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An Insertion Access Protocol for WDM All-optical Unidirectional Ring

Network

Student: Kung-Li Chen Advisor : Dr. Po-Lung Tien

Department of Communication Engineering
National Chiao Tung University

ABSTRACT

In this article, we proposed a MAC protocol for an Metro all-optical
WDM unidirectional ring network where: packets remain in optical domain
from source to destination. -The main:targets-which have been considered in
the design of this protocol cansist in‘the achievement of a highly fair access to
the network resources and a“network throughput performance close to the
maximum values allowed in the adopted ring topology.

This protocol is based on the concepts of the ACCI protocol which is
designed for a twin bus optical network and is characterized by a fully
distributed control mechanism. Meanwhile, the access mechanism of proposed
protocol is based on a random access if channel is idle and a controlled access
if channel is busy.

A detailed description of the access protocol and results of simulation will
be given in the text. It will be proven that the issue of fairness arising from

unidirectional optical ring network will be circumvented.
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Chapter 1
Introduction
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Chapter 2
Background

2.1 The ACCI access protocol

2.1-1 Introduction of ACCI protocol

N A4

AT e A P-4 B[1)iE E paper AL @ 4% twin bus sk g e B AT
41 &1 access protocol » & % ACCI (Adaptive Cycle Cell Insertion) protocol -
gt protocol & — R * > A HsV #4484 <H access protocol » ® E 3 high

fairness degree 2 2 high throughput 732k - @ twin bus topology i & d =

=\

iH - 2w dbus AR 0 gt SWiphe BIALE S ohigh % low buses 0 ®

(B

F_‘k

HFAw 7 Ead e @dE s m et s 0 Network Stations (NS)# ,‘{ﬁf
d - bus #-cell /£H destination=@z%-

%t ACCI protocol 7 & B'A'® chp 4 () A G A fpt E 3
fairness 4% & ; (i) % twin bus = Bip# ' AF| T & 7 & i I B
throughput; A %t 2 3 & B < en§_ ACCI protocol % ji#;i- fairness R* 4%
TR H 0D 4o F] G ftwin bus iE B AT 0 U A 2 BT fairness off
A E E NS =0 4% 337 bus s ani= ¥ » P H #74E {F 40 access
opportunities #-¢ 4% % > » fr—ku VIAR B pLEE R g A - By
Fleniz B, FpE A5 2% — B & if e access protocol > 7Rk =3t 5 1 i

¥ 9 NSs %—g ’?"Lr}; TR B e



Fo et ACCL &h4fpt B R RT3 ) o™ 2 O FF B iR P 4R B4 4T
7 buffer 93 4 - fe & adaptive access cycles & = T 3+ 4 fz access
opportunities ¥ # s £ 4c F overload control 4% 4] 2 w8 4. buffer o

overflows

2.1-2 Basic concepts of ACCI protocol

. ACCI protocol 2% i* 7% * access =/ B i & £ % bus 23 &R 5]
iz @ activity FF B2 random access 7 ;% access; & 2. % bus >t busy pF
Ak * controlled access s-3743% > T 2 i e 5 #74% F1] e77 access cycles o

& 1 access cycles #-<¢ rEif# & NS = % 3 - =t access 1% ¢ >
access cycles & /& e i P 2o 2 4~ 4758 a9 34> & B access cycle & &

)

R ¥ % BALH #7558 NSs entraffic i & < /@ 70 2 2 7o iy

Y
{

A A& 1 NS-bus interface 4c » Forwarding Buffer (F-Buff); # 7 %
ARl - B twin bus ¥ £ 5 N % network stations e32f H kP o

(Figure 1)
é_ﬁbé‘ﬁ]&‘f ApiExkery hocell IE G ApR L R 0 2 FE NS
traffic 7 & @i prA P4 H Z active ¥ & * 1-limited service discipline -

P arsg 73 bus B+ P5PF > access cycle ¥ d — i@ cell #rke =@ 3% cell ¥

% empty £ busy; @ 3% access cycle eh& & € " F SEF B R § TR



o 4ot B3 - B NS & active pFo B 3% access cycle & & #-%iF 72 %
TR F 7 ARE- B NS L oactive 5 B 3% access cycle ch& B H-€ 3
"’Ti‘a 4y o

l High Bus (HB) - l

= J

i = £
(f’.fc:

-1 = A

NS-1  |NS-2 NS-i NS-N- NS-N

E = 1

Low Bus (LB)

Fig 1: Twin bus topology
* & B NS¥ M %g\zl incoming empty cells #-# data i® insertion » #x#

v

7o 7 4 -t insertion & 5 7 #F: (i) 3 4o 3% access cycle ehE B (ii)A]iE - B

)

#Teaccess cycle; wca\ i v 11 4 gt 2B 4T — B access cycle ik < &

B i N-1 0 cells ¥ #-¢ 4 4 & g™ # > ¥ — i access cycle & & 5

H# 4c § A * 5 2x incoming cells >+ F-Buff ¥ > ¥ ¥ insertion & & {& 75 2%t

Ry

)

F-Buff p cacells 7+ forward; *4 ot 2 ¢k > 424 24 i #r¢ * cell removal
+]597 F o — B access cycle F& B 7r ¥ LR D o

Flet e o B Ay A load MPF > ]G R B 5 (%5 empty cells -

7 access cycles eh& R 327 € <& » #fM NS - ® 3 data § GEpEe 1 g



_+ access: #g 7 random acess {7 & ; K 2. % load B o F] % access cycles
s B TR EE 2 K 0 b PF access {7 & P ifE_ - B ix 8P 12 polling s
T &% & access cycle p & i3 NS #5735 — =t access 4% € o

Lz k> & incoming cell 7 % empty RY insertion <& F:#-¢ ¢ 7

2

,T:
F-Buff p 52z ecells 3 4c; & 2. » % 21z 3] empty cell £ ;2 3 insertion ¢h
Hi7 o F-Buff p Fcencells 4 4@ 4 o A2 £ - B overload
control =41 % % ¢. F-Buff siroverflow 3z cells #if & o A pt 20 i frfg
* e jE B request of empty cells sk R > 7~ T E 5 - B NS IR v i

F-Buff b cells #cp 4z & & threshold e p= - R13% NS ¢ 58 ¥ — % bus

w H b 25 NS 48 41 request oo T 213% request 7 NS B Z i 41 empty cell

/w._.

Y RTINS ehg o Tk maxird amempty cell 7 ¥ @ T %5 NS 'E
K H F-Buff k% A2 & > fe PRET IR 33 2 R B B NS 7 G Frd B R

¥ eF 5 o

2.1-3 Cell format of ACCI protocol

A v B-F B channel capacity 4R 5 — 1@ P 7 2 & & cells #rie = »
m & B ocell #rut FenprFAPAE L - B time-slot » &/ % ACCI
protocol 3w 77 access procedure 2. # > # it ZE L @3 4 cell < format - ACCI

cell & format 4 Figure. 2 #75r > = i cell .4 - & Information Field (IF)



r2 % — i Control Word (CW)#r & » = CW £ 4 i bits» # 7 — & bit #

oo BT KA PR 4% bl b2 23 b3t i o

-
Control : :
] Information Field

Word (IF)

(CW)
I -y
| i
| i T

1] h2? b3 b4
(BSY) (ACB) (ECR) (Spare)

Fig. 2: Cell:format of.:ACCI protocol

B bl % Busy (BSY)> B850 47 % cell & empty; 2 > &3

NS & :#-data 3 » 3% empty-cell peifE38- bl :x 5 1om b2 At 74 77 ehgF,
# %_Access Cycle Beginning (ACB)-§ b2 % 1 pF4 77 2% cell 3 — B access
cycle % — @ cell » » £ 5 0 PR 4 77 3% cell =3t access cycle z_ p - b2
iz B bit & ACCI protocol p #%— BixE£ R bk & » F| 5 % 4 — B active
NS 4z 3]- BE b2 2 12 cell > Bl pF NS ¥ #-H data insert F & )=
- aTencell 2 3% cell 2 b2 5 1 FpF7r3 incoming cell &5 & F-Buff
nEREHEH D213 i O LE)I} F A2 Atk T § heavy load pF o7k *
e controlled access = /2 - & {¢ > b3 (Empty Cell Request)e# 2 p| §_# >t

overload control » % X I NS # 2 F-Buff © 54218 % B threshold p& >



AI3% NS ¢ 2% - > wepbus #i%- B2 b3 & 12 cell> 7w F 5
NS 4 &) empty cell s, @ 1+ #3NS - & jx3|3% cell {2 > 7 #- b3 reset

