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Abstract- We consider a single-hop slotted all-Optical
Packet-Switched (OPS) metro network where contention is
the major problem. Since contention resolution hardware
such as optical buffers and wavelength converters are
expensive, we do not use any of these contention resolution
hardware inside a core switch. Instead, we consider the
retransmission in the optical domain which appears to be
the cheapest solution. We study the prioritized
retransmission schemes where dropped traffic has a
priority when retransmitted from edge switches. Our study
shows that the number of retransmissions can be
significantly reduced. We present the analysis in a single-
fiber network where additional wavelength channels are
used to carry the same traffic. In addition to verifying our
analysis, our simulation results demonstrate the capability
and the advantage of PR over the traditional RR (Random
Retransmission) as well as the advantage of using multiple
wavelengths over using multiple fibers.

Index Terms—slotted OPS, retransmission in the optical
domain, additional wavelengths, contention avoidance.

I. INTRODUCTION

Future metro networks should provide more capacity in
order to cope not only with the current traffic loads but
also with the unexpected future demand growth [1]. Due
to the high traffic dynamics, Optical Packet Switching
(OPS) is necessary for metro networks in order to use
network resources efficiently [2]. Therefore, all-optical
packet-switched networks appear to be the sole approach
to provide such capacity. A common all-optical OPS
network architecture maintains data payload in the
optical domain from source to destination. However, the
control signaling may be processed in the electronic
domain from source to destination. Note optical time
division multiplexing can provide a finer granularity in
OPS and can improve bandwidth usage so that bandwidth
can be shared by many source-destination pairs.
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One common network topology for a metro network
is the single-hop star topology. Apart from the design
simplicity, the synchronization required in a TDM
network can be easily achieved in an all-optical star-
based network [3]. Since a star network suffers from the
central node failure problem, the overlaid star topology
[4-6] has been considered to provide robustness and
reliability. Path reliability has been studied, e.g., [7], and
traffic protection problem studied in [8].

Contention is the major problem in an OPS network.
Optical buffering, deflection routing, and wavelength
conversion are the basic contention resolution techniques
[9]. However, optical buffering is expensive and bulky
[10]. The wavelength conversion technique is a much
more feasible solution, but also very expensive. When a
very low loss rate is required, the required number of
wavelength converters [11] and optical fiber buffer
lengths [12] will drastically increase, and clearly this will
result in a very high network cost. Deflection routing is
the cheapest technique. However, it cannot be applied for
a single-hop metro network because there is only one
core switch in the network.

One can use less expensive contention resolution
hardware to reduce optical switch cost. However, the lost
traffic must be recovered by retransmission at the optical
layer. This is because the retransmission of the lost traffic
by higher layers may cause the false TCP congestion
detection problem even in lower loads [15]. With
electronic buffers decreasing in price, it may be
worthwhile to revisit retransmission issue in the optical
layer to see if a proper management of the dropped traffic
can be found.

The conventional retransmission method, called
Random Retransmission (RR) in this paper, transmits
dropped data until a successful transmission has already
been completed. RR has been used in optical networks
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[16-18]. Since the number of retransmissions is not
limited, the multiple retransmissions usually lead to
retransmissions at higher levels, which may in turn
increase the traffic load on the network. The
prioritization of the retransmissions is a technique that
was first proposed in the wireless and TCP domain [19,
20]. We have for the first time applied and analyzed in
[21, 22] the Prioritized Retransmission (PR) scheme in
slotted all-optical OPS networks. The scenario of a
single-fiber network without using any contention
avoidance is analyzed in [21], while a multi-fiber
architecture, as a contention avoidance technique [13], is
analyzed in [22]. It was shown that PR can improve TCP
throughput by limiting the number of retransmissions
[22]. One should note, however, that the improvement in
performance using multi-fiber architecture along with
using PR comes with a price. This is because in a multi-
fiber architecture, a larger switch size (nf X nf instead of
nx n, where #n is the number of network nodes and f'is the
number of fibers used between each edge switch and the
core switch) is required to support a large number of
nodes in the metro environment. This may not be
economically suitable because a large number of port
counts is required.

