)?D’z Dlw(?D’z D‘ﬁ?D’Z o E(Ed)
mean lengths of critical and non-critical 0 0 D’®D, .. EQ

periods which are assumed to occur
alternatively. Since the non-critical
period is defined as the time period over
which the number of packets in buffer
(with buffer depth, K) is less than the
threshold K —d, and the critical period
is defined as the time period over which
the number of packets in buffer is
greater than or equal to the threshold
K—d, we could decompose the state
space S into two subsets:

S,. ={(0,i, j)]0<b<K-d-11<i<m,1<j<m,},

S, ={(0,i, j)|K-d<b<K,<i<m,1<j<m,}.

This partition of S makes the matrix P
decomposed as follows:

Pnc Pnc C
P= ’
Pe R

The sub-matrices Pnc, Pncic, Pc;ne, and Pc
are the left upper part, right upper part,
left lower part, and right lower part of
the matrix P, that correspond to the
transitions of those from Snc into itself,
from Snc into Sc, from Sc into Snc, and
from Scinto itself, respectively.

For the case of non-critical period,
consider the transition probability matrix
of absorbing Markov chain with
transient states Snc and absorbing states

S,
nc Pnc Pnc c
P = a2

where | and O are the unit matrix and
zero matrix of appropriate dimensions.
If Y is the random variable standing for
the number of steps taken prior to



absorption, then the kth factorial
moment of Y following from the
probabilistic arguments is as follows
[22],
E=[Y(Y-D...(Y -k +1)]
k1P (1P ) e

where Z’ is the initial probability
vector of transient states and is of the

form  [0,0,...,0,4 ,,]. This s

followed from the fact that buffer
occupancy starts at K—d -1 in every
non-critical period except the first one.
The vector 0 is the zero vector of
appropriate dimension. Similarly, for the
case of critical period, consider the
transition  probability = matrix  of
absorbing Markov chain that has
transient states Sc and absorbing states

Sne,
I 0
P =
|:Pnc,c Pc:|

If Z is the random variable standing for
the number of steps taken prior to
absorption, then the kth factorial
moment of Z is given by [22]
E=[Z2(Z-1)...(Z-k+1)]
=klaP (1 -P) e,
where « is the initial probability
vector of the transient states. Now the
problem of finding the mean lengths of
critical and non-critical periods are
reduced to the problem of finding the

initial probability vectors « and S,

which can be computed as follows.

Consider the first absorbing
Markov chain. Let rijbe the probability
of being absorbed in the state i, jeS,,
starting in transient state i,jeS, .
Then for each jeS,, we have the
following relation

i =0; + Z QisT;

SeS.

In the above relation, the first term
corresponds to a transition from
transient state to absorbing state directly,
whereas the second term corresponds to
the transitions from a transient state to
other transient states and then to
absorbing state. The above relation can

be written in matrix form as follows:

R,=P,.+P.R

nc — ' ncc nc' ‘nc?

ie, R,=(1-P,)"P,

c,c*

The matrix (I-P,)™" is the

fundamental matrix of the absorbing
Markov chain under consideration. Rncis
the transition matrix where the chain
starts in transient states and ends up in
an absorbing state. Similarly for the case
of the second absorbing Markov chain,
analogous to Rnc, we have the matrix Rc
that can be obtained as

Rc :(I _Pc)_lpI

nc,c’

is the last column of the

,C

where P’ .
matrix Pc;ncand is equal to [D,,0,...,0].

is followed from the

,C

The matrix P’

fact that for a non-critical period, it



suffices to attain the buffer K-d-1
level rather than all other below levels,
the level of buffer occupancy K —-d -1
is the starting point of non-critical
period of each cycle except the first one.

The matrix (I-P)* is the

fundamental matrix of the second
absorbing Markov chain. Since the
critical and non-critical periods are

assumed to occur alternatively, the
initial distribution vector of transient
states of one of the two aforementioned
absorbing Markov chains would be the
absorbing probability vector
of the other. Hence, we have

Bes.=aR, and a=pR_.

Taking the definition of S into

account, the above equation can be
written as

ﬂK—d—lzaRc and a:ﬂK—d—lR'nc’
where R’ . is the product of the last

mimz rows of R =(I-P,)™" and Pnce.

The two vectors S, ,, and a can be
computed by
E = ﬁK—d—lR Inc’

iteratively, on assigning arbitrary values

solving

ﬂK—d—l = ERC and

to either S, ,, or a first. Following

the above discussions and the matrix
analytic methods [12], [19], [22], [23],
we could compute the following

performance measures:

1) Steady state packet loss probabilities,
2) Mean lengths
non-critical periods.
These two performance
characterize the long-time and the
short-term loss behavior, respectively.

of critical and

measures

III' Approximate Model for Low
Priority Traffic

In this report, we further propose an
approximate model for the performance
analysis of OPS employing PBS
mechanism under Markovian modeled
self-similar traffic input. Our proposed
model is to retain the same high
MAP for high priority
traffic, but to reduce the dimension of
the resultant MAP of low priority traffic.
Obviously, as the number of states of the
resultant MAP of low priority traffic

decreases, the computation complexity

dimensional

decreases cubically. However, we could
not straightforwardly reduce the number
of superposed MAPs in fitting the
self-similarity for low priority traffic,
since this will severely reduce the
accuracy of the queueing based
performance measures of the resultant
MAP.

We  have considered three
self-similar traffic pertaining to H = 0.7,
H = 0.8, and H = 0.9, all with the mean
arrival rate, A = 1, variance, o* = 0.6,
over the time-scale range [107,10] ..
For each case, we have a 16-state MAP
obtained by using the fitting method
discussed in [9]. For all the cases,



correlation decay rate, p , squared
coefficient of variation, ¢, the first
three moments, m1, m2, and m3, have
been calculated. The correlation decay
rate p is positive in each case, hence
one could achieve the desired 2-state
MAP with these high dimensional
MAPs [24]. Moreover, all the cases
satisfy the inequalities ¢® > 1 and

m_f > %(c2 +1) which are the necessary

1
conditions to be satisfied by the original
distribution in order to have phase-type
distribution by matching the first three
moments [25]. Following [25], we could
have phase type distribution, thereby the
approximated 2-state MAP could be
obtained.

Table | the
aforementioned traffic descriptors of the
original 16-state MAPs, for which we
follow the algorithms in [9] to fit a
self-similar traffic with mean arrival rate,

lists values of

A = 1, variance, o°= 0.6, over the
time-scale range [10%; 107 in three
different traffic cases with Hurst
parameters, H = 0.7, H = 0.8, and H =
0.9, and the corresponding ones of the
approximated 2-state MAPS.

Table I: Statistics of Original MAPs and
Approximated 2-State MAPs.