Ptk B RiE d - B empty cell 2 4 5 NS <0 overflow -

2.1-4 Access procedure of ACCI protocol

% 4 % ACCI protocol 3w access procedure 2_ # » #4 i L £ NS-bus
interface =% +£ (¥ & #§ 4 - (Figure. 3)

B £ Receiving Unit (RU) ¢ #-incoming cell <7 CWs {r IFs 4~ & » # ¢
CWs ¢ < d Protocol Handler:Unit (PHU)2:r# = Control Unit (CU) &2 #7 %
& 32 7 ehaccess #5711 2 B3 CWS (% Lehig sc o 2 Bt ip 7 2 3 #rdk
I e F-Buff * k&% 7% incoming.cells 2z ¢ > Transmitting Buffer (T-Buff) # &_
* kqrr NSs p e 4 2 o traffic > ® &3 B buffer 4o 345 access
protocol 2 & 7§ % fhizdl$Rd CU #7f § » ¥k ehaccess procedure #-3¢
2 18 %333 > 2 B¢ Transmitting Unit (TU)RY] § 4 &2 % chrcells @ 3% o)

3



PHU > T Bus
! TU >
| =
r//
Control Unit —
~
I N
' \
F-Buff MUX
—— [ [ >
T-Buff
v

QOutput Input

Fig. 3: NS-bus interface of ACCI protocol
T kAP -4-4F ACCI protocol 73 access procedure E4g 34 - ¥ i
B L LT hcase (T3t
() % 1= 3] Empty CelbLRequest i p gt AR % & B kL8> % ¢ T-Buff

M7 & data F @ 3% ® &% incoming cell & & &% 5 >t F-Buff p cracell 5 @

SR

e fap iz 3 - B empty cell 723 & % NSs overflow 3% cells i

% > ¥ & incoming cell 7 3 empty 32 &% 5> F-Buff p - (Figure 4.1)
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Incoming Outgoing
cell cell
BSY: X BSY: 0
ACB: X
- >

MUX

e o o Data

BSY: X Empty Cell
¢ o0 " Emission
ACB: X

T-Buff

-

ECR: 1

Receiving Empty Cell Request
Active

X : “dont care”

-: “undefined”

Fig. 4-1; Transmitting step-of case (i)

T ocase (i)-(v)#-31# & channel-===busy(incoming cell 7 % empty)z
F-Buff p 3 cells & # &% ¥ B3 T-Buff p 355 data /f B:ix > ¥ 328 J2 3
Empty Cell Request - T-Buff p data 4-i® access 2. rule :

(i) F-Buff p 5 cells &% #F @ ps> ¥ F-Buff p 9% - & cell # ACB
bit % 1 FF (& 51 % access cycle beginning) » B =+ T-Buff p & data ¥ 12
insertion (1= ;N iF@iE (A4 - BE ACB 5 1z #rencell) ® kFZ #R
4 F-Buff % - B2 cell 2z ACB bit:z % 0> ® % incoming cell 2 3 empty

=A e 5t F-Buff p o (Figure 4.2)
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Incoming

Outgoing
cell cell
BSY: X BSY: 1
ACB: X
- >

e e BSY: 1 New Cell Insertion
ACB: 1-» 0

F-Buff
X
e o o Data f
T-Buff
ECR: 0

No Empty Cell Request

Active
X : “dont care”

-: “undefined”

Fig. 4-2: Transmitting steb of case (ii)
(ifi) 2% F-BUff 1 7 cells o % @& @ w F-BUff p 25 — 5 cell # ACB
bit 2 0 B i=** T-Buff p & data"#* ¥ insertion » #= F-Buff p & cell /g
forwarding- ¥ % incoming cell 7 3 empty 35 &% 3t F-Buff p - (Figure 4.3)
(iv) F-Buff p 25 cells & # &% > ¥ incoming cell 7 % empty ¥
ACB bit = 1> p] T-Buff p 2_ data # insertion> ¥ % 3= incoming cell 2. ACB

0 ¥ &3 3 F-Buff p - (Figure 4.4)
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Incoming QOuigoing
cell cell
BSY: X BSY: 1
ACB: X
- >
e ® o BSY: 1 Cell Forwarding
ACB: 0
F-Buff
MUX
e o o Data %_'
T-Buff
ECR: 0
No Empty Cell Request
:  Active
X : “dont care”
-: “undefined”
Fig. 4-3: Transmitting.step of case (iii)
Incoming Ouigoing
cell cell
BSY: 1 BSY: 1
ACB: 1
- >

BSY:1 | New Cell
- Insertion
ACB: 0 |

F-Buff
M
e ® o Data f
T-Buff
ECR: 0

No Empty Cell Request

:  Active

X : “dont care”
-: “undefined”

Fig. 4-4: Transmitting step of case (iv)

(V)& F-Buff p 25 cells ¥ & i@ :i% > incoming cells 7 % empty = ASB

bit 2 0 B T-Buff p 2. data # ¥ % insertion » & % % #- incoming cell
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forwarding - (Figure 4.5)

Incoming

Outgoing
cell " L cell
BSY: 1 Cell Forwarding | BS‘I': 1 |
ACB: 0 | AcB:o |

A J

F-Buff
MUX

e o o Data

>K

T-Buff

-

ECR: 0

No Empty Cell Request
Active
X : “dont care”

-: “undefined”

Fig. 4:5: Transmitting step of case (v)
(vi)% T-Buff & data 3 ®@3¥ ¥ & Empty Cell Request > B] ¥ Z 4R

0

incoming cell 2 F-Buff p ek ;e - cell 173§ 4 < Forwarding =r+ ; & 2_ >
% T-Buff p 3 data % &% ® & Empty Cell Request-incoming cell = empty
(channel % IDLE)® F-Buff 7~& cells % &#Fi#:% > p| T-Buff p 2. data ¥

insertion 25 = — @ A7evcell ¥ ACBbit 5 1 - (Figure 4.6)
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Incoming Outgoing
cell cell
BSY: 1

BSY: 0

A J

ACB: -

New Cell
Insertion

F-Buff

e o o Data —F

T-Buff

M

-

ECR: 0

No Empty Cell Request
Active

X : “dont care”
-: “undefined”

Fig. 4-6: Transmitting step of case (vi)

2.1-5 Overload control of ACCI protocol

ACCI protocol = overload control & & j&-z >+ 3 NS # F-Buff p &

wencells 2.7 3 4248 & 1 threshold & » & & =« *t & % 2+ 3% threshold & >

3 fE3% NS-bus interface ¢t p* % Alarm Mode » * 2. » BIfE % Normal

Mode -
% — B NS >t Alarm Mode p# > B H & 7 2530 4p & 3 % ¢ bus

o H b5 NSs % 1) ECR (Empty Cell Request) & 3] 2 F-Buff p & cells

e p o] *t 3% threshold & > ® % 1&%4f = Normal Mode p= > i 1) ECR eh# i®
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oo A2 3% threshold & & A P erE Moo ey At NP ER % B NS

grd b psE F i1z NS «round trip delay 5 P i time-slots » ®* F-Buff =
Size 5 S & cells; =% - B &> Alarm Mode <7 NS » H ¥ 112 ECR &

Tv E & 3] empty cell crpF F k45 € 2_P i time-slots » #1224 i 7 12 {2
% % B f23]3% threshold & - = F | 3% S-P> 4ot 4 7 @ 4. overflows

%4 @k Cells e & o

Bt 2ot 4 5 e ACCI protocel i & 4%t twin bus % H =tk )

2 v A F-Buff + 803 andi 415G w B P R % 2 44t protocol
gz 2 Tigee s REE R ERedlH - 2 v Rk RR D ES 2R

(all-optical) s p &0 7= T F-Buff ‘Alpt % * § o buffer m 2 {8 2V i 93k 31 en

protocol #-* -k &3 Buffer & 3 & » 2 & {5 24 i 7= ¢ 0 simulation . % %

’~

BedE 0 B 2L PR &5 P o
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2.2 The RPR Fairness Algorithm