This paper extends the results of our previous work in
[21, 22] by applying the Prioritized Retransmission (PR)
scheme in a slotted-OPS metro network environment.
Instead of using extra fibers in [22], we investigate the
improvement by using additional wavelength channels in
a single-fiber OPS architecture. Our contributions are 1)
on the analysis and the use of Prioritized Retransmission
in a slotted single-hop all-optical OPS metro network
where no contention resolution mechanism (such as
wavelength converters and optical buffers) is used at the
core switch, 2) performance evaluation and comparison
with a single-fiber network without using any contention
avoidance as well as the multi-fiber architecture that uses
more fibers to avoid loss in the network.

For the remainder of this paper, the following general
symbols and notations pertain.

H Maximum number of retransmissions needed to transmit a
slot successfully

L Normalized traffic load on wavelength channels

N Average number of non-empty slots in an n-slot-set

Ny Number of slots arrived to a tagged output link at

retransmission level > k

P.{N:=a} Arrival probability of a slots to a tagged output link at
retransmission level > k&

Piirop Probability of slot drop at i-th retransmission level

Ri{ n.k} Slot loss rate for more than k slots among n, tagged-
priority slots

w Number of required data wavelengths on a fiber link

w, Number of additional wavelengths on a fiber link

n Number of core switch inputs ports

n-slot-set  Set of slots on the same wavelength coming from the »
input ports of a core switch

n, Average number of tagged-priority slots in an n-slot-set

Ny Average number of tagged-priority slots in an n-slot-set at
retransmission level i

w; Wavelength number i on a fiber

; Probability that a slot is retransmitted for the i-th time
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Figure 1: The Single-hop OPS Network Model
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Figure 2: Diagram of Slot Transmission

II. NETWORK MODEL, DEFINITIONS, AND ASSUMPTIONS

We consider an all-optical overlaid star network with a
time-slotted operation (see Fig.l) that includes M all-
optical wavelength-selective cross-connect switches
(hereafter each referred to as a core switch), each located
at the star center. Each core switch is connected to » edge
switches (each with an electronic buffer). Each edge
switch may be connected to a number of
switches/routers. Each core switch is an n x n switch. To
design an inexpensive network, we do not use any
contention resolution hardware such as optical buffers or
wavelength converters inside the core switches. The
operation of each core switch in switching traffic is
independent of other core switches, which means the
overlaid topology can be divided into independent single-
star networks. One advantage of the over-laid star
topology is to support load balancing by equally dividing
its network traffic among the several parallel (overlaid)
single-star networks.

Each connection link needs W wavelengths to carry all
of its traffic. However, additional W, wavelengths are
allowed on each fiber so that an ingress switch (i.e., a
transmitting edge switch) can have up to W + W, + 1
wavelengths on a fiber to transmit its traffic where the
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one extra wavelength is for control purposes.

Slotted operation is used to support packet switching.
Each wavelength channel is divided into fixed-interval
optical time-slots as shown in Fig.2. Each ingress switch
can transmit traffic in the time-slots on any wavelength.
In each time-slot, an integer number of IP packets can be
carried. Traffic in each time-slot is referred to as a slot
from now on (see slot in Fig.2). When this traffic is
transmitted/retransmitted to the network we refer to it as
transmitting/re-transmitting a slot. Each edge switch can
transmit up to W + W, slots (called a slot-sef) at the same
time to the core switch. Fig.2 shows slot-sets for Ingress
Switches #1 and #4 where each ingress switch has three
wavelengths. An empty slot is a slot with no traffic to any
egress (receiver) switch. Each time-slot is separated by a
small time gap (called slot-offset). This gap includes the
guard time (for timing uncertainties), the processing time
at the core switch, and the switching time.

Each ingress switch saves a transmitted slot for further
retransmission in its electronic retransmission buffer that
is organized by linked lists. Whenever, a slot is dropped
at the core switch, the core switch sends an NACK
(Negative ACK) command carrying the slot ID back to
its source ingress switch. Then the ingress switch will
retransmit the backup of the dropped slot at a random
time and a random wavelength to the network. If no
NACK is received within a timeout period (with a
minimum duration equal to twice the one-way
propagation delay to the core switch plus some
processing time), an ingress switch can remove the
backup slot from its retransmission buffer. Both the PR
and RR to be compared use this mechanism.

Before transmitting each slot-set and during the offset
time, the slot-set header has to be sent over the control
channel. The header may include traffic information for
each slot in the slot-set such as the ingress switch
address, the egress switch address, the slot ID,
information about the traffic that is carried in the slot,
and the slot priority. The slot ID and the slot priority are
used for retransmission purpose. Note that the slot
priority is only used under the PR scheme. Each
transmitted slot carries a unique slot ID used for
sequencing  purposes at egress switches and
retransmission purposes at ingress switches. The slot ID
is fixed and never changed during transmission and all
retransmissions. The number of bits in a slot ID should
be long enough, e.g.,32 bits, to avoid the wrap-around
problem of slot numbers.