Hurst Parameter, H

=07

Traffic Descripior

Original I6-state MAP

Approximated 2-siate MAP

Decay Rate

098740609009 536029

098740609009 535918

First Moment

1.0000000000002 1 24

1. 000000000000000%

Second Moment

2O08TEET 0559162794

2.0BTEETOS559153938

Third moment

QEZ96241 194314407

6,.829624 119427 1055

Hurst Parameter, H

=0.8

Traffic Descripior

Original I6-state MAP

Approximated 2-siate MAP

Decay Rate

O98200142470558727

0,98200 142470558549

First Moment

0,999999999996 26443

1. 0000000000000002

Second Moment

2.54927 14330618096

2.54927 14330808561

Third Moment

14. 6989321852244 54

146989321 85389 186

Hurst Parameter, H

=0.9

Traffic Descripior

Original I6-state MAP

Approximated 2-state MAP

Decay Rate

0999927794993 13622

0.99992779499313611

First Moment

1L.0000000000ET 627

0,99999999009503 |83

Second Moment

11.72485772057437

117248577 18475784

Third Moment

2799.551 2163629924

2799.5512156127 179

We

illustrate

the

packet loss

probability against the traffic load for
the MAP/D/1/K queues under the inputs
of the above two MAPs with traffic
descriptors shown in Table I, when
buffer depth equals 10 and H = 0.7 in
Fig. 2. From Fig. 2, we observe how
accurate the approximated 2-state MAP
is. The figures in the cases of H = 0.8
and H = 0.9 could not be shown here.
However,
accuracy of the approximation becomes
worse when H increases. By applying
this approximate model, it is obvious
that the computation complexity is
reduced by 8° =512 times.

we do observe that the
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Hurst Parameter, H =
Mean Arrival Rate,: &
Variance, ¢-0.6
Buffer Depth =10

Packet Loss Probability

04 0.6 0.8 1 12 14
Traffic Load

Fig. 2. Packet loss probability against traffic load
for the MAP/D/1/K queues under the inputs of
the two MAPs with traffic descriptors as shown
in Table I, at buffer depth equals 10 and H = 0.7.

IV Simulation Results

We first validate the approximate
model by illustrating the comparisons of
long term steady state packet loss
probabilities against the variable of
threshold level, d, at traffic load, L =
0.85, and buffer depth, K = 15, between
the analytical results of the approximate
model and the simulation results without
approximation in Fig. 3. The parameters
of the high priority and low priority
MAP traffic are the same ones as we
shown in Table I.

Fig. 4 depicts the mean lengths of
the critical and non-critical periods
against the threshold level variable, d,
for H = 0.7, 0.8, and 0.9. Fig. 5
illustrates the mean lengths of the
critical and non-critical periods against
the threshold variable, d, when H = 0.8,
over 2 different buffer depths. Fig. 6
depicts the mean lengths of the critical

and non-critical periods against the
traffic load, when K=15,d=9,and H =
0.8. In these figures, the unit time means
one unit of the average service time.

From these results, we observe that
(1) as d increases, the mean length of
non-critical period decreases while the
average length of critical period seems
to increase slowly (this observation is
consistent with the results found in [19],
[27], [28]); (2) both the mean lengths of
critical and non-critical periods increase,
as the buffer depth increases; (3) the
mean length of non-critical period
decreases drastically as traffic load
increases whereas the mean length of
critical period increases moderately as
traffic load increases; (4) the higher the
Hurst parameter is, the lower the mean
length of non-critical period is; while the
mean length of critical period increases
as Hurst parameter increases.

From the information of the mean
lengths of critical and non-critical
periods, it is very likely that we could
adopt these measures as a trigger event
of initializing call admission control
scheme in OPS to improve the switching
performance to greater extent.
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Fig.3 The steady state packet loss probabilities
against the variable of threshold level, d, at

traffic load L = 0.85 at various H.
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Fig. 4 The mean

lengths of critical and
threshold
variable, d, at buffer depth K = 15, traffic load L

non-critical periods against the

= 0.85, and over three different Hurst

parameters.

B0
. - Critical Period, K=15

- Non-critical Period, K=15

Critical Period, K=20

- Non-critical Period, K=20

e

Unit Time

lengths of critical and
non-critical threshold
variable, d, at L = 0.85, H = 0.8, and over two
different buffer depths.

Fig. 5 The mean

periods against the
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Fig. 6 The mean lengths of critical and
non-critical threshold

variable, d, at K =15,d=9,and H=0.8.
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(2) WDM Optical Packet Switches
Employing Wavelength Conversion in
Conjunction with Markovian
Modeled Self-Similar Traffic Input

I Queueing Model and Related
Formulae

The architecture of WDM OPS
employing  wavelength
techniques implemented in a
broadcast-and-select  architecture s
shown in Fig. 7(a), in which, there are N
input ports and N output ports, and each

port has n wavelength channels,
A, A,,..., A, Init. B FDLs constitute the

optical buffers with buffer depth (B —1).
For the sake of simplicity, we assume
that the packet length is fixed and
constant, and that the packet length is
equal to h units when it is measured in
time. Further, we assume that the WDM
OPS is operating at a synchronous mode
with delay time unit, T, for the FDLs of
optical buffers, where the suitable value
of delay time unit, T, is chosen to be h,
the packet length measured in time. NO
specific scheduling algorithm is applied,
only the service discipline of
first-come-first-serve (FCFS) is adopted.
Hence, the queueing model of a specific
output port of such OPS is equivalent to
the one of a multiplexer. When the
wavelength conversion is employed, the
equivalent queueing model is shown in
Fig. 7(b). When the traffic aggregated at
the input end of the optical buffers of
one of the specific output ports is MAP
modeled self-similar processes, then, the

conversion

final queueing model is a MAP/D/c/K
queueing system as shown in Fig. 7(c).
As illustrated in Fig. 7(c), the number of
wavelength channels per port, n, is equal
to the number of servers, c, and the total
effective buffer size of optical buffers,
(B—1)n as shown in Fig. 7(b), is equal
to the buffer depth of the MAP/D/c/K
queue, K —c. Therefore, the problem of
analyzing WDM OPS employing
wavelength conversion techniques is
equivalent to solving the MAP/D/c/K
queueing systems with the parameters
mentioned above.

¢ Servers

—
Markovian
Modeled

Self-similar Bygrer Depth, K-
Traffic

Input

Fig. 7 (@) A block diagram of WDM OPS
implemented in broadcast-and-select architecture;
(b) the equivalent queueing model of a specific
output port of WDM OPS employing wave-
length conversion; (c) the final equivalent
MAP/D/c/K queue.

Let H(t) be the generally and

identically distributed service time. Let
A (), n>0, denote an mxm matrix



whose (i, j) th element represents the
conditional probability that n customers
arrive at the system during service time
and the underlying Markov chain is in
phase j at the end of service given that
the underlying Markov chain is in phase

i at the beginning of the service. Then
A (t) satisfies the following equation

S A 02" = [ eV dH @),

n=0
When the service time is deterministic
and is h units/packet, then the above
formula is reduced to

S A M =< =S LAy By,
n=0 o I'!
where A = Ch, B = Dh.

It is obvious that the matrices A s
of counting function can be obtained by
comparing the coefficients of z" on
both sides of the above equation. A
procedure to calculate the matrices of
counting functions [19] is briefed as
Hereafter, for the sake of
easiness, we drop the argument h in rest
of the report. For n = 0, the above
formula will be

follows.

