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8)94)*:6&0"&

• Communication Networks: A First Course, J. Walrand, MG-Hill, 1998.

• Computer Networking: A top down approach featuring the Internet, 3rd ed.,
J. Kurose and K. Ross, Pearson Education, 2004. 

• Computer Networks: A Systems Approach, 3rd ed., L. Peterson and B. Davie,
Morgan Kaufmann, 2003.

• Computer Networks, 4th ed., A. Tanenbaum, Pearson Education, 2002.

• Data and Computer Communications, 6th ed.,  Stallings, Prentice Hall, 2000

• Computer Networks and Internets, 2nd ed., Comer, Prentice-Hall, 1999 

...

• Data Networks, 2nd ed., D. Bertsekas and R. Gallager, Prentice Hall, 1992 
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!"#$%& '()#*)+,+)-+

«;6)<µ=>»:1& !"#$%& $,+ '()#*)+,+)-+ &(*$/4*?+$&) &(= @)&$AB/)> &(=
%4)#= #&) 4*:)<µ)#= (*% /()$6C(*%+ $5+ &+$&44&:2 (456*0*6)-+
&+Aµ/<& </ D62<$/>

• 154/0,+)#= !"#$%* (&6D)#A &+&4*:)#=, <2µ/6& #%6",> E50)&#=)
– '+<?6µ&$& - 7<?6µ&$&

• !"#$%& F(*4*:)<$-+ (G6&0/"&, *6:&+)<µ*", /6:*<$A<)&, Internet)
– '+<?6µ&$& - 7<?6µ&$& 

• '+*(*)5µC+& @"#$%& *4*#456,µC+,+ %(56/<)-+

• !"#$%&:  H4& $& @"#$%& <$56"I*+$&) </ #*)+C> &6DC> 
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J*+$C4* /()#*)+,+"&> µ/$&B? @?* $/6µ&$)#-+ <%<#/%-+

!"#$$%&'(

J/ &0*6µ2 $* <D2µ&:
– F(A6D*%+ $/6µ&$)#C> <%<#/%C> (A#6& $*% @)#$?*%) #&) #*6µ=> ((%62+&>) $*% @)#$?*%
– 1%()#A 6*2 (456*0*6"&> &(= 1 (5:2 (6*> 1 (6**6)<µ= 

(1 (5:2, (*44*" (6**6)<µ*" := (*4%/#(*µ(2 - multicasting)
– 1* µ*+$C4* «(/4A$5>-/B%(56/$5$2>» (client-server model) /"+&) «$%()#=» (</ P2P

peer-to-peer file sharing, application layer multicasting /()#*)+,+"& µ/$&B?
*µ=$)µ,+ *+$*$2$,+)
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7(/%K/"&> L/?B/)>

• L/?B5 <5µ/"*% (6*> <5µ/"* (point-to-point link)

• L/?B5 (*44&(42> (6=<9&<5> (multiple access link)

)*"*+(,&

(M$5+ #&K5µ/6)+=$5$&, #&K*6"I/) $*+ /+@/@/):µC+* $6=(* «<%µ(/6)0*6A>»)
!)#$%&#= (6,$=#*44*: #&K*6"I/) $5 µ*602 #&) $5 </)6A $,+ µ5+%µA$,+ 

(*% &+$&44A<<*+$&) µ/$&B? @)#$%&#-+ *+$*$2$,+, #&K-> #&) $)> 
/+C6:/)/> (*% <%+*@/?*%+ $5+ &+$&44&:2 &%$2

36,$=#*44*
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16=(*) M?+@/<5> N65<$-+

• (a) JC<, &0)/6,µC+,+ (<5µ/"*% (6*> <5µ/"*) I/?B/,+
• (b) JC<, I/?B/,+ #*)+2> D62<5> (shared) 

• !"#$%&:   
– ;)#*+*µ"& (=6,+ µC<, #*)+2> D62<5> I/?B/,+
– '()+=5<5 #&+=+,+ D62<5> &%$-+ $,+ I/?B/,+

• '(%)µ#* (()* /#4/($%<µC+*>): 1& !"#$%& '()#*)+,+)-+ &(*$/4*?+$&) 
&(= C+& <?+*4* &(= $/6µ&$)#*?> / /()#*)+,+)&#*?> #=µ9*%>



!"#$%& '()#*)+,+)-+ – ./0. 1 - 2008 71µ2µ& 3456. .&) 154/(. - '.37

.*)+2 D62<5 I/?B/,+

)*"*+(,&

• !"#$%& J/$&:,:2> (Switched Networks)
– !"#$%& µ/$&:,:2> #%#4-µ&$*>

($54/0,+)#= @"#$%*)
– !"#$%& µ/$&:,:2> (&#C$,+
– (@"#$%& %(*4*:)<$-+)

• 3*4%(4/B"&/7(*(*4%(4/B"& Multiplexing - Demultiplexing)
– !)&0*6/$)#C> 6*C> (456*0*6"&> D65<)µ*(*)*?+ $* "@)* µC<*

L2

L3

R2

R3

L1 R1

Switch 1 Switch 2

! ! !
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J/6)#A ;0C45 &(= $5 N62<5 !)#$?,+

• O *6:A+,<5 $,+ %(*4*:)<$-+ </ @"#$%& /(/#$/"+/) $* /?6*> $,+ 
/0&6µ*:-+ /()$6C(*+$&> @)&µ*)6&<µ= (=6,+ #&) (456*0*6"&>
– 36=<9&<5 </ #*)+A (/6)0/6/)&#A
– 36=<9&<5 </ 4*:)<µ)#= / /0&6µ*:C> / %(*4*:)<$C>
– O4/#$6*+)#= $&D%@6*µ/"* / µ/$&0*6A &6D/",+
– ...