Resilient Packet Ring (RPR, IEEE 802.17)[2, 3, 4]¥_- ¢ IEEE
802.17 RPR 1 i®-] ' #74] %_s7 ring-based network protocol - RPR #_- f& i
o TRk ok R R R ;U‘Ih;mﬂ ¢ — i% link failure > frame »¥ ¢ ¥ — i% link
#i2 H destination s iz~ &£ 3 A P fLE 5 Resilient é9k F]; ¥ RPR &
Spatial Reuse[2]=4F 4 » & ik,%’j; station < |- ® destination % p &
frame p# > P|3% station ¢ #-frame #% K,ért M A E_FAF Q3% frame shp F o0 &
o ke 5V K E 6 ostations BF A1 o FL A R OFTAT LR R A
Pl 7 e R BiE ¥ BEIFCRE AT RIRIFE Bifte higEg
B oo

RPR #- traffic » = = @3 s L class A 2 £ 5 low-latency r %
low-jitter » class B | ‘g & # gL latency 2 % jitter @ class C B #$x best
effort e V@32 > st H e latency 1 %2 jitter ¥ & =@ %3 @a H ¢ class
A i traffic :B¥ 4~ 5 A0 % Al class B B+ 4 %2 B-CIR (committed
information rate) 2 B-EIR (excess information rate)  # s class C 2 2 B-EIR
P % fairness eligible (FE) » &+ FE traffic #&-d 2% i 2_ {$ 21 4 % 57 fairness
algorithm #t4=41; ¥ # ¢ 4% A0, Al 2 2 B-CIR #7F a7#ig 5 & SR fg L &
fer B P ALIRT S AO R B 5 reserved (rRAR R TR AALRR *F R R F

% H s class eitraffic ¢ * )m %9 % Al 2 2 B-CIR <79 % R = reclaimable
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‘FJ#%;U + traffic priority A ig » L ¥ 1 B % RPR station 11— &

dual-transit-queue station 7 # % 7= [2] - (Figure 5)

®©

® |®

Yy Y Y

PTQ

v

®

5 STQ >

—

®

Fig. 5 Ar.chihtecéu;e‘of RI%R station
H ¢ PTQ (primary trénsitdﬁeune-)-’** 17} *z high-priority transit frames
(class A)m STQ (secondary transit queue) P 5 < class B 12 2 C = frames °
2 d PTQ 412 entraffic 28 & 3 & B 0 priority 2 2 iF class A s traffic 7
delay + enZ > @ H 4 queue = priority 4c Bl | F] Bl42 5 e F #7151 ©
BT kA R4 4 RPR AU fairness B AL o4k D eiE B 2 R A R
RPR Fairness Algorithm . & 4-%F buffer insertion ring st 4 2 1¥i2 22 > f
buffer insertion ring 42 # i station ¢ & 3 — & buffer % ¥ i¥ transit queue >

= & i station access &1 ;353 B & AR P| > T E station § data &

i

(3¢

PF % & I transit queue = empty PF - ¥ @i ¥ £~ % transiting frame
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% station © & &% data pF4<iE - P|3% transiting frame % 2L %773 % transit

queue - (Figure 6)
— Active data path

- Inactive data path

A 4
v

Transit queue

Add traffic into the

Incoming traffic from ring
the ring

Fig. 6: Concepts of Buffer Insertion Ring

B+ 28T 50 stations F) & _F e traffic =

S
—_\
—\

I K MU
% m 3 3% starvation HIL % # 4 - # RPR fairness algorithm ¢ p e§_#-7%
i+ unallocated 2 2 unused reclaimable #7 % ¥ o> T eng fiz » & LA 5%
* @i FE traffic o

% — 1B station 5 transmit link #7 %% = pF > Q) 3% P fL3% station 14 2 3%
link = congested » ¥ * p¥ RPR fairness algorithm :#-¢ &% o 3% i w12 f20%

% B f2 3| congestion & # ek F)1H_d 3t i% station 12 2} 5 FiT fostations

#ri3 = e & At RPR fairness algorithm s0i% 72 §_d 3% congested station
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A} 5@ i% fairness message ' &4+ H congestion - 4e Figure 7 #7577 [2] o

Congested: Data is
waiting to be added

Congested: Transit
o queue is filling up

L

p A

Congested: Sending fairness
message upstream

T
T
|

F

—— Active data path

———— Inactive data path

Fig. 7: When a station becomes congested: Sends a fairness message upstream
T 3% congested station F 1345 P w0 e gL ok it B J — i fair rate >

-t

fair rate #-i% 3§ w0 i #73% | e fairness message /At PR L AT i
congestion 3 # cstations - @ #7F 4 F| ¢ fair rate 5 stations F 13 3% fair

rate 4 33 FH FE traffic 0/ £ ; 2% i f£3% congested station 14 2 #75 4z 3|

+% fairness message ¢ stations # = — i# congestion domain e
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Yy v

Head
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Distribute New Fair Rate

Fig. 8: Congestion domain.-of RPR fairness algorithm

4c Figure 8 #77r [3] » node 0,:1;2;-3 #1ix 2 traffic 35 ¢ {i% node 3 £ 4

¢ B2 link i# = 3% link congested># #* p* 2% i £ node 3 % congested domain

Z2_head > * ——’F! s /FT 5 j‘] %‘LE drp 7 A 2 e fair rate 73 I #-p+ fair rate
P lii]
R g - [)E3 station [ I, m igi M

A 5By ¥% congestion domain 42

congestion & + 2 station st i RIALH 5 tail > v B2 Jf 4 j¢_head B 1EiE %

71 fairness message #% % °
* RPR fairness algorithm &%t ¢+ fair rate (@ L7 3 & faff (TH > &

| % conservative mode 12 % aggressive mode[2]; & 4% i¥3t conservative mode

P » congestion domain #Z:5 head station < Zf & $lFx 2 #r3 domain AL
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stations % 7 o RH BEE AL fairrate A ¥ OUR RIp P ow R D
SRR @i - B Franfair rate o @ E F B (73 aggressive mode B - 2% head
station B| ¢ - B FH FpE g ¥ N - B Fran fair rate 0 B OF)FE %32
congestion =g % i 4 & ok o

Bt Apear 4 % o RPR fairness algorithm S # > B Tk Sk R e 5
+ > AR B station 42 F & 4o+ — 4 F erbuffer & AJZ transiting traffic; 4-
- & % traffic #5:£ 3 destination 2. % A& % { station % F ik T gk
dopt — kA 5}1? i )J-* € A4 - BIgFEa X D) b E B ostation B
& F e boag 33t E 0 fairrate g i o diept Aocost F AT s AX LT e
FIp T - AR AR P ki 50 E - Rk R 2k

¢ access protocol » T f 2 fp #73% e protocol 4 traffic ¢ source @iEx

Jé

4~

destination hiE 2@ ¥ % T B % 4 chk T o F T it F

7 Z d 4F feeo fair rate estimate

=t

incoming packet 1T — & X|%775 (T2 & ¥ >

% if 3| fairness e p 41> &k A& B station %5 32 B P YA K bR AT B o
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2.3 Individual Wavelength Switching and

Photonic Slot Switching
BV TR 3 chTR ok e e Y o & B node h%E 1% cost s £ ¥
£ * IWS[5] (Individual Wavelength Switching) node 2z 2 PSS (Photonic Slot
Switching) node = —‘F'f e
H kI > IWS #-# % wavelength 4L 5 H jpen B4 kg2 ¥ 5= B
wavelength 3=2d %] % £ & fhpacket 7% = * f£— % packet epFF £ & 5 -
® time-slot> = &% & node #2737 7 de-multiplexing 2 multiplexing 8 %>
P & i wavelength 7 i ]2 f@switch 2, ~ %] 2+ i wavelength * #73¢

packet ¢ header » 4cpt — &k F} 4 Z @ * $] wavelength-sensitive s i2 & sy

Bocost Fens & g el S8 AWS B & 2% wavelength #73% en
packet 7z § A%l is { ¥ #5% wavelength 77z £ i@ * » z# & 7| Spatial
Reuse e p g m @ (F4F B ehid * F i 4F o 4o Figure 9 #7757 » node 1 & *
A, #-packet @ % node 4> ¥ node 2 i¢ * A, %% packet I node 5; @ § 3%
slot #5i£ node 3 & » F] 5 A, #74" 5 packet = 4% node 3 #7444 F¥ node 3
¥ #3Zh £ i“f v w77 slot #5:% node 4 pF > node 4 if ¥ i * Q BiX
packet & node 6; F3IZ node5f-6 & B|fc™ @1 p ¢ capacket ¥ R e

g
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Fig. 9: Spatial Reuse of IWS node