0 Ar
=l+)> —,
A = r!
where 1 is the unit matrix of appropriate
dimension. And the rest of As can be
obtained as follows.
< T(k,n+1) B
A, _ZT’ for n=1,2,...,N

k=n
where T (i, j) can be calculated using

the recurrence formulae as follows

TGO+ ) =T(G, DA+T(@,j-1B, jeN
Though A, involves infinite number of
terms, due to the presence of k! in the

denominator, only finite number of

terms are required to compute the
matrices As . The procedure of

computing the matrices As can be
terminated using Cauchy estimate as
shown in the Proposition 1 to avoid lots
of computation efforts.

Next, we consider the embedded
Markov chain {L(n),J(n)}, n>0, at
the departures of the queueing system on

the state space
{0,1,2,...,K—-c}x{L,2,....,m} , where
L(n) and J(n) denote the buffer

occupancy and the state of MAP,
respectively. At the steady state, the

transition probability matrix
corresponding to the departure points, P
(with the dimension

(K=c+Dmx(K-c+1)m ), is as
follows:

A) Al A(—Zc v A(—c—l BK—c
A.b Al A<.—20 . Ak.—c—l BK.—c
P= 'Ab Al A(—Zc A(—c—l BK—c
A A A o Acer B
(E) AJ " A(—.Zc—l o A(TC—Z BK.—C—l
00 .. A .. A 8|

In the matrix, P, elements of the
first (¢ + 1) rows are identical and

B. =Y " A denote the probability that
n Zl:nA

there are at least n arrivals. As are

computed following the algorithm in the

aforementioned procedure. Next,
let x,,0<k<K-c, denote a 1xm

vector whose ith element represents the



steady state probability that the number
of packets in the system at departures is

k and the phase of the arrival process is i.

At the steady state, we could find the
vector x={x,}, according to the steady
state equations xP = x, xe = 1.

Although the general relationship
between the probability generating
function of queue length at arbitrary
time points and at departure points holds
good [33] in the case of multiple server
queues with finite buffer, the nature of
multi-server makes it hard to establish
an explicit formula for packet loss
probability unlike the single server case
in conventional researches [8]. Instead,
we compute the loss probability using
the steady state probability vector at
departure epochs owing to fact that
packet loss is due to buffer overflow.

Let PL denote the number of
packets lost due to the fact that buffer is
full. Then the expected value of PL is
given as

K-c o

E[PL]= ZZ XA e

i=0 j=1
by considering the last column of the
(K=c+1)x(K-c+1) block transition
probability matrix P. Then the packet
loss probability, PLP, can be obtained
by

__E[PL]

AE[H()]
where | A E[H(t)] is the number of
packet arrivals during the mean service
time.
IT Steady state Probability Vector

From the above subsection it is

clear that problem of finding packet loss
probability is reduced to the problem of
finding steady state vector. It is
worthwhile and interesting to investigate
the required computation complexity of
calculating the steady state probability
vector. To the best of our knowledge,
this analysis of the computation
complexity pertaining to the MAP/D/c/K
queueing systems is not available yet
and is useful in deciding the necessary
platform for analyzing WDM OPS
employing wavelength conversion under
Markovian modeled self-similar traffic
input.

First, we shall present a method to
compute the steady state probability
vector, and then we derive the
computation complexity of the same as
follows. The matrix P is not of the
canonical M/G/1 type. However, it is
possible to exploit Schur-Banachiewicz
inversion formula to P, which has been
used to compute the steady state
probability wvector when P is in
canonical form [12]. Accordingly, the
steady state probability vector x is given

by x = [0,0,...,0,2](1 -P)™, where I is

the unit matrix of appropriate dimension
and P, is the matrix P in which the last

column is replaced by [-1,-1,...,-1,0]".
Let [E« o.ExcreesEx o Exogrer LT

be the last column of P. Multiplying
the permutation matrix S by (1-P),
we have



S(I-R)=
[ _Ab _Ai _AK—ZC _AKfcfl EK—C_
0 _Ao _AK—2c+l _AK—c—Z EK—c—l
0 o A e AL I-E
I - Ab _Ai . _AK—Zc . AKfcfl EK—c
_tob I _A. AK—ZC _A}ffcfl EK—c
L _AO _Ai I _AK—ZC AKfcfl EKfc
where
0 0 O1 0 0]
00 0 0 1 0
<[00 .00 0
[t o..000 ..0
ol ... 00 0 ..O0
00 ..100 ..0

Note that in the the first row of S, I is

placed in the (c + 1)th column.
The matrix S(I-PB) can be

represented by the following form:

A B
S(1-P) = .
(1-R) L; D}
Dimensions of A, B, C, and D

are (K-2c+)mx(K-2c+1) ,
(K-2c+Dmxcm , cmx(K-2c+1) |,
and cmxcm , respectively. Using the
Schur-Banachiewicz formula for the
inverse of block matrices, we could
obtain

_ AT+EA'F -EA?
S(I_Pl)1:|: A-IF A'l :|
where A=D-CA'™B ,  Schur
complement of A, E=A'B, and

F=CA™.
Since  (I-R)™"=[S(I-R)I'S ,

steady state probability vector is the last

row of the matrix (A'-A"-F). The
is non-singular, if A is
non-singular. The matrix A is
upper-triangular Toeplitz matrix whose
is easy
computation complexity to compute its
inverse is of the order O((K —2c)’m®).
The computation complexity to compute
F is of the order O(c(K -2c)’m®).
The computation
compute FB and A'F is of the order
O(c*(K —2c)m®). Therefore, the overall
complexity to compute the steady state
vector is of the order
O(max[c(K —2¢)*,¢*(K —2¢)Im%).

matrix A

inverse to compute. The

complexities  to

III Simulation Results

We first illustrate the loss
probabilities against the traffic intensity
pertaining to the analytical and the
simulation results of MAP/D/c/K queues
and the simulation ones of the same
queues under the fractional Brownian
traffic (FBT) input in Figs. 8(a)-9(c).
The MAP shown in Figs. 8(a)-9(c) is
obtained by fitting the FBT traffic with
mean arrival rate A = 1, variance o’
= 0.6, and Hurst parameter H = 0.7 over
a  typical  time-scale  [10°,10"]
following the method proposed in [9].
From these figures, we observe that our
analysis is pretty accurate.

By showing the accuracy of our
analysis, we then analyze the
performance of WDM OPS employing
wavelength conversion under Markovian

traffic  input,
related  system

modeled self-similar

according to the



parameters and traffic descriptors in Figs.

9(a)-11.

Figs. 9(a) and 9(b) illustrate the
comparisons of packet loss probability
against the load per wavelength channel
at the number of FDLs, B = 10, Hurst
parameters, H = 0.7 and H = 0.9,
respectively. The MAP input is obtained
by emulating self-similar traffic with
A=1and o =0.6in each case. From
these results, the benefit of adopting
wavelength conversion is apparent when
the load is moderate, i.e., employing
more number of tunable wavelength
channels leads to better performance.
When the load is high, the advantage of
employing wavelength conversion is
limited.