For the remainder of this paper, the following
definitions and assumptions pertain:

e [ is the normalized traffic load, normalized with
respect to the channel bandwidth, on each
wavelength channel when no additional wavelength
channel is used on a fiber.

e [, is the effective normalized traffic load,
normalized with respect to the channel bandwidth,
on each wavelength channel when there are W,
additional wavelength channels on a fiber.

e  Arrival of slots is synchronized at the core switch.
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e There is no error on the transmission/receiving links.
Each ingress switch transmits its traffic on its
wavelengths in a balanced manner in order to
equalize the traffic load on all wavelength channels.

III. PRIORITIZED RETRANSMISSION (PR)

We use the now-established Prioritized retransmission
(PR) scheme to recover the dropped slots and to limit the
number of retransmissions. In PR, the priority of a newly
transmitted slot is set to zero. Then, whenever a slot is
dropped at the core switch, its priority is increased by one
at its source ingress switch. So, even if a newly
transmitted slot has a little chance to pass through the
core switch at the first transmission during heavy traffic,
the higher priority it would acquire in its subsequent
retransmission(s) will help it to pass through the core
switch eventually, thus cutting down the number of
retransmissions. This mechanism can also be used to
increase the fairness among different traffic streams as
opposed to the RR scheme where one slot may pass
through the core switch at the first transmission and
another slot may be (theoretically) retransmitted forever.

The core switch first receives the slot information
from all edge switches at the same time. After receiving a
header, the core switch evaluates and resolves the
potential contention during the slot-offset. Finally, the
core switch is made ready to switch the incoming slots to
their desired egress switches. During contention
resolution, the retransmitted slots are given a higher
priority to pass through the core switch. In general, an n-
slot-set has slots with different numbers of retransmission
times when competing for a tagged output link. So the
available output ports of an output link are first given to
those slots that have the highest number of
retransmissions so far, and progressively retransmit those
with less numbers down to those retransmitted for the
first time, and finally the newly transmitted slots. It is
understood that the retransmission are carried out subject
to the availability of the remaining ports.

For a successful slot transmission, no ACK is required
to be sent back to the source ingress switch. However,
when a slot is dropped, the relevant slot code is
encapsulated in a NACK command and sent back to the
source ingress switch over control channel to identify the
blocked slot. The ingress switch is responsible for
retransmitting any blocked slot while increasing its
priority number.

A. Slot Loss Rate

Let n-slot-set be the set of n slots from » ingress switches
on the same wavelength in a given time-slot (see Fig.2).
At each n-slot-set, at most n non-empty slots may arrive
at the core switch on the same wavelength channel from
n ingress switches. Considering the definition of the
effective traffic load, the parameter L, can also represent
the probability of a non-empty slot arriving on each
wavelength. Therefore, there are N = nL, non-empty slots
in the n-slot-set on the average.

Let H be the maximum number of retransmissions
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required to transmit a tagged slot successfully so that a
slot with priority H is dropped with a probability of less
than X where X<< 1. The parameter X is a rare event
probability defined to be the probability that a slot has
not been successfully transmitted after it has been
retransmitted for more than H times. Similar to [22], we
start our analysis of the drop probability at level H and
determine all slot retransmission probabilities by
repeating the analysis process one level down at a time
until we reach level zero. At level j during the analysis,
we refer to the level-j retransmitted slots as the tagged-
priority slots, and all the other non-empty slots in the #-
slot-set are referred to as non-tagged-priority slots.

Define n, to be the average number of non-empty
tagged-priority slots at any level. Clearly, the remaining
N-n, slots are the average number of non-tagged-priority
slots. Define slot loss rate R;{n,. , kjto be the drop
probability among the n, tagged-priority slots destined to
the tagged output link given that only £ slots capacity (k
= 0 or 1) are available at the tagged output link. Then,
R;{n,., k} can be obtained as [22]:

i}c—mf”}n—n“*
R, {n k) =K ¢ for m,>1. (1)

nn,fl

r

R {n k}=0, Otherwise.