• ; <%+@%&<µ=> $,+ $54/0,+)#-+ @)#$?,+ µ/ $& @"#$%& %(*4*:)<$-+ 
@"+/) $5 @%+&$=$5$& (&6*D2> (*44&(4-+ %(56/<)-+ µ/ &+A($%B5 #&) 
D62<5 EP;M @)#$?*% (*)#*+*µ"/> #4"µ&#&>)
– 154/0,+"&>
– Q%D&:,:"&>
– $54/-<%+/6:&<"&>
– #)+5$2> $54/0,+"&>
– 36=<9&<5 </ 9A</)> (456*0*6)-+, )<$*</4"@/>, #.4.(.
– ...
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'BC4)B5 !)#$?,+ '()#*)+,+)-+: !"#$%& 154/0,+"&> 

• O :C++5<5 :
– 154C:6&0*> (Samuel Morse, 1830) 
– 154C0,+* (Graham Bell, 1876 - :6&µµC> <5µ/"*% (6*> <5µ/"*)

• O 3*6/"&:
– 7+K6-()+*) µ/$&:,:/">, 1880 
– O4/#$6*µ&:+5$)#*" µ/$&:,:/">, 1890
– Q50)&#2 µ/$&:,:2, 1960’s
– 11 carrier (24 #%#4-µ&$& 0,+2>, 1.544Mbps), 1960’s
– J/$&:,:/"> µ/ D62<5 %(*4*:)<$-+, 1970’s
– .%E/4,$A @"#$%& #)+5$2> $54/0,+"&>, 1990’s
– 154/0,+"& (A+, &(= @"#$%* @/@*µC+,+ (!)&@"#$%*), 2000

• ;) «/(&+&<$A</)>»:
– Q50)&#2 J/$A@*<5:    R,+2 ! bits

• 4):=$/6*> K=6%9*>, /%#*4=$/65 (*4%(4/B"& #&) µ/$&:,:2, @%+&$=$5$& D62<5> @)#$?,+
*4*#456,µC+,+ %(56/<)-+

– 154/0,+"& (A+, &(= @"#$%* @/@*µC+,+ (!)&@"#$%*)
• $* $C4*> $,+ $54/0,+)#-+ @)#$?,+ ? 
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'BC4)B5 !)#$?,+ '()#*)+,+)-+: !"#$%& 154/0,+"&>

• Q50)&#A !"#$%& ;4*#456,µC+,+ F(56/<)-+ (ISDN):
M$56"I*+$&) <$5+ E50)&#2 µ/$A@*<5 #&) <$5 <5µ&$*@*<"& #*)+*? #&+&4)*?
– 8&<)#2 M?+@/<5 ((6*<(C4&<5): 3 &µ0"@6*µ& #&+A4)&

• !?* $,+ 64kbps (:)& 0,+2 5 @/@*µC+& - 8bits/sample X 8,000 samples/sec)
• S+& $,+ 16Kbps (:)& C4/:D* @)#$?*%, <%+&:/6µ=, C4/:D* <%<#/%-+, <5µ&$*@*<"&

:)& ISDN %(56/<"/>, #.4.()
– M5µ&$*@*<"& K*)+*? K&+&4)*? (Common Channel Signaling - CCS):

• J/$&0*6A (456*0*6)-+ /4C:D*% #42</,+ #&) @)#$?*% (A+, &(= B/D,6)<$= (out
of band) @"#$%* <5µ&$*@*<"&>

• PC/> %(56/<"/> ((6*-K5<5 #42<5>, D6C,<5 ()<$,$)#2> #A6$&>, D6C,<5
#&4*?µ/+*% (800)), <%+$*µ=$/6/> <%+@C</)>, #&4?$/6*> C4/:D*>
0*6$"*%/@)#$?*%.

• M?:D6*+* ;($)#= !"#$%* - SONET(Synchronous Optical Network)
– 7B)=()<$5, @*µ5µC+5 #&) %E54-+ $&D%$2$,+ µ/$A@*<5 $,+ bytes 
– SDH (Synchronous Digital Hierarchy) <$5+ '%6-(5
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'BC4)B5 !)#$?,+ '()#*)+,+)-+: !"#$%& F(*4*:)<$-+

• 36-$*) F(*4*:)<$C>, 1940’s
• 76D)#2 @)A@*<5 %(*4*:)<$-+, 1960’s

• 7<?:D6*+5 L/?B5 F(*4*:)<$-+:
– RS-232-C standard, 1969 (:+,<$= <&+ </)6)&#2 K?6&) 

µCD6) 38,400bps #&) µCD6) 15m
– RS-232-D +/-$/6* standard ($&D?$/6& standards RS-449, RS-422-A, RS-423-A)
– N&6&#$26/> $,+ 7-8 bits µ/$&@"@*+$&) &<?:D6*+&
– M%:D6*+)<µ=> $*% 6*4*:)*? $*% @C#$5 µ/ &+"D+/%<5 $*% (6-$*% bit
– 36*945µ&$)#2 5 @)&0*6A 6%Kµ-+ 6*4*:)-+ @C#$5 / (*µ(*? :)& µ/:&4?$/6/> 

&#*4*%K"/> bits

• Modems (1960’s)
– '()$6C(*%+ $5 µ/$A@*<5 bits µC<, $54/0,+)#-+ :6&µµ-+
– J/$&$6C(*%+ <$*+ (*µ(= $& bits  </ &+&4*:)#A O/J #?µ&$& <$* /?6*> <%D+*$2$,+ 

0,+2> #&) &+$"<$6*0& <$*+ @C#$5
ADSL (Asymmetric Digital Subscriber Line) (2000 – )

• !6&µ&$)#2 &?B5<5 <$)> $&D?$5$/> µ/$A@*<5> µC<, $54/0. :6&µµ-+,>20 Mbps
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'BC4)B5 !)#$?,+ '()#*)+,+)-+: !"#$%& F(*4*:)<$-+
• M?:D6*+5 L/?B5

– M#*(/?/) </ I/?B/)> %E54-+ $&D%$2$,+ µ/ C4/:D* <0&4µA$,+
– !)A0*6& (6,$=#*44& I/?B5> @/@*µC+,+ (data link protocols) CD*%+ 

&+&($%DK/" (SDLC, HDLC, LAPB, #.4.(.)
– ; <%:D6*+)<µ=> /()$%:DA+/$&) &(= $* <2µ& (*% 0C6/) $& bits 

• '"+&) @%+&$C> «µ/:A4/> </)6C>» &(= bits
– J/$A@*<5 </)6A> bits (/#&$*+$A@/> / D)4)A@/>) *6:&+,µC+,+ </ (&#C$&

• Arpanet: 36-$* µ/:A45> #4"µ&#&> @"#$%* %(*4*:)<$-+ ($C45 @/#. 60)
– !"#$%* µ/$&:,:2> (&#C$,+ µ/ &(*K2#/%<5 #&) (6*-K5<5
– J5D&+)<µ=> @6*µ*4=:5<5> (*% (6*<&6µ=I/$&) &%$=µ&$& </ &44&:C>
/B/4"DK5#/ <$* Internet 
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!*µ2 $54/0,+)#*? @)#$?*% #&) ARPANET

(a) !*µ2 $54/0,+)#*? <%<$2µ&$*>
(b) .&$&+/µ5µC+* <?<$5µ& µ/$&:,:2> (*% (6*$AK5#/ &(= $*+ Baran

-#&*&.#/0
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J/$A@*<5 µ/ &(*K2#/%<5 #&) (6*-K5<5 (store and forward)