Figs. 10(a) and 10 (b) depict the
comparisons of packet loss probability
against the number of FDLs. The input
traffic is the same as the ones in Figs. 10
(@) and 10 (b) with load set to 0.8. From
these results, we observe that when H
increases, the benefit of wavelength
conversion becomes less prominent. We
also observe that increasing the number
of FDLs has limited improvement on
performance. This coincides with the
impact of self-similar traffic upon the
storage models [34] Fig. 11 shows the
comparisons of packet loss probability
against the number of tunable
wavelength channels when B = 10 and
load per wavelength channel is 0.8 in
both H = 0.7 and H = 0.9 cases. From
Fig. 11, we observe that the benefit of
wavelength conversion is remarkable

when the input traffic is moderate
benefit
decreases drastically when H increases.

self-similar. However, this

This is the same as the conclusions
shown in [35] by simulations.

1 e
- _.¢.$-i¢d'|' ..... bt
=

i
o
o

-

- !

E q;ﬁ[, iHurat Paramatar, H5 0.7
8. of _iMean grrivalRate, $wl
&

5

ivarianie. o =08
P‘ iNo. ofiservers, c = 2
i iBultaribapthik-c = 16

05 0E 07 Qs 03
Traffle intensity
(@)

o
b

“ lHurst paramdter, H4 0.7
Brrival Rate. dmi
Varance, owild
Mo ofiServarg, ¢ = 4
o Buffar Deptn iK-c = 16

Loss Probability
2
=
3
&
E

¥ - 8- MAPIDcH - Analytical Results ||
. i MAPIDICK ~ Simuiations
‘g e FETID{G/K — Simulation

os 0E a7 s os 1 11 12
Trafflc intansity
(b)

-0 - MAPIDACE -- Analytical Results
© i MAPIDVCK -- Simulations

I FET/DNK - Simulstions ; I.‘l,-'_" E
i (RLE R
| ToJ
ol
- al
Bt b
43 t-Hubst Parafmetar, Hi= 0.7
E N WsBn Arrivil Rate, kel
oot oo MAANER. . il
5 ! Mo} of Sendars, c =8
Fs Buffer Dapin, K-c =40
JF
_ £
o )
5 1

(c
Fig. 8 Comparisons of loss probability against
traffic intensity between the analytical and
simulation results of MAP/D/c/K queues and the
simulation ones of the same queues under FBT
input, (@) c=2and K=18; (b) c =4 and K = 20;
(c)c=8and K=48.



o= W0 WIT, ne1
vl WIR WC, ned i
ot | = Wit We, ne

e WY1 WIC, N=3 ﬂ’ﬂ

s L
e
fﬂn w &P
3 i{ 4 ¥
ao? : I‘- ..... _..?\_ .:F. ......

Loss Proba baity
a
e
3
Ay

(=}

| | ’
fl

& h
n h
| 1

o4 0.5 0.E 27 0.8 0.8 1
Load Per Wavalangih Channal

[=}
—rm—-Tm

=]

=]

o

(=}

Laoss P o bility
o

(=}

: : : B WD WE, n=1 ::
* A = WIh WS, =2
1
1

11

=]

I} Il —r—- With WC, n=d g
= v == IR WE, =& u

relyrarrnyrraflicn-nm
v

=]
o =
=

0.5 LE or aF:} 0.3
Load Per Wavalangth Channal

1]
Fig. 9 Packet loss probability versus channel

load for a OPS with FDLs = 10, (a) H = 0.7; (b)
H=0.9.

B
i -+ WIC WC, n=1
i <= Wih WC, n=2
i ——With WC, n-4
: - With WC, n=6
: e
PO S N ! ;
g S N ]
3 i 1 T k
] i ; ;
£ i ! i
: Ii — I. "
H H 1
3y i ; i
H ] 1
i i i
i i H
§ e A
! ; i
1 ] 1
1 i i
, i i i
- ! i
[ & io 12 12 18
Humbar of Flbar DB|E'!|' Linsg, B
b
(a)
L r : H -
1 i H { E
1 i 1
] i
e :
L !
1
! S—
& 7 E
E 1
.
E e,
o ]
I .
@ =]
ki .E-sll )
i e,
!
] ]
v G H=0 7 2
Cp——— Y H -
! * H-D3 i o
-
[ B 10 12 14 1&
Mumbser of Flbar D9|S’!|' Linsz, B
)]

Fig. 10 (a) Packet loss probability versus the

number of FDLs for various tunable
wavelengths when the load per wavelength
channel is 0.8 and H = 0:9; (b) packet loss
probability versus the number of FDLs for
various Hurst parameters at load per wavelength
0.8 and

channel is number of tunable

wavelengths is 2.
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Fig. 11 Packet loss probability versus the
number of tunable wavelengths for input traffic
when the number of FDLs is set to be 10 and the
load per wavelength is 0.8 at H=0.7 and H =
0.9.

(3) Noncoherent Spatial/Spectral
Optical CDMA With
Two-Dimensional Perfect Difference
Codes

System

I Introduction

Because the demand of bandwidth
increases rapidly, the access network
becomes the bottle neck of the internet.
PON has many advantages, currently
most of PONs employ Time Division
Multiple Access (TDMA) techniques.
However, OCDMA has many benefits
such as security, flexible transmission
and no need for high speed electronics
devices. OCDMA has attracted a lot of
attention. OCDMA PON is a promising
candidates for broadband access
network applications. Because of
non-negative power for amplitude
modulation/direct detect optical signals,

optical orthogonal codes (OOCs) are a
family of (0, 1) sequences with good
autocorrelation and cross correlation
properties. (n,w, A,,4.) — OOCs denotes
the OOCs with code length n, code
weightw, autocorrelation A, and cross
correlation 4, . For4, =4, =4, we may
simply the notation as (n,w, 1) — OOCs.
The code size @ is given by [36]

oofilz2}2).
wiw-1] |w-4

By relaxing the cross correlation
constrain, the code size of (n,w12) -
OOCs is about 10 times larger than that
of (n,w,1) — OOCs [37]. However the

bit error rate (BER) performance of the

later is better than that of the former.

The one-dimensional ( n,w,A,,4, ) -
OOCs, which speads the input data bits
in time domain, have been studied
intensively. Recently  the 2-D
spectral/time OOCs were proposed [42].
The 2-D spectral/time OOCs can support
a large number of users. The 2-D OOCs
can be considered as an mxn matrix
with (0, 1) elements. An example of 2-D
OOCs is shown in Fig. 12 [42].
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Fig. 12 An example of two (3x21, 4, 1,
1)-MWOOCs

For any codeword X= {X;} of the

(mxn,w,4,,4.) — OOCs. The periodic
autocorrelation A, satisfies

m-1n-1

szijxij@f S/la

i=1 j=0
where f is the asynchronous time shift
and @ represents the modulo- n
addition.