In order to reduce the slot loss rate in an OPS network,
one can use additional wavelength channels on a fiber to
transmit the same traffic. This is equivalent to lowering
the traffic load in the network because the number of
empty slots is now increased. Suppose there exists some
traffic that can occupy all W slots in a slot-set. By using
W, additional wavelength channels, there are now W+W,
slots for the transmission of W slots in each slot-set. Let
the slots be uniformly distributed over the W+W,
wavelengths. Therefore, the probability of one non-
empty slot on a wavelength channel is W/(W+W,).
Considering the normalized traffic load L in an ingress
switch and using W, additional wavelength channels on a
fiber, the effective normalized traffic load (L,) on each

wavelength channel is given by:
w

:W+Wu

L

e

B. Retransmission Distribution at Steady-State

In this analysis, we make the assumption that there may
not always be enough capacity to transmit all slots
requiring retransmission at level j, and some of them
have to be dropped. Their priority will increase by one,
and they are retransmitted as level j+1 priority slots. Let
Iy = {7y m 7y ... Ty w1} denote the probability vector
that at most H retransmissions are required in an n-slot-
set to send a slot to the tagged output link in steady state,
where 7 is the transmission probability of new slots; and
7; 1s the probability that a slot is retransmitted for the i-th
time. Let P; 4., denote the probability of dropping a slot
at the i-th retransmission level. Similar to [22], we can
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derive the following equations to obtain /7y

ﬂ’i = E*l,dmp ’1 < 1 < H * (2)

ﬂ-HH :PH,drop<X° (3)
H

== - )
=

To solve these equations, we have to first find P; .
which must consider the probability that the retransmitted
slots at levels > i+1 have already occupied an output port
in the tagged output link. Let N, denote the number of
slot arrivals to the tagged output link at a retransmission
level > k and let P,{N;=a} be the corresponding
probability of having a slot arrival (& = 0 or 1) such that
o ports of the tagged output link are occupied. Using the
assumptions of uniform slot arrivals to each output link,
and equal normalized traffic load L, on all wavelength
channels, then we can obtain

1-L 7,
Pa {Nk = a} =
L,

Jif a=0

Jif a=1 ’

where L,7z, is the probability of one slot arrival (and

occupation) to the tagged output link at retransmission

level > k. Let P;, 40, be the probability that a tagged-

priority slot is dropped at retransmission level i, provided

that a slots have already arrived and occupied the tagged-

output link ports at retransmission level i+1. Then,
n,;PAN =R, {n,; 1-a}

Pi a,drop =— ’
” N

ri’

where the numerator represents the average number of
dropped slots among n,; = Nx; tagged-priority slots with
priority i in the n-slot-set. The second factor in the
numerator indicates the probability of a slot arrivals at
levels > i+1, and the third term, calculated in (1),
represents the drop probability among #,.; tagged-priority
slots given that a capacity of only 1-a slots is available at
the tagged output link. The denominator is the average
number N of non-empty slots in the n-slot-set. The

marginal probability P; ., is obtained as
F, F, + Pi,l,a’rop * (5)

i.drop = 1i,0,drop
By simplifying (5), we obtain the loss rate for the
retransmission level i, P; 4, as
=P yop = (A= L7, )R AL, 7, 1} +

7 i,drop
(L, )R, AnL, 7, ,0})).

i+l

(6)

C. Scheduling at the Core Switch

We detail how a core switch resolves the contention at a
given output link under both PR and RR. Let set S;; = {s
, 81,0 S1 | 0 <1 <n } denote the subset of / contending
slots on wavelength w; (i=0,..., W+ W, - 1) at the output
link. Let vector (Src;, ID;, r;) denote the three parameters
for slot s; carried in SSH, where Src; is the ingress switch
address, ID; is the slot ID, and 7; is the priority of slot ;.
The parameter 7, is not used under RR. Note when slot s;
is dropped, the core switch sends a NACK command that
includes ID; to Src; under both PR and RR.

In PR, the slots in set S;; are sorted in a descending
order according to the priority value. Then the top slot is
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picked for transmission first and the contention of the
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solve the equations in (2) to (4) by the iteration method

TABLE I: THE PERFORMANCE COMPARISON OF PR AND RR AT #=32 AND W,=0

for different values of H,
and then determine the
maximum H. Note that

remaining /-1 slots is resolved using PR or RR. In this
way, a slot with a higher priority always finds a higher
chance to pass through the core switch. This contrasts
with the RR scheme where slots are randomly chosen for
transmission.