B2 e 1 g 0 ‘Phatonic -Slot SWitching (PSS)E_12 95 Photonic
Slot Routing (PSR)[5, 6, 7, 8, 9 and 10]=r2e Jf#-i Tz 2z > Fpt 34 i L PSR
iT— B @ 4 - PSR &_time-slotted"fe ‘data '~ Photonic Slot 1 ;¢ &% » &
® Photonic Slot & 3 Hlz ek B2 d #75 ¥ 4 ol L orle s ¥ 4

Photonic Slot 42# i j £ #7§% 7 packet 2 destination node 3¢ F 4a fe » #

A e -5 B PhotonicSlot AL Z HE - » 2 ¥ A &|enB M2 A2 @ A5 B
intermediate node & % 4* ¥+ 3% Photonic Slot 2 T2 ¥ & 2 Z & o

de-multiplexing 12 2 multiplexing =# it > ¥ 7= 72 Z 4£-44% B packet =
header 2 T2 » % 4] * wavelength-insensitive e 2+ £ & » 4o

P -k Aocost e AW UG osRE K A@ d 3t PSR f destination
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constrain > ¢ i ¥ AHf F ¢ chig * F % i o e Figure 10 #757 > node 1 i *
A, #-packet @ i% I node 5> ® F] % ¢t packet i 3% Photonic Slot #73z » éh%
- i packet » # ;& 2_* slot z- destination node = node 5; & § 3% slot #:&
node 3 F¥ > node 3 #ci¢ * A, #%-packet # 3 node 3 ¥ §_F] 5 ¥ :% slot 2
destination node # I - zx3% packet @ 2 §* 2z slot @ @ <A F AT §
3% slot #%i£ node 4 p¥ > node 4 #7 & # 2_ packet zx i#:i% 2 node 5 & H ¥ 12

i€ * 4, % packet §* » - & & § 3% slot ¥ node 5 &£ ¢ node 5 ¥ Slot

Erasing 7#s {F o

To node 5

To node 5

To node 5

!IUE —3

Tonode 5

To node 5

2 [ —>

Fig. 10: Destination constrain of PSR

5B PSRAMITE ¥ ok o B AP LK Y SR PSS
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#- destination £ constrain £#- > 7 ¢ 4 packet 7 & BEPF > T & FE T
wavelength i ¥ & * ¥ J-packet §* » ¥ i& @ #7354 «hintermediate node *
Z 41 % slotcopying e s BiZ slot4F W™ KA 2R p e 1 ek £ > @ §
FE T5% slot #75 ¢ » fhpacket 39 IR 0 £ 4 B g - B node § ¥
slot erasing 1% i® o 4r Figure 11 #75+ > node 1 #-# ¥ I node 4 7 packet 1~
A%~ o g 37 slot 45 node 2 pF - F] 5t pF e 32§ destination £ constrain >
7 node 2 ¥ 14 #-H g @ % 3 node 5 7 packet r4 A, §* » 3% slot - @ slot 4%
i# node 4 pF - i ¥ 4] * slot copying 7 it #-3% slot 47 @ ™ X ¥ node 4 7~ ¥
Ry @ p e enpacket 0 Bufd ¥ sloté- node 2 @ i% 71 packet i 4% node 5

B> A d node5 #-:% slot erase o

B Slot E msinif

Received by Slot
Copying

Fig. 11: PSS (removal of destination constrain)
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Chapter 3
Proposed Protocol
3.1 Network architecture and format of Photonic Slot

BAPERHE AP BRSP4 - Bk kR

=t

Beoom gt - gt A& d n i node “TiE = - node £ node B i i F 5 k4
PRGBS - BIRA) R T B BTSN g i S A h § AT

¥ R E H R 7T node ¥ node Y WV S - B E T e B YEd

¢ »m -+ B node KT ¥ £ %16 K% £ 32 K T sub-nodes- 4 Figure 12 #157 °

Node 1
=
E I Node n = g
I- .
¥ .
Node 3 [ ]

Fig. 12: Network architecture

28



SRR ZEHET 18R WDM (Wavelength-division multiplexing) srat i
b iEReR X W BRAEFT > P &2 0B sub-node FRE G- B
fixed-receiver * ke fodr Tk & #rt 2 T 0 sefTy FriE 3% sub-node 2
traffic )]bu B Tl £ RaAi#iE o 43k node 3 & T 2 sub-node 1
Rl A 2 & 0 Bl E_node 2 & T 2 sub-node 5 £t % i¥ data i3 0 B

& fhM-data 5B R AF @3 node2 ff5d A /Lnode3 Bi% o @ %

&

s

#f ¢ 532 node 3 p+ > node 3 £ Fd & A374t e 2 header »|¥7H £ & i
2_sub-node 1 i&m #-A4 fEH @ /LT #i% % sub-node 1 -

voA L

Bt ST Z BHERAREST ot P BERRRR R VR &
#cp & % node & T sub=node srlicP Apfesc ¥ A& B node P 4L¥t A e en
A& 2pe ¥ 3 % o0 buffer 25 K sub-node #7i# + %k chtraffic > 4o3% data
AR A @iE s Bl g AR T A T & buffer p £ 518 transmitter &%
data © A, el £ BiEAr b ippepe b oo

@ w[9]iz & paper 423 ¥+- i Photonic Slot = format i f§ 4 > 4= Figure
13 #7717 o 2 ¥ F WDM channels #_¢ - % i# Photonic Slots b’“r’fﬁéi e &
i# wavelength i+ # — i channel @ Photonic Slot ¢ -+ iz wavelength ¥ 12 §% -
i# packet - * Photonic Slot ¥ i slot header ¢ %7t * — Bt & 2 K > @ 2%
header ¢ :z#'— & information 4-vRit b £ i3+ & * » £ & 4 PSS & s¥ v

¥ 3214 3% slot v destination; ¥ ¢b %= i packet 2 * 7 F*t3% packet i
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sub-header * % =" K> 2% packet shinformation- & {é 5 7 #F 4 Photonic Slot

¥ iy A 2 endilation 3% o 3t= B slot (5 & ¢ 4c - EX padding e

A Slot header
A, | used Sub-header data
padding
4 | used Sub-header data
A, | used Sub-header data

Fig. 13: Format of.Photonic Slot
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3.2 Proposed protocol for IWS
3.2-1 Basic concepts

Bt AP g A1 iz B protocol en P e K Y A fEA4-F e Es load 7 T
P ¥ i € 3 = R node F] i £ 7 3| access opportunities #7472 £ fairness
PR o TRt 4R4FIE B 2 FIAP G 7 insertion credit enfgiE o R WA K
% % % node 15 H 5 node 7 & ¥ & 0 traffic m #3X:% node A 2
starvation 3R % B> 7 ¥ 14 3% i insertion credit i& T % 4] J& ¥ access ¢ ¢ o

2 OF G R v A eTa et ehie it 8 4 A all-optical vt 1) E
RRLenP o g B3t ACClyprotocol # * F-Buff % #77F incoming
cell » 2 i -7 * optical delay line[12] 53 & 2 £ 7 optical buffer e p &3>

X HEFBL 4o cobuffer A I bipmdiafis FAE L EFEEE I - B S n

A A IWS ke » F15 &% B node ¢ 5d de-multiplexing «é i+ #-
& B £ A B fER IR s £ multiplexing @ 3% 313 o At A ATt
dvenfe i & Bl £ e packet 31 ~ 2@ ACCI protocol #7# o) &

access cycle Pz 4 -3 & B4 & + 3375 access cycles k¥ +#] node access 77

il
|

% » & i@ access cycle ¥23 — =t access opportunity; % channel % idle p*

node & i¥ packet ¥ random access © @ % channel 3 busy FFp]H ¥ 12 %ﬁfé

-

L%t p w incoming packet £_F % access cycle 2. head % ¥ packet insertion
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?‘“

g} X - incoming packet &7 75 ** optical buffer p o

{771 R ehH 22 ACCI protocol # fr enf_pt st 7938 * optical buffer
% ¥ 7 forwarding buffer /24 & %]t packet i& ~ optical buffer p — EpF R
%éif— TR o F AP - 212 incoming packet m % 12 optical buffer
i “F%ﬁg?l dven packet &k 2| %7-E_F ¥ ¥ packet insertion; ¥ JLEERTA 4
packet F] 5 Z & ¥ & 3| optical buffer © §3& * — & delay 377/ &2 i
IR A R g enp e 7k 2 optical buffer 7+ 7 g packetﬁig,] '@ 42 outgoing
packet st - # & 7 @ 4 packet -7 loss » — & optical buffer p 3 packet
TR B - 2% packet £y B RLfE BiX, A ATA 2 o packet
i ¢ incoming packet B2z~ optical buffer px. -