For any code words X= { X; } and Y=

{Y; }, the periodic cross correlation

A, satisfies.

m-1 n-1

ZZ Xiniy®f <A,

i=1 j=0
The mxn of many 2-D OOCs are
constrained by certain relations [42].
The 2-D OOCs with arbitrary
combination of m and n are proposed
[43], where m<n, we have applied the
proposed 2-D OOCs to the spectral/time
OCDMA systems.
Another type of 2-D OCDMA
systems employ multi-fibers. Therefore

the data bits are spread in the time
domain and spatial domain. The partial
modified prime (PMP) codes are applied
in the system. Because the system can
suppress the phase-induced intensity
noise (PIIN), it also has very good
performance [44].

I The 2-D spectral/time OCDMA
system
The receiver structure of the 2-D
spectral/time OCDMA system using Pd
codes is shown in Fig. 13 [43]. We
assume the system is chip synchronous
among users since it is the worst case of
the performance. The average photon
arrival rateX per pulse is given by
5 - TPW
hf
wheren is the APD quantum efficiency,
p,, 1s the received optical signal power,
h is the plauck’s constant, and f is
the optical frequency. The optical signal
at the output of the second hard limiter
has “on” and “off” two level which are
denoted by state S,andS,. The photon
arrival rates for state S;andS, are
¥ and zero. With the Gaussian
probability density function (pdf)
assumption, the output current ¢, of
the photo detector is given by [45]

1 e—(p—m)°

2
2rot 20,

P, (p)=

where bE{O, 1} for state @,, g, Iisthe
mean value of the detector output
current given by



Hy =GT (be+1,/e)+T.l /e
have G is the average APD gain, T, is

the chip time, e is the electron charge,
I, and I are the bulk and surface

leakage currents of the APD.

It s ol | Ol
fmoked = gy [ Combior | | L

Fig. 13 The receiver structure of asynchronous
OCDMA systems using double optical

hard limiters

The variance of the photo current,

op isexpressed as
o2 =G’F.T,(be+1,/e)+T.I /e
T, =kG+(2-1/G)[A—-Kky)

here k, Is the APD effective

ionization ratio. The variance of thermal
noise is given by

o2 =2K,T T, /eR,

Where K, is the Boltzmann’s constant,
T, and R, are the receiver noise
temperature and load resistance. The
threshold is set at
0:/“100-1+lulo-o
o, +0,

The probabilities that the desired signal

bit by the interfering user at one work
and A, works are g, and q, which

are given by
wWi- A
% o
and
1
Qe ~omn

The number of code weights interfered
by « interfering users can be modeled
by the Markov chain [46]. The state
transition occurs, when a new interfering
user appears. The transition probability

P is
g
i w . .
q0+qlvv+qﬂT if j=i
A
a7
- 1)1 e . .
P qIWWI+qﬂ % (WJ if j=i+1
A
)
o, Lo
d, [WJ if j=i+4,
A
0 otherwise

where ¢, =1-¢,-q,

Let K@ =[K®K®... K¥T represent

the state probability of the Markov chain
given « [44]. Let P demote the state

transition matrix where P ={P,} for

0<i, j<w, therefore we have



K@ =K@Yp  where K©
initial state and s
K® =[1,0,..0] [44].
second can completely

is the
given by
Because the
remove the
multiuser interference (MUI) when data
bit “i” is transmitted. If “0” is sent, the
second limiter can not entirely remove
the MUI if the number of interfering
marks exceeds or equal tow. When the
users are N, the
probability of error is expressed as

simultaneously

P.=P.(S,|b=0)
:KNfl

The total BER is given by
1

BER :Eerfc(g

+1(l—erfc
2

where
[44].

P.(S,|b=0)=1-P (S, |b=0)

I The 2-Dspectral/spatial OCDM
system

III-1 System Architecture

The proposed system Architecture is
shown in Fig 14. The structures of the
transmitter and receiver are depicted in
Figs 15 and 16 [43].

N

Fig. 14: A schematic of a newly constructed
spectral/spatial OCDMA network.
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Fig. 15: The transmitter structure of the proposed

spectral/spatial OCDMA system.
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Fig. 16: The receiver structure of the proposed

spectral/spatial OCDMA system.



The transmitter has a broadband light
(BLS), an

modulator (EOM), a spectral encoder

source electro-optic
composed of a set of fiber Bragg
gratings (FBGs), and a path selector.
Therein, the EOM is used to perform the
ON-OFF keying scheme to convert the
incoming information bits into an optical
broadband pulse stream. The spectral
encoder is used to encode the broadband
pulse stream spectrally according to the
assigned code sequence of the PMP
codes. The path selector is used to
choose a signal transmission path
according to the code group of the
assigned code sequence [43].

If the information bit inputted into
the EOM is “1”, the EMO will provide
an optical broadband pulse for the
spectral encoder. Otherwise, no optical
pulse will be provided. When an optical
broadband pulse is inputted into the
encoder, the

spectral spectral

components  corresponding to the
assigned code sequence are reflected
back and the other unwanted spectral
components are filtered out. After that,
the reflected spectral components, i.e.
the spectrally encoded signals, are
delivered to the path selector, which will
select an optical fiber connected to the
star coupler corresponding to the code
group of the assigned code sequence and
then pass the encoded signals via the
selected optical fiber.

As shown in Fig. 14, the receiver
decoder

structure has a spectral

composed of a set of FBGs and a
Therein, the
decoder is used to decode the received

photodiode. spectral
optical signals in the spectral domain
according to an assigned code sequence
of the PMP codes and the photodiode is
used to convert the decoded optical
signals into electrical ones. It should be
noted that the grating arrangement of the
spectral decoder is contrary to that of the
spectral encoder to compensate the
round-trip delays of different spectral
components. When the encoded optical
signals are passed into the spectral
decoder, the

corresponding to the assigned code

spectral  components
sequence are reflected back and the
other unwanted spectral components are
filtered out. Then, the reflected optical
signals, 1i.e. the spectrally decoded
signals, are passed to the photodiode for
electro-optic conversion to recover the
original information bit stream.
According to the 2-D OCDAM
network architecture shown in Fig. 14, a
receiver is only connected to a start
coupler corresponding to the code group
of the assigned PMP code sequence via
an optical fiber. An example of the PMP
Codes for GF(5) and M=2 is listed in
Tablell. Hence, the receiver can only
receive the optical signals encoded
according to the PMP code sequences
belonging to the same code group. As
PMP

sequences of the same code group are

mentioned above, the code
mutually orthogonal. Hence, the spectral

decoder of the receiver can completely



filter out the undesired optical signals
sent from other users and thus eliminate
MUL
optical signal sent from other users can
be delivered to the photodiode of the
receiver, the PIIN is suppressed greatly.
III-2 Performance Analysis

Moreover, since no undesired

In order to simplify the analysis,
some assumptions are given as follows
[48-501]:

1) The broadband light source is ideally
unpolarized and has a flat spectrum
over [f.-Afi2, f-+Af/2], where f. is the
central frequency and Af is the
bandwidth of the light source;

2) Each spectral slice of the encoded

signals has identical bandwidth;

3) Each user has equal transmission

power at the receiver; and

4) Bit streams sent from different users

reach the receiver synchronously.