IV. PERFORMANCE EVALUATION

We would like to compare the performance of PR and
RR based on our network model. Since parameter #, in
function R, {n, k} in (6) is not necessarily an integer

value (due to multiplying N by a probability), we have to

use the Gamma function to calculate both factorial(n),

i.e., w=T(n+1), and the choose function (MJ m/  in
n

- nl(m—n)!
our analysis. In our network, each ingress switch
transmits slots to other egress switches with equal
probabilities. Fixed-length packets are generated
according to a Poisson arrival process with a mean rate of
L packets per time-slot. Each slot carries one packet. In
the following simulations, more than 1,000,000 n-slot-
sets are generated from all ingress switches. We have
used C language and OPNET [14] to implement our
computations and simulations respectively. For each
scenario, enough replications are run to achieve a 95%
level of confidence intervals to within 1% of the mean
values shown.

To show the analytical results for RR, we also need to
obtain the parameters z; (i=0,1,2,...) for this scheme.
Note that there is no difference between newly generated
slots and previously retransmitted slots in RR. Using a
geometric distribution, the probability of k transmissions
until a success is
P{k transmissions until success} = x, | = m,(1-my )",
where 7, is the probability of a successful transmission.
The parameter 7, can be obtained from 7z, = 1- R {N, 1}=
1- R;{nL,, 1}, in which the second term can be obtained
in Section IIL.A.

We would also like to obtain a maximum value for H
in order to compute 7; in our analysis. To do this, we can

© 2007 ACADEMY PUBLISHER

. ) sl T2 3 Ty s 6 : :
g3 é Eﬁ ) ) %) ) %) ) ) by increasing the loss
Z5E2 2% rate, the number of slot
=l =E retransmissions is also
P | Sim. | 82.83551 | 16.60980 | 0.55405 | 0.00065 | 0.00000 | 0.00000 | 0.00000 increased. Therefore, the
04 R [ Ana. | 8348360 | 16.22550 | 0.29090 | 0.00000 | 0.00000 | 0.00000 | 0.00000 worst case  happens
| R _Sim. | 82.84037 | 14.21117 | 2.44124 | 0.42073 | 0.07181 [ 0.01249 [ 0.00214 when the loss rate in (1)
R | Ana 83.4863 13.78668 | 227669 | 0.41992 | 0.07221 | 0.01025 | 0.00169 is maximized. Since the
P | Sim. 7246298 | 25.12895 | 2.38792 | 0.02015 | 0.00000 | 0.00000 | 0.00000 function  inside  the
0.7 R | Ana. | 72.69410 | 25.19990 | 2.10600 | 0.00000 | 0.00000 | 0.00000 | 0.00000 summation P this
R | Sim. 7246250 | 19.93331 | 549789 | 1.52186 | 0.42199 | 0.11771 | 0.03225 vy ) :
R | Ana. 72.7044 19.84510 | 5.41684 | 1.47856 | 0.40358 | 0.11016 | 0.03007 equation 1s an increasing
P | Sim. 63.84280 | 30.52217 | 548361 | 0.15126 | 0.00000 | 0.00000 | 0.00000 function of n, the
0 R | Ana. | 63.82080 | 30.80280 | 5.37640 | 0.00008 | 0.00000 | 0.00000 | 0.00000 maximum  loss  rate
: R | Sim. 63.84134 | 23.02355 | 8.34649 | 3.03778 | 1.10841 | 0.40605 | 0.14948 occurs when n, = n,; =
R | Ana 63.7945 | 23.09712 | 8.36243 | 3.02766 | 1.09618 | 0.39688 | 0.14369 '
nlL.m; (at any

retransmission level) is
maximized. The maximum value for », is obtained when
n and L, are maximized. By assuming L=1.0, W,=0,
X=10"7, and #n=1000 as the largest possible core switch
dimension, and solving the H+1 equations, we find that
7p=0.632304006, 7;=0.30779933, 7,=0.05816581
7;=0.00172963, 7, = 0.00000064 and 7; << X
Therefore, we have H=4 that will guarantee us the
required loss level. Hence, we obtain the analysis results
for the PR scheme using X=10" and H=4.