• J/",<5 $*% D6=+*% µ/$A@*<5> µ5+%µA$,+ (*44&(4-+ (&#C$,+
– P+1 &+$" :)& 2P :)& µ/$A@*<5 P (&#C$,+ (A+, &(= @?* I/?B/)>

• !/+ /"+&) &+&:#&"& 5 @C<µ/%<5 (=6,+ 
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J/$A@*<5 µ/ &(*K2#/%<5 #&) (6*-K5<5 (store and forward)

'("@6&<5 $*% µ/:CK*%> $*% (&#C$*%
• O “$&D?$5$&” #*<$"I/) </ (4/*+&<µ=
• ; (4/*+&<µ=> #*<$"I/) </ “$&D?$5$&”

MD=4)*: G/+)#=$/6&, 5 /()4*:2 µ/:CK*%> 
(&#C$*% /B&6$A$&) &(= (&6&µC$6*%> 
=(,>: ()K&+=$5$& <0A4µ&$*> <$5 
I/?B5, µC:)<$5 &+/#$2 #&K%<$C65<5, 
µ/$&945$=$5$& $5> #&K%<$C65<5>, 
#$4., 

!"#$$%&'(
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!"#$%& 3*44&(42> 36*<(C4&<5> (Multiple Access)

• !"#$%& 3*44&(42> 36*<(C4&<5> (Multiple Access) - ALOHA
– M?+@/<5 %(*4*:)<$-+ </ @)&0*6/$)#A +5<)A $5> Hawaii (1970’s)

• !"#$%& 3*44&(42> 36*<(C4&<5> (Multiple Access) – Ethernet
(µ)#6C> &(*<$A</)>)
– 3&6=µ*)* µ/ $* ALOHA (&+&($?DK5#/ &(= $5 Xerox, Palo Alto)

• &+"D+/%<5 0C6*+$*> #&) <%:#6*?</,+ - &(*@*$)#=$/6* $*% ALOHA
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7<?:D6*+*> 16=(*> J/$&0*6A> (Asynchronous 1ransfer Mode – ATM)

• 7+&($?DK5#/ &(= $)> /$&)6"/> $54/()#*)+,+)-+ (71J Forum, ITU, ’90s...)
(.../+ )<D? * @)&D,6)<µ=> @)#$?,+ </ $54/0,+)#A #&) @/@*µC+,+)

• M$=D*>: '%6%I,+)#A Q50)&#A !"#$%& ;4*#456,µC+,+ F(56/<)-+ 
Broadband Integrated Services Digital Networks – BISDNs
(%(*<$26)B5  µ/$&0*6A> 0,+2>, video, @/@*µC+,+)

• J/$&:,:2 (&#C$,+ µ/ <$&K/6A (&#C$& 53 bytes – ATM cells (#?$$&6&) (*% 
µ/$&@"@*+$&) &<?:D6*+&

• J/$&:,:2 /)#*+)#*? #%#4-µ&$*> (virtual circuit)
– /:#&K"@6%<5 /)#*+)#*? #%#4-µ&$*> (6)+ $5+ &(*<$*42 @/@*µC+,+
– @C<µ/%<5 (=6,+

• F(*<$26)B5 (*)=$5$&> %(56/<"&>
– *6)<µ=> %(56/<)-+ <$&K/6*?, µ/$&945$*?, &%K&"6/$*% 6%Kµ*? 
– (&6*D2 /::%2</,+ ,> (6*> $5+ #&K%<$C65<5, &(-4/)/> 

• F(*<$26)B5 %E54-+ 6%Kµ-+
– JCD6) 155Mbps <$& $*()#A @"#$%& 
– Gbps <$& @"#$%& /%6/"&> I-+5> (Wide Area Networks - WANs)

• 1* IP @/+ «/#$*("<$5#/», $* 71J (&6Cµ/)+/ <$*+ «#*6µ=» $*% @)#$?*%
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16=(*) J/$&:,:2>

• J/$&:,:2 #%#4-µ&$*> ((.x. $54/0,+)#A @"#$%&)
– G62:*65 µ/$A@*<5 &0*? 5 @6*µ*4=:5<5 &(*0&<"I/$&) #&$A $5+ /:#&K"@6%<5 

$*% #%#4-µ&$*>)
– 3)K&+2 <(&$A45 (=6,+

• J/$&:,:2 &%$*@?+&µ,+ (&#C$,+ µ/ &(*K2#/%<5 #&) (6*-K5<5 
(Datagrams), ((.D. Internet) 
– '%C4)#$* <$)> &44&:C> #&$A<$&<5> @)#$?*%
– 3=6*) #&$&+&4-+*+$&) =$&+ D6/)AI*+$&) µ=+*

• J/$&:,:2 /)#*+)#*? #%#4-µ&$*>  ((.D. 71J)
– G62:*65 µ/$A@*<5 &0*? 5 @6*µ*4=:5<5 &(*0&<"I/$&) #&$A $5+ 

/:#&K"@6%<5 $*% #%#4-µ&$*>
– 3=6*) #&$&+&4-+*+$&) =$&+ D6/)AI*+$&) µ=+*
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J/$&:,:2 #%#4-µ&$*>: FDM #&) TDM

FDM

"#$%&'(')

$*&%+,
TDM

"#$%&'(')

$*&%+,

4 $*-"'.,
/)*01.23µ):

1/+,(*2324,((
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!"#$%& µ/$&:,:2> #%#4-µ&$*>
(Circuit-switched networks)

1&B)+=µ5<5 !)#$?,+

!"#$%& J/$&:,:2>
(Switched networks)

FDM TDM

!"#$%& µ/$&:,:2> (&#C$,+
(Packet-switched networks)

!"#$%&  µ/ 
/)#*+)#A #%#4-µ&$&

(Networks with VCs)

!"#$%& 
&%$=+*µ,+ (&#C$,+ 

(Datagram Networks)

1/+,(*2324,((
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1&B)+=µ5<5 !)#$?,+ µ/ 9A<5 $5+ (/6)*D2 #A4%E5>

-#&*&.#/0
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!"#$%& F(*4*:)<$-+

• 8&<)#A /6,$2µ&$& / (6*942µ&$& #&$A $5 <D/@"&<5 /+=> @)#$?*%:
– !6*µ*4=:5<5
– S4/:D*> T*2> 
– S4/:D*> <0&4µA$,+
– !)/%K%+<)*@=$5<5
– 7<0A4/)&
– 36=$%(&
– 3&6*%<"&<5
– !)&D/"6)<5
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O U/)$*%6:"& $,+ !)#$?,+