In the following analysis, the intensity
noise, the shot noise, and thermal noise
are considered. The effect of receiver’s
dark current is neglected. In general, the
photocurrent noise that occurs during the
detection of thermal light, which is
produced by a broadband light source,
can be expressed as [48]
(i*)=G*P)R*Br, +2¢G’F,P,RB
+4K,T,B/R, ’
where G and F, are average gain and
excess noise factor of an avalanche
photodiode (APD), e is the electron’s
charge, B is the noise-equivalent
electrical bandwidth of the receiver, 7. is
the coherence time of the light source,

K, is the Boltzmann’s constant, 7, is the

absolute receiver noise temperature, R,
is the receiver load resistance, P;, is the
optical power incident on the APD, and
R is the responsivity of the APD.
Therein, R is given by R=ne/hf.,
where 7 is the quantum efficiency of the
APD and 7 is the Planck’s constant. P;,

can be expressed as
B, =[ SN,

where S(f) is the single sideband power
spectral density of the broadband light

source. The excess noise factor, F,, can

be written as
F,=k,G+(1-k)2-G™),

where k&, is the effective ionization
ratio of the APD. In (16), the items at
right hand side result from the PIIN,
shot noise, and thermal noise,
respectively. Note that the coherence

time can be expressed as [44]
J, $2(r)ar
[ strer |

c

If the power loss caused by the
fibers

transmission 1s

optical used for  signal

ignored, the power
spectral density (PSD) of the received
optical signal of the /-th receiver can be
written as

1

R()= 02 h L),

where P is the output power of a
broadband light source, K is the number

of simultaneous users in the system, by is



a data bit sent from the k-th user and can
be 1 or 0, p is a prime number used in
the PMP codes, L is the code length of
the PMP codes, Ci(i) denotes the i-th
element of the k-th PMP code sequence,
F( i, /) represents the i-th slice of the
spectrum used in signal transmission and

can be expressed as
(/)—{u[f S-S rvai- )} {f f-She L+2f)}

where u( f) is the unit step function,
defined as
L, f=0
IO N
After being received, the optical signals
are decoded by the spectral decoder of
the A-th receiver. The transfer function
of the spectral decoder of the #A-th

recelver can be written as

H,(1)= 3G
where Cj(i) denotes the i-th element of
the 4-th PMP code sequence. Thus, the
PSD of the decoded optical signals
incident on the photo-detector of the
h-th receiver can be written as

Gh(f):Rh(f)Hh(f)
1

—P
M s K L ) )
- < Zbkzck (l)ch(f)F(l>f)’
Af k=l =l
Due to the orthogonal property,

G, (/') can be rewritten as

Ly . [f fo—%( L+2i—2)}.

_Mp
Af bhgch AN
ul £~ 1, (L+2z)

Therefore, the optical power incident on
the APD is

P, =| G,/

1 [ N .
—P ., |dSf —(—L+2l—2)}
= Mgf th:ZCh(l 21{ if
- _u|:f_f0 _ZL(_L+2Z.)}
_P(p-1)

- h '

M?pL

Since the code length L is equal to p’,

we have
_Pp-1)
in = M2p3 bh .
Finally, the photocurrent can be
expressed as
GRP (p-1
1, =GRE, :%bh :
p

And the PIIN can be expressed as

<mj G’P’R’Br,

By substituting these above equations,

the PIIN can be rewritten as

()=

G’R’ BPZM.

(o]
Since P, = J': G,(f)df , we get

(i) = G*R*B[ G (f)df -

Therein,

})‘2
MZ ZAfZ x

j:[gc,,( { [f S-S (L2 )}—u[f—fa—%(—LMZ‘)}}}Z@I;‘

[F6r(f)dr =8



b P L (p=DAf
"M piAS? ML

Due to L=p2, I:G,f(f)df can be

further simplified as

[ Gy -2 oD

M3 4Af
Hence, the PIIN can be expressed as
GZR B s (p 1) b2

<iPIIN > M3 4Af
The shot noise can be expressed as

(i ) =2¢G*F,P, RB.

By substituting these above equations,

we have
5\ 2P(p-1)eG*F,RB
<shot >: 2 3 bh'
M*p
Since the noise power of the

phototcurrrent is composed of PIIN, shot
noise, and thermal noise, the total noise
power can be expressed as

<i2> = <iI’IIN2>+ < I, r2> + < L a12> =

Pp-1),., 2P (p=1)eG’F,RB
G’R? BM‘p“f 7+ Wy

b, +4K,T B/R,

Since by can be 1 or 0, <i2> can be

rewritten as

b, +4K,T,B/R,

Because b; has the same probability to
be 0 or 1, we have

P(p-1)

=GR

+4K,T B/R, .

Consequently, the signal-to-noise ratio
(SNR) at a receiver of the proposed

system can be obtained as

GRE (p-1)
SVR=-1 = My
) op 55 B (" D B(p-NeGFRB \rpip
4Af MZpl bon L
By using well-known  Gaussian

approximation, the bit-error-rate (BER)

of the proposed system can be written:
mm_f(%?j

where the complementary error function

is defined as

erfc \/7 I exp

Table II:  An example of the PMP codes for

GF(5) and M=2.

Code

I
Group 01234 Sequence
X Sequence

0 X0X0X S()’()’() C(),() 0— 00000
X4X4X  Spio 10000
X3X3X  So2o 00000
X2X2X  Spao 10000
XIXIX  Spao 00000
XX0XO0 SO,O,I C(),l 0— 00000
XX4X4 Sy 00001
XX3X3  Soa 00000
XX2X2  Sosi 00001

00000

XXIXT  Soa
C(),z 0— 00000

00010
00000
00010
00000
C(),3 0— 00000
00100
00000
00100
00000
Co.40= 00000
01000
00000
01000
00000
C(),o 1= 00000
00000
10000
00000

10000
C() 11— 00000




0XX3X
1 XX4X
2XX0X
3XX1X
4XX2X
XX2X4
XX3X0
XX4X1
XX0X2
XX1X3

00000
00001
00000
00001
C(),z 1= 00000
00000
00010
00000
00010
C()’3 1= 00000
00000
00100
00000
00100
C0,4 1= 00000
00000
01000
00000
01000

Cl,O 0— 10000
00000
00000
00010
00000

C1,1 0— 01000
00000
00000
00001
00000

Cl’z 0— 00100
00000
00000
10000
00000

C1,3 0— 00010
00000
00000
01000
00000

C1,4 0— 00001
00000
00000
00100
00000

Cl’() 1= 00000
00000
00100
00000
00001

C1,1 1= 00000
00000
00010
00000
10000

C1,2 1= 00000
00000
00001
00000
01000

C1’3 1= 00000
00000
10000
00000
00100

C1,4 1= 00000
00000
01000
00000

\S)