A. Performance Comparison under Additional
Wavelength Channels

To verify the correctness of our analysis, we consider a
single-hop single-fiber OPS network with »=32 edge
switches where each fiber (between an edge switch and
the core switch) has W=4 wavelengths. Table I compares
the retransmission analysis and simulation results (in
percentage) under traffic load £L=0.4, L=0.7, and L=1.0
when using no additional wavelength channel (W,=0) are
used. As discussed in Section III.A, the effective traffic
load is the same as traffic load in this case, i.e., L, = L.
One can see that the analysis and the simulation results
agree well for both PR and RR.

One can see that under the same retransmission
scheme, the volume of traffic retransmission goes up by
increasing traffic load L at each retransmission level.
This is because the number of slot collisions goes up with
increasing L. Therefore, the volume of traffic
retransmission is the lowest at L=0.4 according to Table
I. Under PR, for instance, 7,=0.16, 7;=0.25, and 7;= 0.30
for L=0.4, L=0.7, and L=1.0 respectively. A similar
behavior is observed for other retransmission levels.

Both the analysis and simulation results indicate that
most parts of the dropped slots can pass through the core
switch within two retransmissions under PR, and only
less than 0.2% would require the third retransmission.
For the worst case of L=1.0, for instance, Table I shows
that almost 64% of the traffic at the core switch are new
arrivals, and almost 31% of the slots will be retransmitted
once. While only about 5.5% and 0.1% of the slots
require the second and the third retransmissions
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TABLE II: THE PERFORMANCE COMPARISON OF PR AND RR AT #n=32 AND W =2

25

additional wavelength
channel (i.e., W, = 0).

Yl - - ey p p p . o For instance, under L j
&; 5 g ;; E (%) (%) (%) (%) (%) (%) (%) 0.7 and using RR, 7; =
353 24 0.20, m = 0.15 at W, =
0 and W, = 2
P | Sim 88.09640 | 11.72374 | 0.17981 | 0.00005 | 0.00000 | 0.00000 | 0.00000 respectively. Also, by
04 | R Ana. | 8898840 [ 11.01160 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 using additional
R | Sim 88.09996 | 10.48239 | 1.24879 | 0.14862 | 0.01778 | 0.00216 | 0.00026 wavelength  channels
R | Ana 88.9966 9.79265 | 1.07753 | 0.11856 | 0.01305 | 0.00144 | 0.00016
P | Sim. | 8036900 | 18.79065 | 0.83869 | 0.00167 | 0.00000 | 0.00000 | 0.00000 | More traffic can pass
07 | R Ana. | 8090700 [ 1854660 | 054640 | 0.00000 | 0.00000 | 0.00000 | 0.00000 through the core switch
" I R| Sim 80.36987 | 15.77077 | 3.09954 | 0.61004 | 0.12027 | 0.02372 | 0.00465 at the first
R | Ana 80.9065 | 15.44788 | 2.94954 | 0.56317 | 0.10753 | 0.02053 | 0.00392 transmission, i.e., 7 ~
P | Sim 73.52772 | 2434137 | 2.11599 | 0.01492 | 0.00000 | 0.00000 | 0.00000 - _
Lo | R Ana. [ 7379330 | 24.38070 | 1.82600 [ 0.00000 [ 0.00000 [ 0.00000 [ 0.00000 8'72’a§3N 0;0 at:W" 5
R | Sim 73.52653 | 19.45219 | 5.15588 | 1.36908 | 0.36405 | 0.09717 | 0.02585 ‘ a
R | Ana 73.8024 19.33446 | 5.06516 | 1.32695 | 0.34763 | 0.09107 | 0.02386 respectively.
Table III illustrates
TABLE III: THE PERFORMANCE COMPARISON OF PR AND RR AT n=32 AND W =4 the retransmission
R - e . o p . - analysis and snpula‘uon
ES/2E S| (%) (%) (%) (%) (%) (%) results when using four
E E £= E g additional wavelength
= channels on each fiber.
P | Sim. | 90.87974 | 9.04059 | 0.07966 | 0.00001 | 0.00000 | 0.00000 | 0.00000 Here, the effective
04 | R [ Ana. | 91.88780 [ 8.11220 [ 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | traffic load on each
R | Sim. | 90.89203 | 827745 | 0.75475 | 0.06884 | 0.00632 | 0.00056 | 0.00005 wavelength channel is
R | Ana. | 919391 741112 | 059740 | 0.04816 | 0.00388 | 0.00031 | 0.00003 half of the traffic load,
P | Sim. | 84.76053 | 14.85502 | 0.38419 | 0.00026 | 0.00000 | 0.00000 | 0.00000 ie, L, = 05 L (sce
07 | R | Ana. | 8559860 [ 1440130 | 0.00005 | 0.00000 | 0.00000 | 0.00000 | 0.00000 Section IILA). So, we
R | Sim. | 84.75985 | 12.91605 | 1.96935 | 030054 | 0.04591 | 0.00694 | 0.00109 ). 90,
R | Ana 85.4963 12.40013 | 1.79848 | 0.26085 | 0.03783 | 0.00549 | 0.00080 expect to have a lower
P | Sim. | 79.16905 | 19.81999 | 1.00839 | 0.00257 | 0.00000 | 0.00000 | 0.00000 slot loss rate than using
Lo | R [ Ana. [ 7965180 | 19.63120 | 0.71690 | 0.00000 [ 0.00000 | 0.00000 |  0.00000 W,=0and W,=2. A
. R | Sim. | 79.17264 | 16.48128 | 3.43709 | 0.71840 | 0.15010 | 0.03177 | 0.00688 similar behavior  as
R | Ana. | 79.6575 | 1620433 | 3.29637 | 0.67056 | 0.13641 | 0.02775 | 0.00564 di d for Tables I
1SCUSSe or aoles
respectively. There is no loss after the fourth and II can be observed
for Table III.