B 18 B > 4 overload controb em2Roa > ] 4 At AL H - 2 o
TR P R 0 & A o 2 4o ACCI protocol 4xv 12 %ﬁd A A5 iE )
Empty Cell Request % i ¢. 2 F-Buff shoverflow; =712 2% i A pt enie2 £ %
% optical buffer p 4% 5 packet % | e‘rﬁi;f] ? gt pF 3] incoming packet 3
empty & > ] 5 5 "% i optical buffer e g §% > 27 $$3%7 empty packet
T random access =# iT; 4ot — K F - B time-slot FF R 45 {8 > optical
buffer -+ regs & — 1 packet &7 *2 M H buffer /& §* iz & -

@ % % incoming packet = cycle head m % & 3% {7 packet insertion %

i pF > L pFE optical buffer p 7= & & 33 eh % B 73 2% incoming packet 1 %
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insertion packet » ] st ff’ﬁ.%% #, 17 3% packet insertion e# 1F 12 g 4. packet

e110SS » 2w e AR A VY 2 (S T o

3.2-2 Node architecture and removal mechanism

At AN ¥ A% B packet #rEusk & ¢ sub-header p 4 b - B

cycle head en2 %148 4] » 4o Figure 14 #1775 o

Sub-header
;L’jfc BSY CH data

Fig. 14: Packet format of IWS

H ¢ Busy (BSY) bit £ gtk B F T4+ > F BSY=0 % 7+ packet

empty> & 2. ¥} packet §* »ZZp &R BSY 5 1; @ % Cycle Head (CH)

i

% 1P » 4 57 3% packet % 3% access cycle z- head » # % #* packet &if & B
active node p¥ » B3% node ¥ 1 & 0t #-H packet insert + k > @}t oinsert 2
packet 2~ ¥ incoming packet = % 3% access cycle z_ head » 7= =& B 374 4
z_ packet # CH 355 1; @ ' P4k insert 2. packet Z #-H CH:x % 0 & 7
H =4+ access cycle zZ o

0 F A2 W Ak Tl ehaccess cycle #2 4 B R * >t all-optical 0k

B ¥ o b® B IWSnode # 24 i/ 40~ optical delay line & 4% 2. % »t

ACCI protocol p F-Buff c74 ¢ » = 4% Packet Buffer (electronic) % i i
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sub-nodes @ + %k ® ik & @ i% 2 packet o (Figure 15)
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Fig. 15: IWS node architecture
YR ATm 0 f - Bk & HEidt 2 packet #5iE node pF 0 T 03 e A H

header % | %73
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packet ¥_F % 13 » optical delay line p; ¥z E_ > F
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* Iz E 0 FElmedh BRI e T 2.3 & chFigure 9 P o

3.2-3 Access procedure of proposed protocol for IWS

2 0 3V e P Bt Rt ATk ) e protocol E#-E L& P AT b
packet J& * ACCI protocol #2 & >+ access cycle si+#%£ 4 » ¥ F]J& optical delay
line e 44> &= B node H access e{7 7 #-= > d incoming packet #1;4z_
% F 3t 2_ 5 ACCI protocol 2 F-Buff p &% %5 e0% — % cell #7742 “f 2t F-Buff
P 5 cell BF 4 4 incoming cell j&-z_-

S0 EE e 0 3N — K - access e (T 4 A4 L 14T ehcase (Tt 0 T
r1 T case (i) — (iii)# 7 32 % 3k Packet Buffer p 3 data & * i#:% :
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poiv 3 & 49 ez B 4417 packet chinsertion > B2t BF node AT A # ¢ packet ¥

%g\z! insertion 2z » gt + > @ #-incoming packet < » optical delay line p %
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LR hdE > b pE A ooptical delay line p 7= 5 ¥ &t 3 packetﬁi%l
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i
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delay line pr  #-incoming packet 2. CH bit :x % 0 -
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P ¥ 12 i3 optical delay line mﬁi%] dkiE 2 € packet collision s 5 de

Figure 16-1 #7751 -
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meQ

Packet Buffer

(Electronic)
Fig. 16-1: Transmitting step of case (i) for IWS
7 packet ﬁi%l J1 e 4 o1 2t %) optical buffer

F 2. > % optical delay line ;2 5
empty » Bt pF P F R AT A 4 0 packet ® ii:-ﬁi%] 41 = % outgoing

s
packet> ® incoming packet #7 13 » optical buffer p #7% delay £ > 2_ delay line

I #-H CHbit 2=z 3 0 - (Figure 16-2)
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Fig. 16-2: Transmitting step of case (i)-2 for IWS
T it 2P At 3G B Ry incoming. packet = cycle head BF - optical

buffer i3 & 43 chz FF X %7 incoming packet 12 2 new inserted packet; »
z_ » d *t optical delay line s42 s+ p= optical buffer p ¥ 5c ¥ 5 - B Z &+
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Fig. 16-3: Transmitting step of case (i)-3 for IWS
(i) incoming packet # % empty ®.% % cycle head pF » B gt pF i3 3%
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ﬁis?l JVpE > & o7 %) optical buffer p & packet #77F o g Y F K%
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Optical Buffer
(i) @ @
BSY =1 BSY =1 From Opfic:ll
—r E CH=0 ]| CH Delay Line

: Active path

X : Don’ tcare
-t Undefined

s =
EPFE
Packet Buffer
(Electronic)
Fig. 17-1: Transmitting step of case (ii)-1 for IWS
Incoming Outgoing
BP;:IRNI Packet Forwarding Packet
[BSY =1 . [BSY=1
© [[cH=1
Optical Buffer
@ ()} @
f=] =
g Mg —X’
% = —: Active path
X : Don’ tcare
- ¢ Undefined

Packet Buffer
(Electronic)

Fig. 17-2: Transmitting step of case (ii)-2 for IWS
*% 1< optical buffer it %

)

% packet & {F

(iii)% incoming packet % empty & » B # i %
F

A7 B ¥ ¥ ¢ optical buffer < overflow: ¢z % optical buffer p
#ij &1 pF o )73 30 Packet Buffer b 5 data -7 & 5 21 (Figure 18-1); + 2 » %
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“ %] optical buffer p & packet #773 pF » B2 i 7 1238 new generated packet

= % outgoing packet 31%] 41 (Figure 18-2) -
Incoming Outgoing
Packet Packet
Optical Buffer
@ () (i)
BSY =1 From Optical
Delay Line

: Active path

X : Don’ tcare

FzE
® a
Packet Buffer
(Electronic)
-t Undefined
Fig. 18-1: Transmitting step of case (iii)-1 for IWS
Incoming QOutgoing
Packet Packet
Optical Buffer
New Packet
Insertion
EPIE
B £ : Active path
X : Don’ tcare
- : Undefined

Packet Buffer
(Electronic)

Fig. 18-2: Transmitting step of case (iii)-2 for IWS

(iv)rs + 3% i 323k Packet Buffer p 3 data % # @ i% > @ % Packet Buffer
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M ¥ & data & @i¥pF 2 incoming packet v 2 5 empty BF o Rt pEA e
# s 41 #-incoming packet 1§ §

LA

% 4R p = Optical Buffer % 7 packet &

forwarding ¥ (Figure 19-1 > 19-2)
Incoming Outgoing
Packet Packet
BSY =1
CH=X
Optical Buffer
@ ()] @
BSY =1 BSY =1 From 0|)§ili:l]
CH=X ’-(HT’(I Delay Line
@ (@
()
wEd
B : Active path
Packet Buffer X : Don’ tcare
(Electronic) ’
- : Undefined
Fig. 19-1: Transmitting step of case (iv)-1 for IWS
Incoming Outgoing
Packet Packet Forwarding i
= [BSY=1]
TLCH=X]
Optical Buffer
@ ()} @
@ M
\ @
wEH
== : Active path
Packet Buffer X : Don’ tcare
(Electronic)
- ¢ Undefined
Fig. 19-2: Transmitting step of case (iv)-2 for IWS
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3.3 Proposed protocol for PSS
3.3-1 Basic concepts