0XX1X
2XX3X
4XX0X
1 XX2X
3XX4X
X2XX3
X4XX0
X1XX2
X3XX4
X0XX1

0X1XX
3X4XX
1X2XX
4X0XX
2X3XX
X3XX2
X1XX0
X4XX3
X2XX1
X0XX4

00010
Ca,00= 10000
00000
00000
01000
00000
C2’1 0— 00100
00000
00000

C2,3 1= 00000
00010
00000
00000
00001

Cs.4,= 00000
10000
00000
00000
01000

Cs.00= 10000
00000

C33,0= 00001




0X3XX
4X2XX
3X1XX
2X0XX
1X4XX
X4X2X
X3X1X
X2X0X
X1X4X
X0X3X

S4.0,0
41,0
42,0
43.0
4,40
40,1
41,1
42,1
43,1

Sa4.1

00000
10000
00000
00000
C3,4 0— 00100
00000
00010
00000
00000
C3’() 1= 00000
00010
00000
00000

00100
C3,1 1= 00000
01000

00000
00000
10000
C3,2 1= 00000
00001
00000
00000
00010
C3’3 1= 00000
00100
00000
00000
01000
C3.41= 00000
10000
00000

00000
00001

C4,0 0— 10000
00000
00010
00000
00000

C4,1 0— 00001
00000
00100
00000
00000

C4’2 0— 00010
00000
01000
00000
00000

Cu3,0=00100
00000
10000
00000
00000

C4,4 0— 01000
00000
00001
00000
00000

C4’() 1= 00000
00001
00000
00100
00000

C4,1 1= 00000
00010
00000
01000




IM-3 Numerical Results

The system parameters used to obtain
the numerical results are listed in Table
1. The quantum efficiency, average
gain, excess noise factor and effective
ionization ration of the APDs are #=0.6,
G=40, F.=2land k.=0.5, respectively.
The receiver noise temperature and load
resistance are 7,=300K and R;=1030Q.
The spectrum of the broadband light
source is centered at 1.55um with
spectral width AA=30nm and coherence
time is about 7,~0.267ps. The data
transmission rate is 155Mbps and the
electrical bandwidth of receivers is
80MHz.

Table III: Parameters used in the numerical
calculation
ED quantum effretency =06
Spectral wickh of broadband ligtt source (i‘e.A ATF—:B} 2?%@
Wavelength location 1.550m
Electrical bandwidth B=30MEz
Datatransmission ate 135Mbps
Recemer noise temperatire T=300K
Recerver load resistor R=1030()

Fig. 17 shows the number of
simultaneous users that can be
accommodated in the proposed system
BER for p=7, M=3, and

P~=5dBm. For convenience of

VEersus

comparison, the numerical results of the
OCDMA systems using MQC codes,
and 2-D perfect

difference codes are also shown. As

M-matrices codes,
depicted in Fig. 17, the maximum
number of simultaneous users that can
be accommodated in the proposed
system is limited to 147 due to the code
size. It is clear that the proposed system
can support more simultaneous users
than the systems using MQC codes and
M-matrices Although  the
OCDMA system using 2-D perfect

support more

codes.

difference codes can
simultaneous users than the proposed
system, its BER is much higher and
increases rapidly with the number of

simultaneous users.

Source Power = 5dBm
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MNumber of Simutanecus Users
Fig. 17: The number of simultaneous users

versus BER for p=7, M=3, and P=5dBm.

In Fig. 18, the source power is set to
0dBm. It shows that the OCDMA
system using 2-D perfect difference
codes has a dramatic performance drop
because of insufficient source power.
In Fig. 19, the source power is set to
-10dBm. As we can see, the

performances of the systems using MQC



codes and M-matrices codes are also
degraded to a unusable extent. Only the
proposed system can still keep its
performance in an acceptable level, i.e.
the BER is smaller than 10”. In Fig. 8,
the source power is set to -15dBm. We
can find that the proposed system can
still accommodate 147 simultaneous
users at BER around10~°.

In Fig. 19, the BER versus the source
power is shown at the number of
simultaneous users equal to 130. As we
can see, the systems using 2-D perfect
different codes and the M-matrices
codes cannot make BER lower than 107
when the source power is below 0dBm.
However, the proposed system can well
meet this requirement even when the
power is around -15dBm.

According to the numerical results
17-19,

concluded that the proposed system is of

shown in Figs. it can be
much better performance when the
optical power is low. In other words, the
power demand of the proposed system is
much lower than that of other systems.
Fig. 20 shows the BER of the
proposed system versus the source
power as the number of simultaneous
users is 49 and the parameters of the
PMP codes are set to (p, M) = (5, 2), (7,
3), (11, 2), or (11, 5). It is easy to find
that the proposed system with the setting
of (p, M) = (5, 2) needs the least source
power to meet the requirement of
BER=10" while the one with the setting
of (p, M) = (11, 5) needs the most. This

is because that, when the source power

is fixed, the transmitter of the proposed
system using the PMP codes with (p, M)
= (5, 2) causes the least power loss
during spectral encoding and thus has
the largest output signal power.

As the transmitted digital data is 1, the
resulting from

power loss spectral

encoding can be expressed as

lev:(l_p_zlj.Pv'

In condition that the code length is fixed,

1.e. the value of p is fixed, decreasing the
value of M can reduce the encoding
power loss and thus to reduce the
required source power. However,
decreasing the value of M will also
reduce the code size and hence the
number of simultaneous user that can be
accommodated in the proposed system is
is a

also reduced. Therefore, there

tradeoff in selection of the value of M.

Source Power =0 dBm
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Fig. 18: The number of simultaneous users

versus BER for p=7, M=3, and P,=0dBm.



Number of Simultaneous Users = 130
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Fig. 19: BER versus the source power as the

number of simultaneous users is 130.
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Fig. 20: BER versus the source power as the

number of simultaneous users=49.
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First, we have investigated the loss
of OPS

mechanism to provide DiffServ under

behavior employing PBS
Markovian modeled self-similar traffic
input. The computation complexity has
been shown to increase cubically as the

state of MAP increases. To reduce the

computation complexity, we propose an
approximate model for OPS employing
PBS mechanism wunder Markovian
modeled self-similar traffic input. Our
proposed model is to retain the same
high dimensional MAP for high priority
traffic, but to reduce the dimension of
MAP of low priority traffic following
the methods in [24]. By applying the
approximate model, it is obvious that the
computation complexity is reduced by
g = 512
satisfactory accuracy. Accordingly, we

times while retaining
investigate and analyze both the short
term and long term performance

measures. Our model 1is useful in
performing the optimal buffer control
for OPS employing PBS to provide
differentiated services under self-similar
traffic input. With our model and
analysis, we could find out the optimal
threshold level to obtain the greatest
DiffServ performance and the utilization
of the buffers simultaneously for OPS
employing PBS mechanism under
self-similar traffic input. We could also
utilize the information of the mean
and non-critical

lengths of critical

periods to be an event trigger
mechanism for initializing the related
call admission control schemes in OPS
to improve the switching performance to
greater extent.

Second, we investigate analytically
the switching performance of WDM
OPS employing wavelength conversion
techniques under Markovian modeled

self-similar traffic input. We leverage



the results of using MAPs to emulate
self-similar traffic and apply them to the
investigation of performance analysis of
WDM OPS

conversion techniques. Our analysis is

employing wavelength

pretty accurate and can capture the
impact of self-similar traffic upon the
switching performance of WDM OPS
employing  wavelength  conversion
techniques to some extent. We also
propose an efficient procedure to avoid
large computation efforts in solving the
MAP/D/c/K  queues  and

analyze the computation complexity in a

resultant

concise way. Our analysis holds good

and is in line with the conclusions of

other investigations made by simulations.