retransmission. On the other hand, the number of
retransmissions is not limited in RR so that we can even
see a slot that is retransmitted for the 18-th time.

Under RR, the rate of the reduction of retransmission
probability at each retransmission level is smoother than
what we can observe for PR. For example at L=1.0, the
third retransmission occurs with probability 0.0015 under
PR, where as this event happens with almost probability
0.03 under RR. A similar behavior can be observed for
L=0.4 and L=0.7.

Table II compares the retransmission analysis and
simulation results at different traffic loads when using
two additional wavelength channels on each fiber. Since
in this case the effective traffic load on each wavelength
channel is reduced to two-third of the traffic load (see
Section III.A), the slot loss rate is less than the previous
case (with no additional wavelength channels on a fiber)
as expected. Performance behavior similar to Table I can
be observed in Table II. However, the volume of traffic
retransmission at each retransmission level and under the
same retransmission scheme is lower than the case W,=0
(see Table I). Therefore, under the same traffic load and
the same retransmission scheme, 7, is higher when using
W, = 2 additional wavelength channels than using no
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Comparing Table III with Tables I and II reveals that:

1) The case W, = 4 provides the best performance in
reducing the volume of traffic that should be
retransmitted as expected because using additional
wavelength channels reduces traffic load and slot loss
rate as a result. This leads to a lower number of
retransmissions as a result.

2) The difference between the performance of PR and
RR is reduced when traffic load is decreased or more
additional wavelength channels are used on a fiber.
This is because at a lower traffic load slots mostly
pass the core switch due to a lower loss rate, and a
small percentage of them require further
retransmission. Therefore, a fewer number of
retransmissions is required even for RR.

3) The rate of increase in m and decrease in z; (>0)
reduces when W, goes up. Under PR at L=1.0, for
example, using W,=2 leads to 7y=0.73 and 7;~0.24.
Comparing these results to the results of #,=0 shows
an increase of almost 15% for 7, and a decrease of
almost 20% for z;. On the other hand, using W, =4,
we have 7p=0.79 and 7,;=0.20. When comparing the
results of W, =4 with the results of ,=2, an increase
of almost %7.7 for 7y and a decrease of almost %18.5
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for ; can be observed. These two rates are lower than
the previous rates (i.e., %15 and %20).

B.  Performance Comparison under Additional
Wavelength Channels and More Fibers

Here, we compare the performance of a single-hop OPS
metro network with »=32 edge switches at traffic load
L=0.7 under two network architecture scenarios: 1) a
single-fiber network that uses W, additional wavelength
channels on a fiber on each connection link; and 2) a
multi-fiber architecture with f fibers on each connection
link. Both network scenarios use hardware-based
contention avoidance techniques (i.e., either using
additional wavelengths or using more fibers) in order to
reduce collision in the network. In both scenarios, each
fiber between and edge switch and the core switch has
W=4 wavelengths.