• Ethernet
• Internet
• Asynchronous Transfer Mode 
• O &6D)$/#$*+)#2 $*% !)#$?*%
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!)&µ*)6&I=µ/+* (Shared) Ethernet: Hubs and Collisions

HUB ! 6:;.<0 38,8<0/µ=>:/63.-?;

• O +$,µ-. (hub) &+&(&6A:/) $& /)</6D=µ/+& (&#C$& <$)> (A44/>) K?6/> $5> 
• !/01(&2). (collision) =$&+ $* hub ((42µ+5) @/DK/" $*%4AD)<$*+ 2 <2µ&$&
• Computers <%+@/@/µC+*) </ C+& Hub, (*44A <%+@/@/µC+& Hubs: .AK/ <?+*4* 

@)&<%+@/@/µC+,+ Hubs *6"I/) C+& +345& )201(&/)36* (collision domain)
• 36,$=#*44* (6=<9&<5> µC<*% (*% D65<)µ*(*)/"$&): 

CSMA/CD – Carrier Sense Multiple Access with Collosion Detection 
((*44&(42 (6=<9&<5 µ/ &+"D+/%<5 0C6*%<&> #&) <%:#6*?</,+)
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!)/%K?+</)> Ethernet

• H+*µ& computer: 1se
• !)#$%&#2 @)/?K%+<5 %(*4*:)<$2: 124 (4*:)#2 $*(*K/<"&)
• Ethernet @)/?K%+<5 %(*4*:)<$2: y 

– ;6"I/$&) /# #&$&<#/%2> - <$&$)#2
– 6-byte / 48-bit (248 @%+&$C>) - !/#&/B&@)#2 (/6):6&02: F8-37-B1-1F-33-BA
– 36-$& 24 bits *6"I*+$&) &(= IEEE / 1/4/%$&"& 24 bits &(= $*+ 

#&$&<#/%&<$2
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36,$=#*44& 7+/?6/<5> !)/%K?+</,+

• !)#$%&#2> !)/?K%+<5> %(*4*:)<$2 µ*%: 
– F(*4*:)<$C> D,6"> @"<#* @/+ :+,6"I*%+ @)#$%&#C> @)/%K?+</)>
– ; Network Server $*% @)#$?*% µ*% (&6CD/) $)> @)#$%&#C> @)/%K?+</)> =$&+ 

*) %(*4*:)<$C> /##)+*?+ µ/ 9A<5 $)> Ethernet @)/%K?+</)> $*%> (Reverse-
ARP, RARP).

• !)#$%&#2> !)/?K%+<5> A44*% %(*4*:)<$2 (/#$=> @)#*? µ*% Ethernet): 
– N62<5 %(56/<"&> @)#$%&#-+ @)/%K?+</,+ &(= Network Servers 

(… &6:=$/6&)

• Ethernet !)/?K%+<5> /+=> (6**6)<µ*? <$* Ethernet µ*%:
– O (5:2 :+,6"I/) $5+ @)#$%&#2 @)/?K%+<5 $*% (6**6)<µ*?.
– 7(&)$/"$&) :+-<5 $5> Ethernet @)/?K%+<5> :)& @)&#"+5<5 (456*0*6"&> <$* 

Ethernet.
– ARP (Address Resolution Protocol) …
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ARP (Address Resolution Protocol) 

• F(*4*:)<$2> 7  (37) /()K%µ/" +& µ/$&@-</) <$*+ 8 (124). ;) @)#$%&#C> 
@)/%K?+</)> (37/124) K/,6*?+$&) :+,<$C>

• 7 /B/$AI/) &+ $* &6D/"* $*% “List” (/6)CD/) $5+ Ethernet @)/?K%+<5 $*% 8 (124)
• 7+ =D), <$C4+/) broadcast µ2+%µ& I5$-+$&> &(= $*+ 124 +& $*% <$/"4/) $5+ 

Ethernet @)/?K%+<5
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!)&<?+@/<5 !)#$?,+ Ethernet µ/ Ethernet Switches

• S+& Ethernet %(*<$56"I/) C+& µC:)<$* &6)Kµ= D65<$-+ #&) #&4?($/) µ)& 
µC:)<$5 &(=<$&<5.

• 7+A:#5 :)& %4*(*"5<5 #&) @)&<?+@/<5 (*44&(4-+ Ethernet @)#$?,+ µC<, 
switches/routers

• Ethernet Switch (J/$&:,:=> Ethernet)
– 36*-K5<5 (&#C$,+ µ/ 9A<5 $)> Ethernet @)/%K?+</)>
– 7(42 &+$):6&02 (&#C$,+ &(= µ"& /"<*@* </ <%:#/#6)µC+5 CB*@* – =D) (6*> =4/> $)> 

K?6/> (/B&"6/<5: broadcast) 
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!)&<?+@/<5 !)#$?,+ Ethernet µ/ Ethernet Switches

• J/$A@*<5 &(= S (Ethernet E1) (6*> D (Ethernet E2)
– S <$C4+/) $* [s, d | Data] (&#C$* <$* Ethernet E1.
– Switch 8 <%µ9*%4/?/$&) µ)& 4"<$&:

• 36*,K/" $* (&#C$* <$5+ I/?B5 (6*> $* Ethernet $*% D.
• 7+ @/+ :+,6"I/), (6*,K/" $* (&#C$* (6*> =4/> $)> A44/> I/?B/)>.

– O 4"<$& /+5µ/6-+/$&) µ/ 9A<5 $5+ Ethernet @)/?K%+<5 $5> (5:2> $,+ (&#C$,+ 
(*% @)C6D*+$&) &(= $* switch.
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!)&<?+@/<5 !)#$?,+ Ethernet µ/ Ethernet Switches

7?B5<5 $5> &B)*()<$"&> @)&<?+@/<5> @)#$?,+ Ethernet µC<, 96=D,+.

• 78(89,(.).: 'A+ @/+ %(A6D/) 5 @)/?K%+<5 <$5 4"<$& $* (&#C$* (/6+A <$* 
A44* Ethernet #&) µ/$A (A4) ("<,, ….. (loops)
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!)&<?+@/<5 !)#$?,+ Ethernet µ/ Ethernet Switches

• Spanning Tree 74:=6)Kµ*>
– Ethernet µ/$&:,:/"> µ/ 96=D*%> K& µ/$C0/6&+ (&#C$& /(’ A(/)6*+ (A+, &(= 96=D*%>
– 3&#C$& &+$):6A0*+$&) &(= '1 </ '2 &(=  Switch B #&) &(= '2 </ '1 &(= switch F, …
– ; spanning tree &4:=6)Kµ*> (6*<@)*6"I/) C+& @C+@6* (:6A05µ& D,6"> 96=D*%>) 

@)&<?+@/<5> =4,+ $,+ Ethernet
– 3&#C$& &+$):6A0*+$&) µ=+* &(= µ/$&:,:/"> (*% &+2#*%+ <$* @C+@6*
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• Switched Ethernet (Ethernet µ/$&:,:2>)

– 36*-K5<5 (&#C$,+ µ/ 9A<5 $)> Ethernet @)/%K?+</)>
– 7(42 &+$):6&02 (&#C$,+ &(= µ"& /"<*@* </ <%:#/#6)µC+5 CB*@* – =D) (6*> =4/> $)> 

K?6/> (/B&"6/<5: broadcast)

– FE54=$/6* throughput &(= &+$"<$*)D* @)&µ*)6&I=µ/+* (shared / hub) (:)&$"?)