This feature makes our analysis valuable
and useful in dimensioning WDM OPS

employing  wavelength  conversion
techniques under self-similar traffic
input.

Last, we study the Spectral/time

OCDMA system employing PDC. This
system 1is applicable to the access
network such as PON. In addition, we
propose a novel 2-D OCDMA network
architecture to further suppress PIIN and
lower the demand of source power. In
the proposed network architecture, the
receivers are divided into p groups. The
receivers in each group correspond to
one code group of the PMP codes and
connect to the outputs of the same star
coupler. Since the cross-correlation
between any two of the PMP code
sequences in the same group is zero, the

code sequences assigned to the receivers

in the same group are mutually

orthogonal. The transmitters of the
proposed network architecture only
transmit the spectrally encoded signals
to the receivers via the start coupler
corresponding to the code group of the
adopted code sequence. Hence, the

receivers can use the orthogonal
property of the code groups of the PMP
codes to completely filter out the
undesired signals sent from other users.
In this way, the MUI and PIIN caused by
other users can be eliminated. Moreover,
since the transmitters only need to
transmit the spectrally encoded signals
to one group of the receivers, the signal
power lost in the start coupler can be
reduced. Thus, the demand of source
power is greatly reduced. According to
the numerical results, it is proven that
the source power of the proposed system
can be much lower than that of the
system using MQC codes, M-matrices
codes, and 2-D perfect difference codes.
When the parameters of the PMP codes
are set to p=7 and M=3, the spectral
width is 30nm, and the transmission rate
is 155Mbps, the proposed system can
still accommodate 147 simultaneous
users with the source power equal
to —15dBm. Because the proposed
system can function well with low
source power, it is possible to employ
low-cost light-emitting diodes (LEDs) in
practical implementation. Moreover, by
using the group orthogonal property of
PMP codes, the receivers can use a set
of FBGs to remove MUI and PIIN



caused by other users. Hence, the
complexity of the receivers of the
proposed system is lower than that of
other non-coherent OCDMA systems.
Therefore, the proposed system can be
used to realize a low-cost and
high-performance

network.
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Abstract
In this project we consider the architecture of a

synchronous optical code-division multiplexing

A F DA

system. In order to have the system to mimic the
practical situation that the receiving powers at
the receiver terminal will have different levels
because of various transmission distances.
Consequently the system performance will be
degraded when we still use at the transmitting
side the traditional synchronous frame format
and taking into the consideration that every user
has different receiving power level. We
propose at the receiver a synchronous
architecture to encounter this kind of problem by
first to estimate the propagation time from each
user’s distance so that each user’s information
will arrive at the coupler at the same time, we
then modify the frame format and improve the
interferences detection among users to improve
the system performance. Finally we utilize
simulation software to set up a synchronous
optical

division multiplexing system that

consists of six users to compare the system

performance under the architectures of
synchronous transmitter and synchronous
receiver.
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Abstract

Recently, the backbone network and the
Local-Area Network (LAN) have a great advance
up to tens of gigabit per second. However, there is
still a gap between backbone and LAN. The
progress in access network doesn’t keep with the
great advance of backbone and LAN. This is a
well-known “the First Mile” problem. The passive
optical network (PON) has been investigated as
the best candidate for the access network, which
can bridge this gap.

An Optical CDMA-based EPON is a
modified version of EPON, which can utilize the
bandwidth better than EPON. In this work, the
front end circuit of OLT receiver for Optical
CDMA-based EPON system is designed and
implemented. The receiver operates at the rate of
1.25Gb/s, and integrates the analog front end and
the analog correlateor on the same chip using the
0.35-um CMOS process. The front end including
transimpedance amplifier (TIA), variable gain
amplifier (VGA) and post amplifier has a wide
dynamic range to preserve the linearity of the
received signal. The simulated results show the
front end has a transimpedance gain of 78.7dB
over the bandwidth of 1.27GHz. Under the supply
voltage of 3.3V, the whole chip dissipates a power
of 452mW. And the whole chip occupies an area
of 1.0 x 1.4 mm?*

In order to monitor the bit error rate (BER) of
optical communication systems efficiently, optical
sampling is an important method. In this report,
we will discuss the application of asynchronous
sampling in 10 Gb/s nonreturn-to-zero (NRZ)
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transmission systems, and the effect of sampling
uniformity in signal clock with a small amount of
frequency deviation. Moreover, to increase the
sampling uniformity, we apply frequency
modulation to the sampling pulses. According to
simulation results, this method can provide
reliable information about BER with frequency
deviation ratio within +50ppm.

Index Terms — Optical communication,
optical receivers, passive optical network (PON),
Ethernet passive optical network (EPON), Optical

CDMA, analog correlator, asynchronous sampling,

frequency deviation ratio, frequency modulation,
spread ratio, histogram.
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Abstract:

In recent years, photonic bandgap
crystal component  with  optical
communication has been reported for
successfully implementing fiber ring
laser resonators. In order to fabricate
nano optical communication devices, the
size reduction of the nano optical
communication component to nano scale
is a future trend. In this project, we
apply nano-photonic bandgap crystal in
designing the optical communication
components. In order to fabricate nano
optical communication devices, the size
reduction of the nano optical
communication component to nano scale
is a future trend. This object of this
sub-project is to reduce the existing
optical communication component and
aims at studying how to apply the
photonic bandgap crystal to the optical
communication components.

This sub-project is divided into 3 years.
At the first year, we have achieved the
study for the photonic bandgap crystal
applied in active optical communication
components serve as optical wavelength
swittch and we also setup the
environment of the simulation and the
measurement. In this year, the second
year of the sub-project, we study the
optical pickup head system by
MMI-based PBG waveguide optical
splitter with a square-lattice photonic
crystal and Mach-Zehnder structure with

a hexagonal-lattice photonic crystal
building on SOI wafer.

In the future, the third year, we will
study and design a 32x32 optical
wavelength  of  Microwave-photonic
switch based on SOI which composed of
optical unit memory and nano tip fiber
components and integration with the
optical communication systems
developed by others subprojects.

In this project, we design optical
pickup head system by MMI-based PBG
waveguide optical splitter with a
square-lattice  photonic crystal and
Mach-Zehnder  structure  with a
hexagonal-lattice ~ photonic  crystal
building on SOI wafer. MMI-based PBG
waveguide optical splitter with a
square-lattice photonic crystal is based
on self-image phenomenon. We design
the device according to the self-image
phenomenon in MMI optical splitter
based on SOI rib waveguide. We use the
technique of photonic bandgap and line
defect to control the direction of the
light wave propagation in a waveguide.
Besides, Mach-Zehnder structure with a
hexagonal-lattice photonic crystal is also
used to design as an interferometer.

Keyword: photonic bandgap crystal,
optical communication component,
optical SOI, optical
pickup head, photonic crystal, PBG,
multimode interference, rib waveguide.
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