Fig.3 compares the retransmission probabilities (in a
logarithmic scale) of PR and RR under two contention
avoidance schemes; only 6 retransmission probabilities
(i.e., up to ms) are shown. Under PR, there is no
observation for more than three retransmissions. Since
under PR, there is no observation for more than two
retransmissions (i.e., 73=0) in a multi-fiber architecture
(i.e., f > 1), nothing is showed (due to the logarithmic
scale) at the right hand side of the performance curve of
73 in Fig.3.a. Since there is no retransmission observed
for more than three times under PR, there is also no curve
displayed for {z; , >3} in Fig.3.a. However, there are
observations up to 14 retransmissions under RR.

In the diagrams, the case (=1, W,=0) at the center of
the diagrams denotes to a single-fiber network (/~1) that
uses no additional wavelength channels (W,=0) as
contention avoidance technique. Both diagrams show that
by using more contention avoidance hardware, the
probability of the arrival of newly generated traffic (i.e.,
7o) in the network is increased. For example, under PR,
7o at /=1 and W,=0 has increased from almost 0.72 to
almost 0.83 and 0.88 in a multi-fiber architecture with
/=2 and f=3 fibers, respectively. The value of =z, at /=1
and W,=0 has also risen to almost 0.80 and 0.85 when
using, respectively, W,=2 and W, =4 additional
wavelength channels in a single-fiber network
architecture. A similar behavior can also be observed in
Fig.3.b. The diagrams also show that by using more
contention avoidance hardware, the probability of
retransmission at all levels (i.e., 7 ; i > 0) is decreased.
For example, under PR, m, at /=1 and W,=0 has decreased
from almost 0.023 to almost 0.0013 and 0.00006 in a
multi-fiber architecture with /=2 and f=3 fibers,
respectively. The value of =, at /~1 and W,=0 has gone
down to almost 0.0084 and 0.0038 at W,=2 and W, =4
additional wavelength channels in a single-fiber
architecture, respectively. A similar behavior can also be
observed under RR.

Among the four cases of contention avoidance, a
multi-fiber architecture with /=3 fibers provides the
highest 7, and the lowest 7 ;, i > 0. However, such an
architecture needs a core switch of size 96 x 96, which
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is a large optical switch. When using additional
wavelength channels, we still need a 32 x 32 core
switch, but with a higher number of wavelengths on a
fiber, say eight wavelengths on each fiber at IV, = 4.
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Figure 3: Performance Comparison of PR and RR under two Contention
Avoidance Schemes

C. Discussion

The proposed PR protocol is simple since it only requires
a few bits in SSH to keep the priority of each slot. For
each slot a priority field is assigned that can only be
updated at its source ingress switch. The SSH carries the
priority of each slot. This field is the criterion by which
the core switch decides to prioritize the slots and then
finds the eligible slots for switching. On the other hand,
each ingress switch sets the slot priority field with the
retransmission number when (re)transmitting a slot. The
proposed scheme can also be used in the asynchronous
OPS and Optical Burst Switching (OBS) networks.

The PR scheme is much more effective than the RR
scheme whenever the loss rate in an OPS network is not
low. We expect such a loss rate whenever: 1) traffic load
is high; and 2) a lower number of contention
resolution/avoidance hardware has been used in a core
switch. Therefore, we would recommend using PR in
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networks with a medium or higher loss rate. In an OPS
network with a lower loss rate (this low loss rate network
can be achieved when using so many expensive
contention resolution hardware in core switches), there
may be no significant difference between the
performance of PR and RR, although PR is always better
than RR. On the other hand, RR has a lower
computational complexity than PR. Thus, we recommend
RR for such a network.

V. CONCLUSION

The Prioritized Retransmission (PR) scheme is shown to
be a very simple but efficient protocol for slotted OPS
networks. Our analysis and simulation results show that
this scheme can limit the number of retransmissions, and
can perform better than the conventional RR with any
number of additional wavelength channels in a fiber and
under any traffic load. In the worst case (i.e., using no
additional wavelength channels under full traffic load),
PR can pass most of the dropped slots through the core
switch in two retransmissions. Clearly, by limiting the
number of retransmissions, the extra load injected into
the network due to the higher layer retransmissions can
be reduced, which in turn helps to increase the network
throughput. In addition, we showed that using additional
wavelength channels can be a good approach to reduce
contention in an OPS network and to reduce the required
number of retransmissions both under PR and RR. In
summary, employing PR for an OPS network can lower
the number of contention avoidance/resolution hardware
and therefore can reduce the network cost.
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