% k>t IWS node 7 #-% i photonic slot 4§ de-multiplexer #-#73 i &
fER e > Bfs £ %ﬁfd multiplexer &% 13 ; 4 PSS x 3t3@ > node & &
44t B photonic slot 2 12 & 17 2 B2 > o fpt AP Ar 3l g0 access
cycle $£ 4 #-4-%t-= % photonic slot @ = » 7~ =& i photonic slot ¥ % access
cycle head &' i+ *+3% access cycle z_ pr o

4o fe 2o 3 WS #74% 3| eni®jx > gt access cycle #-iv3¥ % node 7] i

il
|

channel 3 busy p¥m & ;% %% data, 7% > % & access cycle p # 14 75 o
insertion @ ¥ I access tHf € o A EIE EILE A F] L A AP A ER
photonic slot 4 5 — 1 % ¥4 ZjenipAlk mJ2 > 7~ 9 incoming photonic slot
PP AR e AR oA PR A AR o s node F AL %
hipacket £ * & A '3 packet ik & pF o A F @& * coupler #- packet
for3zak £ 2 2 F 454 cycle head 2 & iF insertion; £ 2 - § - &
photonic slot ¥ & ¥ » node 4 3R.3% slot 42 gk i * et £ © %5 packet =% »
P2V e i) A %37 slot £.F 5 cycle head &k & 4 — 270 photonic slot
7\1\;\ A% @ 3% 2_ packet ¥ i® slot v insertion -

Flpt 7 Bt 2ow IWS #13& 3§ node A& # < packet s ;> access F 2

pF oo 8 K %73% incoming packet £_F % access cycle head » i ¥ ﬁ\;’ packet
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insertion #-#1 & 4 £ packet *x » f it o & PSS 4Z node #-- 3= packet §¢ >

incoming slot 2. & * & * ek £ > 2 (S40% 5 packet &7 BiE 3 o pY
AP 2 ¥72% incoming slot #_F % cycle head; & % cycle head =52 ¥ 2 &
4 - i@ A7 photonic slot & 2 # »% Kk V704t & = access 2 & packet

M 4o fe 2o m WS eni® 2 > 24 i 7= i % optical delay line = optical buffer
X7 F-Buff =4 ¢ ; & incoming slot *2 2 new generated slot #-4i optical
buffer s}k jw % e3¢ § < forwarding » 7= F*— & optical buffer p 3 photonic
slot & ﬁi%l dipFEs 2L - 228 2% slot = 5 outgoing slot 2 i#F 4. packet s loss; e
FF incoming slot 14 2 new generated slot:g] < ~ optical buffer p #715 -

& {s B >t overload control s7338 i 2N 8 crie 2 g2 2 w0 4% IWS
# et o g i o T F — g "lempty #h incoming slot #:E node FF > %
optical buffer p 5 photonic slot # 1 73> B| 5 7 "% X optical buffer 7 load -
i -2E b node £ 2 A7 photonic slot -4 packet; * % incoming slot
= cyclehead p& > pt %] 5 F & & 2 Arehslot %R @ % @ i% 2 packet pF

sfee 2 4 ooptical buffer 4 R 33 ¢h7% B % 3% % incoming slot ™ % new

generated slot z_ =+ #% ™ > 4 ¥ #4 {7 new slot e insertion » 3% 'm access =/~ 42
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3.3-2 Node architecture and removal mechanism

F] & gt A H 4%+ B photonic slot 4 ~ access cycle (PE 4 o st
i #-7A & B photonic slot =57 header 42 4c » — B ¥_F % cycle head 2| %74
[9] (Figure 20) -

Slot header

Other Slot
A'U BSY CH Information
A, | used Sub-header data
padding
4 | used Sub-header data
2, | used Sub-header data

Fig. 20 Slot format of PSS

4o B #7o Bust (BSY) bit * &k 2| %73% photonic slot £_F % empty> 5 BSY
» 0 & or3%zslot & empty » 7 H b org L £ 39025 kL iz e packet; @
Cycle Head (CH) bit f] * & 2| %73% slot £_F % access cycle sacycle head > 12
i* 5 #.F A& 2 57 photonic slot % ¥ insertion ek 45 » % 3% slot 2 CH bit
» 1 P R] o3 node #-A ic i@ 3% 2 packet 4 & 4 A7 photonic slot % /it
FAE R R 47 ATA 4 o0 photonic slot 2 CH bit 325 1 % kB
incoming slot H cycle head =3+ i+ &% ¥ )= — { #7<access cycle -

@ i 444 PSS #r% ) e node architecture 74 Figure 21 #777 ©
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Header Processing l_ —_—— e — — — — — — — — —_— — = —)l Control Unit |

. o ¥ . g |
v A=A, /1‘ i Y
— splitte Slot > ] y R
Copying or Coupler 2 i A A >
Erasing | =
%E Photonic Slot
o — Coupler ~ 3 Switch
'2'1 — A, —»]

Packet Buffer
(Electronic) ;]1

1X2 N
Pl\“ﬂth t/ﬂx W
1X2 I: - e
l—)l o . Optical Delay Line
Fixed 1X2
Switch

»

|H~

v

Fixed Receiver

Fig. 21: PSS nade architecture

% — 1B incoming slot #:£ 3% node F=. ’ti;ﬁd splitter 2 H header
& 1937 slot 4p B en 0 0 2 F]RRZiincoming slot ¥ i ' 3 ® % 3 3% node
packet =112 %ﬁfd slot copying $#g2~2c@:% % p & ehpacket: ¥ & & Fg 3% slot
+orgtehpacket 32 ¢ iR X i (80 B e B 5% incoming slot F erase e (F e
T kL d header 17 Freh | Eriv 4 R L £ T P 002 3% slot £F 5
cycle head » & % cycle head R node & ;> access + 4 2 packet =+ & 4 37en
photonic slot % -&k§% » & & x| * optical delay line % %+ & /2 = ?r’fhg?l 21 e
photonic slot -

@ %3 >t slot removal s 4] » 3V i e 3 2.3 &3¢ 218 F L @tbfjﬁn %1%

Pt o e ZF SR Figure 11 -
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3.3-3 Access procedure of proposed protocol for PSS

Az a4 G AP -4 4EE B PSS node £ access procedure (T3 0 ¥ 4e
e 2_w IWS #73& 3 50 5 7 )& optical delay line & ;= X A # 13 photonic slot
s > F]gt AP e incoming slot £.F 5 cycle head k i® 5 4 node 7
packet & ;% @ % ¥ §_Z #4 {7 slot insertion i J5

fe 4% 2% 79 - access procedure & 3 2T A B case iT4E3t 0 H ¢ A case
(i)-(iii)# i 38 * Packet Buffer p 325 packet % & @ i%> ¥ & pt 3% P 32K
optical buffer p 325 photonic slot % ,a‘rﬁi;-l

(i)% incomingslot # 3 empty;: % cycle head p#> P 4 node - #- packet
i+~ incoming slot b 5 X A& i * gk £ 42 5 3 node 7§ A (B i £ packet
Tt A 4 - B ATdphotonicstot Rk ' & i @ ix 2 packets ¥ ¢t slot
2. CHbit % 1> F pF3% incoming slot 2. CH bit 7~ Z zx 5 0> #& 2\ i* 12 slot
% ¢ % 24 collision 5 J B #-incoming slot 12 2 new generated slot 2z » optical
buffer p if 4 «hi= % > ¥ 3K optical buffer p ﬁiﬂ 41 2_ photonic slot == % outgoing
slot(Figure 22-1) - @ 3 &_optical buffer p I & slot #7733 ¥ » B 2% 7 € & new

generated slot = % outgoing slot @ :#-incoming slot # 3 >+ optical buffer p -
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Incoming Slot Outgoing Slot

7 [CH=1] H=X

! — ; S——
2 Optical Buffer
S— i S
(@ @
New generated S From Optical
slot Delay Line
_ | Fixed . | Fixed 2 Fixed
Al Tx " Tx Pl Tx
3 L) ) ———: Active path
Data Data Data