N62<5 µ/$&:,:*? Ethernet (Ethernet Switch)
:)& %4*(*"5<5

Ethernet µ/$&:,:2> (Switched Ethernet)

(@%+5$)#A (*44&(4A (/@"& <?:#6*%<5>)

Switched
Ethernet

Ethernet
Hub

1"#$%& '()*+&,'-.
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76D)$/#$*+)#2 !)#$?*%

• R%<)#2 K/-65<5 @)#$?*%: %(*4*:)<$C>, @6*µ*4*:5$C>, I/?B/)>, #$4.
• '()(/@*(*)5µC+5 K/-65<5 @)#$?*% (+*5$)#2 K/-65<5): <?+*4* &(= 

%(56/<"/> (&6A@*<5> (456*0*6)-+ $*(*K/$5µC+5 5 µ"& (A+, <$5+ A445 
()/6&6D)#2 @*µ2, @)&D/"6)<5  (*4%(4*#=$5$&>)

• ;) %(56/<"/> /+=> /()(C@*% %4*(*)*?+$&) µ/ D62<5 $,+ %(56/<)-+ $*% 
&µC<,> #&$-$/6*% /()(C@*% 

• (+) 7+/BA6$5$*> <D/@)&<µ=> @)&0*6/$)#-+ /()(C@,+
• (+) M%µ9&$=$5$&
• (-) 7(=@*<5
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76D)$/#$*+)#2 !)#$?*%

456789:; 456789:;

5<=>?9 84=9

456789:; 456789:;



!"#$%& '()#*)+,+)-+ – ./0. 1 - 2008 351µ2µ& 3456. .&) 154/(. - '.37

5<=>?9 84=9 1

456789:; 456789:;

5<=>?9 84=9 2

76D)$/#$*+)#2 !)#$?*%

5<=>?9 84=9 1 5<=>?9 84=9 2

456789:;
456789:;
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76D)$/#$*+)#2 !)#$?*%

/()#*)+,+"& µ/$&B? *µ=$)µ,+ *+$*$2$,+

• .AK/ /("(/@*
– (6*<0C6/) $)> %(56/<"/> $*% <$* &+-$/6* /("(/@*
– @CD/$&) $)> %(56/<"/> $*% #&$-$/6*% /()(C@*% 

5676589 :

5676589 :;<

5676589 :

5676589 :;<
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76D)$/#$*+)#2 !)#$?*%

5<=>?9 84=9

• .AK/ /("(/@* /)<A:/) (456*0*6"& /4C:D*% (*% &0*6A <$5+ /()#*)+,+"& 
$*% µ/ $* *µ=$)µ* /("(/@*
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76D)$/#$*+)#2 !)#$?*% 3*44-+ '()(C@,+
:)& $*()#A @"#$%& #&) $* Internet (TCP/IP)

3&6*%<"&<5 @)&#"+5<5> (&#C$,+ 
• </ @)&<%+@/µC+& $*()#A @"#$%& µC<, @6*µ*4*:5$-+ 
• #&) <$* Internet
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76D)$/#$*+)#2 '()(C@,+ :)& 1*()#A !"#$%& (LANs)

• Physical layer: 54/#$6)#A #&) µ5D&+)#A 
D&6&#$56)<$)#A $,+ <%+@C</,+

• MAC: «µ/$&$6C(/)» µ)& @)&µ*)6&I=µ/+5
I/?B5 </ /)#*+)#C> I/?B/)> <5µ/"*% (6*> 
<5µ/"*

• LLC: /("94/E5 µ/$&@=</,+ ((6*&)6/$)#A, 
/(&+&µ/$&@=</)>)

Physical Layer

Medium Access Control

Logical Link Control

Physical Layer

Data Link Layer

~Ethernet ~

(IEEE 802.3 ~ Ethernet)
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34&"<)* (Frame) 802.3

Physical 
Layer

Physical
 Layer

Data Link Layer

Ethernet Switch

[s,d | data] [s,d | data]

Ethernet 
Header

Ethernet 
Trailer

[s,d | data]
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76D)$/#$*+)#2 $,+ !)#$?,+ TCP/IP

Application Layer

Transport Layer

Physical Layer
LAN-link

Network Layer

4@A@.1+ 4B)*µ+BC%

4@A@.1+ 8.')B+*0,

Physical Layer
4@A@.1+ D+@2E+F 
G2E'F+# - H.FI(, 

4@A@.1+ G2E'F+#

/"%01#2- µ#345&+6. µ-7,µ6387 4"9 6*+&
'# 6*+&

:#36$&'- µ-7,µ6387 '# µ%4 4*&1&,;%4
<#(=#87 4"9 >74 3#+µ43?*9 *9µ0& '# >74

611& (4"9 6*+& '# 6*+&)

:#36$&'- "4*>387 '# µ%4 <#(=- @ µ#34=(
$?4',7$#$#µ>787 3&"?*A7 $?*3(87

B4+&C@ ,"-+#'?A7 #"?*&?787%4. '3&,.
C+@'3#. (µ#345&+6 4+C#%87, -1#*3+&7?*9

34C,$+&µ#%&, ...)
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[s,d | S,D | data]

Ethernet 
Header

Ethernet 
TrailerIP Header TCP Header Application data

User dataApplication 
Header

IP Header TCP Header Application data

TCP Header Application data

User data

Application Layer

TCP
 (Transport Layer )

Physical Layer

Ethernet
(LAN)

Network Layer

76D)$/#$*+)#2 $,+ !)#$?,+ TCP/IP
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76D)$/#$*+)#2 $,+ !)#$?,+ TCP/IP

Application 
Layer

Transport 
Layer

Physical 
Layer

LAN-link

Network 
Layer

Physical 
Layer

LAN-link

Network 
Layer

Application 
Layer

Transport 
Layer

Physical 
Layer

LAN-link

Network 
Layer

Physical 
Layer

LAN-link

Network 
Layer

Router Router
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!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers

• '(/#$A<)µ5 4*:)#2 @)&<?+@/<5>, (C6& &(= $*()#C> (/6)*DC>
• 36*-K5<5 (&#C$,+ µ/ 9A<5 $)> @)#$%&#C> @)/%K?+</)>
• 16*(*(*"5<5 $,+ Ethernet @)/%K?+</,+ $,+ (&#C$,+
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!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers 
• J/$A@*<5 (&#C$*% &(= S </ D

– s: Ethernet @)/?K%+<5 $*% S
– rk: Ethernet @)/?K%+<5 $*% R <$* Ethernet :k (S :+,6"I/) r1 µC<, $*% ARP)
– S,D: !)#$%&#C> @)/%K?+</)> $5> (5:2> #&) (6**6)<µ*? (5 (5:2 :+,6"I/) $* S µC<, 

(.D. RARP #&) :+,6"I/) $* D µC<, $5> %(56/<"&> @)#$?*%).
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!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers

• Router R +(&)4%&(5;3% µ3 "(,). +%-<16-
– Ethernet 9&2 +(&&(%)µ&/ (D  => :2) (µ=)6 8$0&(5>µ6- 4(&µ&$#0.).*)
– Ethernet 4%3/>2-). +(&&(%)µ&/ (D  => d) (µ=)6 ARP)

• @ (/89 >2=?.A; 2: B36=2:  [s, r1 | S, D | data] Router R >2=?.A; [r2, d | S, D | data], 
<B:4 r2 / Ethernet C;AD74.>/ 2:4 R >2: '2.
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!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers

Physical 
Layer

Physical
 Layer

Data Link Layer

Physical 
Layer

Physical
 Layer

Data Link Layer

Physical 
Layer

Data Link 
Layer

Physical 
Layer

Data Link 
Layer

Network Layer

Physical Layer

Data Link Layer

Application Layer

Transport Layer

Network Layer

Physical Layer

Data Link Layer

Application Layer

Transport Layer

Network Layer

[r2, d | S, D | data][s, r1 | S, D | data]
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(35-CA;8µ3

!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers <$* Internet
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!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers <$* Internet

• .AK/ I/?B5 %(*4*:)<$2 µ/ @"#$%* CD/) @)&0*6/$)#2 @)#$%&#2 @)/?K%+<5. 
• .AK/ I/?B5 %(*4*:)<$2 µ/ Ethernet CD/) @)&0*6/$)#2 Ethernet @)/?K%+<5. 
• ; S :+,6"I/) $5+ @)#$%&#2 @)/?K%+<2 $*% ((.D. JC<, RARP)      (S)
• ; S :+,6"I/) $5+ Ethernet @)/?K%+<5 $*% @6*µ*4*:5$2 $*% ((.D. µC<, ARP)  (r1) 
• ; S :+,6"I/) D &(= $* (&6/4K=+ 2 µC<, $*% Domain Name Service (DNS)
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V !"#$%&'(  )*" '+,µ'"* &'-.*
V !"#$%&' [S, D | data]

+/"# 0)*" '+,µ'"* &'-.*

S !"#$%&' [s, r1 | S, D | data]

R !"#$%&' [S, D | data]
R !"#$%&'( µ10# +("/2#" 3$4µ45,!*0*6 )*" '+,µ'"* &'-.*  (r2)
(r2) 3'" '%"7( Ethernet 3('-89"0*

W !"#$%&'( ,)( D 7":2'( 0)4 Ethernet +49 1;'( 3('-89"0* w (: 09"31')7( µ' )*" &'-.* w) 
W !"#$%&' [w, d | S, D | data]

(1)

(4)
(3)

(2)

!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers <$* Internet
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Physical 
Layer

Physical
 Layer

Data Link Layer

Physical 
Layer

Physical
 Layer

Data Link Layer

Physical 
Layer

Data Link 
Layer

Physical 
Layer

Data Link 
Layer

Network Layer

Physical Layer

Data Link Layer

Application Layer

Transport Layer

Network Layer

Physical Layer

Data Link Layer

Application Layer

Transport Layer

Network Layer

Physical 
Layer

Data Link 
Layer

Physical 
Layer

Data Link 
Layer

Network Layer

[s,r1 | S,D | data] [w,d | S,D | data][S,D | data]

Ethernet Switch Ethernet Switch

Router Router

!)&<?+@/<5 Ethernet !)#$?,+ µ/ Routers <$* Internet

!"#$%& '()#*)+,+)-+ – ./0. 1 - 2008 521µ2µ& 3456. .&) 154/(. - '.37

36=$%(* &6D)$/#$*+)#2> OSI-ISO

Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

OSI: Open System Interconnection
ISO: International Organization for Standardization
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Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

D1&"&%-'- ,"-+#'?A7
#"?*&?787%4. (".C. 

µ#345&+6 4+C#%87)

36=$%(* &6D)$/#$*+)#2> OSI-ISO

!"#$%& '()#*)+,+)-+ – ./0. 1 - 2008 541µ2µ& 3456. .&) 154/(. - '.37

Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

:#343+&">. '3- µ&+5@
"4+&,'%4'-. 3-.
"1-+&5&+%4.

(',µ"%#'-, 4'561#?4)

36=$%(* &6D)$/#$*+)#2> OSI-ISO
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Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

/)*4;%$+,'- *4?
#"%01#2- ',7$>'#87
µ#34=( 3#+µ43?*A7
','3-µ6387

36=$%(* &6D)$/#$*+)#2> OSI-ISO
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Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

/"%01#2- $?43#+µ43?*@.
µ#36$&'-. "4*>387

B+&4?+#3?*6:

E1#)C&. '541µ6387
E1#)C&. +&@.

36=$%(* &6D)$/#$*+)#2> OSI-ISO
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Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

F+&µ&19)-'- ("-)@-
"+&&+?'µ9.) #7$#C&µ>78.
"678 4"9 "&114"1>.
<#(=#?. (=> *4363µ-'-, 
C+&7&"+&)+4µµ43?'µ9.,...)

36=$%(* &6D)$/#$*+)#2> OSI-ISO
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Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

B4+6$&'- "4*>387
µ#34=( *9µ087 "&, #%74?
',7$#$#µ>7&? '3-7 %$?4

5,'?*@ <#(=-
B+&4?+#3?*6: E1#)C&. '541µ6387, 
>1#)C&. +&@.