X : Don’ tcare

Packet Buffer
(Electronic)

Fig. 22-1:-Transmitting step of case (i)-1 for PSS
F Z2_ > % incoming slot &4t & * 2 &k fj‘%»&u AL #r3 node &t 9% 2
packet - R 2% i i F - packet §¢ » 3% incoming slot * *z »~ optical delay line

g2 =8 oA @A CHbit (F5 » pFst i3 & f A 24 #renslot kK

4 & i access 2 packet)- ¥ & optical delay line ﬁi%] 41 2_ slot = % outgoing slot
(Figure 22-2) - f= 32 » & optical buffer p # & slot % 3 B[3% incoming slot ¥

% 4% forwarding = % outgoing slot -
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Incoming Slot Outgoing Slot

" T
Optical Buffer
P T
\
5
~ 0
|
~~L (0] (1) @
= — - CH=1 =
% o From Optical
Delay Line
() @
| Fixed , | Fixed 2 Fixed
Al Tx Al Ty A oTx .
* Ly x —— . Active path
Data Data

X : Don’ tcare

Packet Buffer
(Electronic)

Fig. 22-2:-Transmitting step of cése (i)-2 for PSS
B {é » % node ¢ #-zr @a¥2 packet #' »~ incoming slot p ¥ * 2 jt & @
i3 packet F3Z k& b ¢ %5 packet @ &2 9 ixpFo @ b pF optical buffer
pE - Bi® F ozacslot s Pt EFE S T 4 optical buffer 5 overflow >
I i 3% incoming slot % cycle head ' 1 i5 4 7 & 2 ATenslot kKt X it 1%

Z_ packet (Figure 22-3) -
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Incoming Slot Outgoing Slot

A =
Al i
Optical Buffer
o CH=X
@
From Optical
Delay Line
_ L]
(0) @

_ | Fixed y Fixed 2 Fixed

Al Tx 3 Tx Gl Tx
3 L) ) : Active path
Data Data Data

X : Don’ tcare

Packet Buffer
(Electronic)

Fig. 22-3:=Transmitting step of case (i)-3 for PSS

(ii)% incoming slot 7 Z<empty 7 4 % cycle head pF » P|* ¥ node &+

Y

g @ 3% 2 packet §* » 3% incoming slot ¥ @ * 2 L& @ # 5 packet
@ 3% pF 7] 5 3% incoming slot 7 % cycle head » # & /2 %ﬁ?é # 24 #7¢h photonic
slot % -k §*3% packet - ¥ 3 optical buffer * %] & photonic slot = & ﬁi%l a1 B
AP L 2F 3R 3% incoming slot =8 % outgoing slot (Figure 23-1); & 2 » &t %)
optical buffer p 3 slot &+ # & ﬁi%l 41 Bl3% incoming slot § *< % optical buffer

M if & 2 optical delay line (Figure 23-2) -
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Incoming Slot Slot Forwarding

Outgoing Slot
A CH e (]| o o | — —— ———— ————— —— — — a— A CF} =
Al ] -
A
P —

Optical Buffer

5 Fixed i | Fixed ;"l Fixed
el
I.x Ix Ix == Active path
Data Data Data
X : Don’ tcare
Packet Buffer
(Electronic)
Fig. 23-1: Transmitting step of case (ii)-1 for PSS
Incoming Slot Outgoing Slot
Optical Buffer
e
~
~—
e . 0
- @ @ @
— A From Optical
Delay Line
sl @
| Fined | [ Fixed )__| Fixed
1" 1: Ix == Active path
Data Data Data

X : Don’ tcare

Packet Buffer
(Electronic)

Fig. 23-2: Transmitting step of case (ii)-2 for PSS
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(iii)# incoming slot = empty F= - R 5 7 *% i optical buffer 2. § 4%, %
% optical buffer p 3 slot # # ﬁi%l dpF > W ig 3% incoming slot 7 7 * 2k &

2

& node @ i¥ packet » i v Jp 2 b packet enig % (Figure 24-1) o

Incoming Slot Outgoing Slot
A[CH=-
3 . =
% Optical Buffer
;:E
(@ (1) @
L From Optical
p
Delay Line
i L |
(0) @
_ | Fixed . | Fixed , | Fixed
Al Tx | Tx | Tx
3 A X — Active path
Data Data Data

X : Don’ tcare

- ¢ Undefined
Packet Buffer

(Electronic)
Fig. 24-1: Transmitting step of case (iii)-1 for PSS
F 2 i3t %) optical buffer p i2 3 photonic slot 3 & &1 > RISt i
+F node #-#7 5 2k i@ 3% 2 packet §* » 3% empty slot » 7= 7 i¥ random access £
# 0% ¥ 2EiZ slot = 2 - B AT access cycle 2 cycle head (£ CH bit = 1)

f/

¥ % outgoing slot (Figure 24-2) -

T ¥

51



Quigoing Slot

Incoming Slot
%[CH=- — =1
E—

1
#

25
New Slot Generation

Optical Buffer
.| Fixed . | Fixed i Fixed
4l Tx Ay A Ty <
¥ L) ¥ : Active path
Data Data
X : Don' tcare

-t Undefined

Packet Buffer
(Electronic)

Fig. 24-2: Transmitting step of case (iii)-2 for PSS
(iv)r 1+ 2% i 323k node 5o packetZ 4k @i 2 widr 2 v F 20 F
node i& ix i# packet F & @i pF RISV P 2 4 incoming slot 4%t optical

buffer p = & % 5 slot ﬁi%] 4y 1% 3§ & 0 forwarding =¥ (Figure 25-1 » Figure

25-2) o
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Incoming Slot

Optical Buffer

Fixed

B .| Fixed 2 Fixed
Al Tx Tx 3l oTx
£ Ly )

Packet Buffer
(Electronic)

Fig. 25-1: Transmitting step of case (iv)-1 for PSS

Incoming Slot

/::: ———————————————————
;1 Slot Forwarding
Al ]
@ m @
@ ()]
()
Optical Buffer
. | Fixed , | Fixed 2 Fixed
Al Tx Tx Gl Tx
3 Ly )

Packet Buffer
(Electronic)

Fig. 25-2: Transmitting step of case (iv)-2 for PSS
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32103 33§ A0Ee ) AP AT IWS 1 2 PSSk Auardk
41 e access protocol » A iz 1 & % — 4 optical buffer & :f = i A%
¥t loading fx & ¥ i» ¥ packet insertion 0 p =7 7 7 | 3t ACCI protocol 12 2
RPR fairness algorithm 7 £ % & {# node i¢ * electronic buffer & #13 packet>
F i § 4]+ optical delay line e 44 &k i 3| optical buffer x4 5o, = F]b it
i * > all-optical e e 5o PR sk F g b oenRgFR o 80 E DR @ R DR

2

% i B 181 R A A A& B node 4Z5 4 » optical delay line 473 +
iv & 17 packet 3% eh delay Hhel @ AT - F &2 ¢ 02 simulation k3R
PPt 2 packet delay 2 ZEEEN i ¥ 3R £ B SV @ 4 B SHEF AN g
# 4! e protocol for IWS 12 2 PSS F="R it cns 47 0 RB&EHEN P - B 403k

iz B protocol emp ey 77 W f3 4 4 g loading 7 - fFenfiin T 1 A 4

fairness F* 3% o
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Chapter 4
Simulation Results and Performance Analysis

BE AP A R 2 AP etk g MAC protocol i (7 REEE 0 A 4R
FE % F- B A7 0mm 2t protocol i 3 rkfE A2 w AP Arde 3 i fairness
B A o
4.1 Network parameters and traffic model

fgb AV R gt B - TRk Sk R e B AR F iR S Biche Table 1 Ao o

Parameter Value
Number of nodes 20
Number of sub-nodes 5
Number of wavelength channels 5
Per-wavelength capacity 1 Gbps
Packet size 1000 byte
Packet buffer (Electronic) size infinite
Optical buffer size (Number of optical
delay lines) 10
Node to node distance 10 km

Tab. 1: Network parameters used in simulation
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& A ergr o traffic model 5 bursty traffic» 9r traffic & 72 £ 4 8 - oo
mean arrival rate b’ﬁ;é»‘ » m H_d 3 B state ehtraffic #rie = > dopt — K
pEiT R %2 traffic =k /= & %] 5 high state ™2 2 low state » % &>t high state

pF traffic £ 3 % oo arrival rate; & 2. > % &t low state B B traffic 2

arrival rate # < - (Figure 26)

Fig. 26: Two-state bursty traffic model

4o @l #7om 0 % traffic &t high state p¥ £ 4, 2 arrival rate> & 2 Bl 5 A, 2

arrival rate - ® % traffic »* high state pF-* #{ {= = — =t packet generation %

T $ a5 lowstater = T H i 2 g 4 high state e & 5 1-a;

7@ %+ low State 2. state e i K L Bom H 2 g & lowstate 2 ¥ X L 1- B
d ¢ bursty traffic model » 2% i/ ¥ 12 & 11 mean arrival rate A :

_a./IL—i_ﬂ'ﬂ“H
a+ f

A
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2 A g & d) Burstiness & % o1 ¢t traffic bursty efz & :
: A
B (Burstiness) = —
A
m T 2_ 1 ennsimulation v ¢ A1k * e state transition probability 4 5] :
(a> f)=(0.2-0.02)> * % 4p I srmean arrival rate A © 4%+ % = =57 Burstiness
LA LR A
b 18 NP A N P an R 3 e IWS i i35 - B % 32 % balanced load
T & B sub-node #Tiy L F g+ traffic arrival rate » X 14 3% arrival rate 2 ¥
normalize -
bt Fl i pgt Vi E BAEE -k ez E B OIWS node Ak
fixed receiver » ¥ % B node & T @ 2 3 1B sub-nodes ® X F i * 7 B
wavelength i#:% > 24 i v au Fp* A balanced load ™ 4-%+-# B wavelength

4 % &= B node 2 traffic arrival rate 12 % traffic departure rate 4p % cfF/=

T k4 IEER ket & iKY 2 per sub-node traffic arrival rate > 4o

n : Number of nodes

a : Per sub-node traffic arrival rate

Adrw o g 3 & balanced load AT F a=— B%‘t“ A E B A W

A it g e E_n =20 0 # per sub-node #1it L 3F 2 & ~ e traffic arrival rate
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201> ® e Az 8 IWS 12 32 PSS ers 7814 L & 3 1% normalize -

APy 2o @ Table 1 #74% 31| 9 network parameters 4%+ IWS 2 2

PSS k 3 1T HE > M B fw it o3+ & 412 per sub-node traffic arrival rate
T ARG AR o
300 ’
250
=
=
E‘\ 200
5]
b= T
Z 150 WS
3 / / ~—DS3
-1
5 100
¥
= / /
: 2}/
" : . .
0 0.02 0.04 0.06 0.08 0.1 0.12
Per sub-node traffic arrival rate (1/time_slot)

Fig. 27-1: Mean access delay vs per sub-node traffic arrival rate of IWS and PSS in fully

balanced traffic

4o Figure 27-1 #7157 > gt 24 7 mean packet access delay #1 & % ehg, &

4«‘

.4n & B packet /& sub-node + + @£ 3 3% node 2. packet buffer #f ¢
TI3% packet B I AL BiX Tl et boor g o ) AR E oL G IWS kose e
balanced load % & - § &  sub-node #7#% i e traffic arrival rate % 0.1 = »

PLo b S T fr o S0 2 B A TP A A g2 A R

arrival rate i& 2 ¥ normalize- 7~ =~ & traffic arrival rate 3 0.06- f'| 2 normalized
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Wisenie 5 0.6 -

2 4 Figure 27-1 v i = v 5 &) PSS & %42 & sub-node &~ i 3¥
packet arrival rate 3 0.06 > ¢t 7~ 5k3F 7 2_ w0 S P AR T e PSSk tud 3t AR
® node 42 & B2 28 ¥ 12 i * wavelength insensitive = i % % € cost > X @

"

HOAaE R F 1§ R

AN

FET koo Ao gbet s % s8 4 balanced load & T = B node #tar i 3

\

B ~ ehthroughput i® 4%t - (Figure 27-2)

300 . ;

| |

| l

/ |
/ / ~ PSS

) / /
. Aigrff/ :—f”f/{
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Per node throughput (Mbps)

Mean access delay (us)

Fig. 27-2: Mean access delay vs per node throughput of IWS and PSS in fully balanced traffic

RIS EF g 0 balanced load T 0 & & IWS node ¥ i ) el <
throughput 5 % 500 Mbps > @ % % PSS node B % % 300 Mbps » #+ 7= 25 2_ =

AITR DGR £
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4.2 Simulation results for IWS

BT AT G SN P AR A P 2w 4 IWS #1dk d g MAC protocol 1 -

BT Rde AR 4t protocol 2 ZE A T g0 T B HLE ORI w i
ST e Bl et e it load * T Tk fs T A1 A 4 e fairness B3R o

FAMAPRERZANSRZ F ounbalanced load & T (Table 2) -
protocol ¥+ fairness scigefe &> ¥ AP & 4 g F 5 bursty traffic ¥ 4.7

burstiness & T £ % 73 4p IF vk o

Unbalanced Normalized traffic arrival rate offered
Traffic by per sub-node
Case 1 Node 1 =10 Others = 0.3
Case 2 Node 1 =10 Others = 0.7
Case 3 Node 1,11 =5 Others = 0.3
Case 4 Node 1,11 =5 Others = 0.7
Case 5 Node 1,2,3,4=2 Others = 0.2

Tab. 2: Unbalanced load traffic cases of IWS

e At £ 4 m T 48 unbalanced load =% > fcase 1 59 2 A P ISEK
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node 1 % malicious node » 7= 2 H traffic ;»
PR A T T

protocol _F it 5 PR BLEE; A

node #
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BT oRAPY E IWS kit

traffic 2 4 47 > ¥ 2 ¢ mean end-to-end delay * % &% - &
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W

¢ ¥ # s node Z 2 R

B 2 i arde A en
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Fig. 28-1: Mean access delay vs node index in case 1 of unbalanced traffic
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- = -TWS (B=1)
- == -TWS (B=3)
- - -TWS (B=10)
—+—Proposed IWS(B=1)
*—Proposed TWS(B=3)
_ —=—Proposed IWS(B=10) |

Fig. 28-2: Mean end-to-end delay vs node index in case 1 of unbalanced traffic

- -+ -TWS (B=1)
- -~ -TWS (B=3)
- - -TWS (B=10)

—+— Proposed IWS(B=1)
—+—Proposed IWS(B=3)
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Fig. 29-1: Mean access delay vs node index in case 2 of unbalanced traffic
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Fig. 29-2: Mean end-to-end delay vs node index in case 2 of unbalanced traffic

¢ Figure 28-1 r 2 Figure 28:2 2 %% 1 5 ) . case 1 &A™ » d ** node
1 % malicious node H traffic 7 & 255 < » Tt & (=30 H T g R T 4

THE R < %’K/»\fgw& nodel 4.0 > #c A # starvation eI % > ¥ d

Bl i v 023 4% #3F node 1 2. node # mean access delay 4% < > 4 77 # F]
- B @7 F|access e € i & 3¢ T35 F B fpacket buffer p % it
£ A s B4 Tty ¢ 4 3 mean end-to-end delay %A% 3T

malicious node 2 node ¢ A%+ o ¥ f pt 24P 7r % 2 e burstiness 7 traffic

i 7w ¥ I burstiness A% < pF > packet <0 32 delay 2 ¢ A% < o

=t

m 3 H A erdk 4 e MAC protocol for IWS » 24 i % 108 3 L F

& Bk mean access delay - 2 ¢ %] 5 node 1 % malicious node & 7

F#r5 node ~ Feiraccess ¥ € A4p E h o I 72 € F G A node 1
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FEMLRIT A FoTee ) R FIALF] S NP E* 7 access cycle (g iE o Wi
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4.3 Simulation results for PSS
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Bt AP e L% A B 7 unbalanced load s case ¢ 4 Table 3 #751 o

Unbalanced Normalized traffic arrival rate offered
Traffic by per sub-node
Case 1 Node 1 =8 Others = 0.2
Case 2 Node 1 =8 Others = 0.4
Case 3 Node 1,11 =4 Others = 0.2
Case 4 Node 1,2,34=1 Others = 0.1

Tab. 3: Unbalanced load traffic cases of PSS
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Conclusions and Future Works
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