36=$%(* &6D)$/#$*+)#2> OSI-ISO
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Application Layer

Presentation Layer

Session Layer

Transport Layer

Physical Layer

Data Link Layer

Network Layer

4@A@.1+ 4B)*µ+3C%

4@A@.1+ /)*+#"A)"(, 

4@A@.1+ =#%&1+#

4@A@.1+ 8.')B+*0,

5#"2E& 4@A@.1+

4@A@.1+ H.FI(, G.1+µJ%K%

4@A@.1+ G2E'F+#

D1&"&%-'- 2-5?4*@.
<#(=-. #"?*&?787%4. "&,

"4+4$%$#? bits

36=$%(* &6D)$/#$*+)#2> OSI-ISO
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76D)$/#$*+)#2 !)#$?,+

• 76D)$/#$*+)#2 7 /()(C@,+ (OSI-ISO) :)& @)/%#=4%+<5 <D/@)&<µ*?
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76D)$/#$*+)#2 7+*)#$*? !)#$?*% !/@*µC+,+ 
(Open Data Network)

!"#$%& '()#*)+,+)-+ – ./0. 1 - 2008 621µ2µ& 3456. .&) 154/(. - '.37

!6*µ*4=:5<5 
• 7+A:#5 %4*(*"5<5> @)&@)#&<)-+ (&4:*6"Kµ,+) /+5µC6,<5> $,+ ()+A#,+ 

@6*µ*4=:5<5>
• J)& @%+&$2 @)&@)#&<"& D,6"> &%$*µ&$*(*"5<5

– ; @)&D/)6)<$2> @)#$?*% %(*4*:"I/) #&) /+5µ/6-+/) $*%> ("+&#/> 
@6*µ*4=:5<5>

– '0)#$= :)& µ)#6A #&) <D/$)#A <$&$)#A @"#$%&
– 84A95 #=µ9*% *@5:/" </ &@%+&µ"& @6*µ*4=:5<5> #A(*),+ (&#C$,+
– MD/$)#A &6:2 @)&@)#&<"& &(*#&$A<$&<5> 4/)$*%6:"&>

• !)&@)#&<"& µ/ DA6$/> (:)& µ)#6A @"#$%&)
– !6*µ*4*:5$C>  <$C4+*%+ 4"<$/> µ/ <D/$)#C> (&6&µC$6*%> (6*> =4*%> $*%> 

#=µ9*%> (flooding)
– J/ 9A<5 C+& #*)+= &4:=6)Kµ*, *) @6*µ*4*:5$C> #&$&<#/%AI*%+ <%µ9&$*?> 

("+&#/> @6*µ*4=:5<5>
– 8C4$)<$& µ*+*(A$)& (6*<@)*6"I*+$&) µ/ $5+ @)&@)#&<"& Open Shortest Path

F)rst (OSPF)
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V/6&6D)#2 @6*µ*4=:5<5
• 36-$5 )@C&:

– V/6&6D"& @?* /()(C@,+ (“#=µ9*>”, “@"#$%*”)
– !6*µ*4=:5<5 9&<)<µC+5 <$* “@"#$%*”

• !/?$/65 )@C& (7%$=+*µ& M%<$2µ&$& - Autonomous Systems)
– NA6$5 $5> (=45> /##"+5<5> (intra-AS routing , OSPF)
– NA6$5 /K+)#-+ @6=µ,+ (intra-AS routing , BGP)
– NA6$5 $5> (=45> (6**6)<µ*? (intra-AS routing , OSPF)

• (OSPF) µ(*6/" +& D65<)µ*(*)5K/" :)& inter-AS routing &44A $* BGP &+)D+/?/) #&4?$/6& $*%> 
96=D*%>
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BGP (Border Gateway Protocol)
• 7%$=+*µ* M?<$5µ& (AS): ;µA@& @6*µ*4*:5$-+ %(= #*)+= *6:&+)<µ=
• .AK/ AS /+5µ/6-+/) :)& @)&@6*µC> KAI #&K%<$C65<5 (6*> =4& $& AS 
• 7<%+C(/)/> (4=:, (&4&",<5> (456*0*6"&>) /+$*("I*+$&) #&) loops

&(*0/?:*+$&)
– (.D. µ/ 9A<5 µ=+* $5+ #&K%<$C65<5 N K& C<$/4+/ ("<, <$* F (loop), &44A K&

<$/"4/)  <$*+ L &0*? 5 @)&@6*µ2 &(= $* N (/6+A/) &(= $* L)
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Transmission Control Protocol (TCP)
• 36,$=#*44* <$* /("(/@* µ/$A@*<5> (*% 06*+$"I/) :)&:

– '(&+&µ/$A@*<5 &44*),µC+,+ (&#C$,+ (µ5 /()9/9&),µC+& (&#C$&
(unacknowledged) µC<& </ #A(*)* µC:)<$* D6*+)#= @)A<$5µ&)

– N (&#C$& $* (*4? D,6"> /()9/9&",<5 
– JC:)<$*> 6%Kµ=> ?/@ =(*% @ 5 #&K%<$C65<5 $,+ /()9/9&)-</,+
– 'A+  *) /()9/9&)-</)> #&K%<$/6*?+  => <%µ0=65<5  => µ/",<5 ?

• !)#$%&#C> /0&6µ*:C> <D/@)AI*+$&) µ/ 9A<5 $* client/server µ*+$C4*
• Client #&) server <$C4+*%+ µ5+?µ&$& D65<)µ*(*)-+$&> <%+2K,> TCP
• TCP /"+&) µ)& @)/6:&<"& (process) (*% $6CD/) <$*+ %(*4*:)<$2
• Client/server /0&6µ*:C> (@)/6:&<"/>) /()#*)+,+*?+ µ/ $5+ TCP 

@)/6:&<"&
• Inter process /()#*)+,+"& /B&6$A$&) &(= $* 4/)$*%6:)#=

'0&6µ*:C> Client/Server
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Asynchronous Transfer Mode (ATM)

• 3&#C$& $,+ 53 bytes (cells)
• '()4*:2 $*% +*5$*? #%#4-µ&$*> (VC) µ/ 9A<5 $*%> @)&KC<)µ*%> (=6*%> 

(6)+ $5+ µ/$A@*<5
• !C<µ/%<5 (=6,+ #&) /+5µC6,<5 $,+ switches/(5:2>
• 7(=66)E5 <?+@/<5>, @%+&$2 4=:, C44/)E5> (=6,+
• 7(/4/%KC6,<5 (=6,+ <$* $C4*> $5> <?+@/<5>
• O /()#/0&4"@& $,+ cells 0C6/) #A(*)*+ &6)Kµ= <?+@/<5> 9A<5 $*% 

*(*"*% :"+/$/ 5 @6*µ*4=:5<5
• ATM <D/@)&<µC+* :)& %(*<$26)B5 /()K%µ5$2> (*)=$5$&> /+=> µ/:A4*%

/?6*%> /0&6µ*:-+
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!6*µ*4=:5<5 <$* ATM

• 16"& VC : A -> D,G,          E-> F,   B->D
• 76"Kµ5<5 VCs µ/ $*+ µ)#6=$/6* @)&KC<)µ* &6)Kµ=
• (I/?B5 /)<=@*%, VC#)      (I/?B5 /B=@*%, VC#)
• Virtual Paths (/)#*+)#A µ*+*(A$)&) :)& (/6):6&02 VCs $& *(*"& CD*%+ #*)+2 

@6*µ*4=:5<5 - /B*)#*+=µ5<5 µ+2µ5> #&) &?B5<5 $&D?$5$&>
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S4/:D*> #"+5<5> :)& /B&<0A4)<5 (*)=$5$&> %(56/<)-+ 
(Quality of Service - QoS)

• Leaky Bucket: 7@/)AI/) µ/ 6%Kµ= 1.5Mbps, µC:)<$5 D,65$)#=$5$& 0.1Mbits
• J/$A@*<5 (&#C$*%: 'A+ $* (&#C$* D,6A/) +& &+$):6&0/" <$*+ Bucket ( 2, 

/0=<*+ * Bucket @/+ /"+&) :/µA$*>)
• JC<*> /()$6/(=µ/+*> 6%Kµ=> (µ/:A4* t): (0.1 +1.5t)/t , (/6"(*% 1.5Mbps
• JC:)<$* µ2#*> 6)(2> (burst): 0.1Mbits
• G)& 100 6*C>, $&D?$5$& I/?B5> 155Mbps, $&µ)/%$26)& (buffer) 10Mbits :
• 7(-4/)/>: 0      - JC:)<$5 #&K%<$C65<5: 10/155 = 65ms
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ATM 76D)$/#$*+)#2
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!)&$/6µ&$)#C> F(56/<"/> (End-to-End Services)

• F(oKC<$/ =$) C+& @"#$%* (&6CD/) $)> (&6&#A$, %(56/<"/>:
– F(56/<"& 1: µ/$&0*6A µ5+?µ&$*> µ/ J bytes µ/ #&K%<$C65<5 1 #&) 

()K&+=$5$& <0A4µ&$*> /
• /<10-4 :)& J<106,  $* 1 /B&6$A$&) &(= $* J; T<2s :)& M=1Mbyte

– F(56/<"& 2: !)&K/<)µ=$5$& I/?B5> µ/ D,65$)#=$5$& R bps, #&K%<$C65<5 1 
#&) 6%Kµ= <0A4µ&$*> 6 ((*<*<$= /<0&4µC+,+ bits)

• R=150 Mbps, 0.01s <T<1.2s µ/ ()K&+=$5$& 0.999, 6<10-8

• '6-$5µ&: J(*6/" &%$= $* @"#$%* +& %(*<$56"B/) $)> (&6&#A$, 
/0&6µ*:C>?
– 8"+$/*$54/0,+"&: R=64Kbps (o.k.) &44A 1.2s #&K%<$C65<5 µ5 &(*@/#$2
– 34*2:5<5 <$* Web: G)& M=1Mbyte o.k.
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R%<)#A N&6&#$56)<$)#A L/?B/,+

• .&K%<$C65<5 µ/$A@*<5> (&#C$*% :
– R:    T%Kµ=> µ/$A@*<5> bits
– D:    .&K%<$C65<5 @)A@*<5> <2µ&$*> (3.3-4 (&C6&, D&4#=), 5 (*($. "+&)  

µsec/Km)
– T:    .&K%<$C65<5 µ/$A@*<5> (&#C$*% µ2#*%> P (bits) :
– T = D + P / R

• 3)K&+=$5$& <0A4µ&$*> <$* (&#C$* :
– BER:    3)K&+=$5$& <0A4µ&$*> /+=> bit 
– (F(=K/<5 : <0A4µ&$& </ @)&0*6/$)#A bits  /"+&) &+/BA6$5$& :/:*+=$&)
– 3)K&+=$5$& $& P bits $*% (&#C$*% +& /"+&) <,<$A : (1-BER)P
– 3)K&+=$5$& $* (&#C$* +& CD/) <0A4µ& : PER = 1 - (1-BER)P
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J/$&:,:2 3&#C$,+ / M$&$)<$)#2 3*4%(4/B"&

• J/)*+/#$2µ&$& µ/$&:,:2> #%#4-µ&$*> (circuit-switching) :
– !C<µ/%<5 (==> <(&$A45 :)& bursty #"+5<5) (=6,+
– 7%B5µC+5 (*4%(4*#=$5$& µ/$&:,:-+ 4=:, <5µ&$*@*<"&> #.4.(.

• 3&6A@/):µ& A: ':#&K"@6%<5 #&) $/6µ&$)<µ=> <?+@/<5> (10s) µ/ :6&µµ2 
64Kbps
– F(*KC$*+$&> µ/$A@*<5 1Kbyte  (D6=+*> µ/$A@*<5> 1Kbyte=8Kbits : 

0.125s)
• M%+*4)#=> D6=+*> @C<µ/%<5> :6&µµ2> : 10.125s
• M%+$/4/<$2> (,0C4)µ5>) D62<5> (=6,+ (U) : U= 0.125/10.125= 1.23% !
• JC:)<$*>/JC<* 6%Kµ= (PMR) : PMR=64Kbps/(8Kbits/(10.125s))=1/0.0123=81 !

– F(*KC$*+$&> µ/$A@*<5 1Kbyte #AK/ 1s :)& @)A6#/)& 100s :
• U=100x0.125/(100+10)= 11.3%   /   PMR=1/0.113=8.8

– F(*KC$*+$&> µ/$A@*<5 1Kbyte #AK/ 1s :)& @)A6#/)& 10000s :
• U=10000x0.125/(10000+10)~10000x0.125/(10000)= 12.5%    /  PMR=1/0.125= 

8.0
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J/$&:,:2 3&#C$,+ / M$&$)<$)#2 3*4%(4/B"&

• 3&6A@/):µ& B:    J/$A@*<5  µ/ &%$*@?+&µ& (&#C$& 
U~ 100%

(&:+*-+$&> /()#/0&4"@/>, @)&@)#&<"& /+5µC6,<5> ()+A#,+ @6*µ*4=:5<5>, ...)

• M%:#6)$)#= =0/4*> 4=:, /#µ/$A44/%<5> $*% #C6@*%> <$&$)<$)#2> (*4%(4/B"&> 
(SMG- Statistical Multipexing Gain)

SMG ~ PMR


