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.
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 FTTH- .

«FTTX»-  ( - ,
). .

 ( )
.

- ,
. ,

.  FTTH- .

.
.

.

.
.

.
PON (Passive Optical Network- )

2.32- .
, .

 PON-
 20 - -

. -
. . GPON (  PON) 

,  ITU -
. EPON (Ethernet PON) ,
 IEEE . -
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.

2.32- .

. .
.

,
. ,

- .
-

. -

.
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 Elbers, 2008) .
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 (SONET) ,TDM
.

,
 FDM- .

. 4000  (3100 
)  FDM 

. , 60-108  12 ,
 (  60 ) . FDM-

.
 FDM 

. TDM, , , -
.TDM

,
,

.
 (« - » ) -

. - -
 8000  (125 / ),

,  4 
. ,
,

.  8- .
PCM(Pulse Code Modulation, - )

. .
 125 - . -

 125  8  64 / .

. -
,

, .
.

. , -
.

: -
-  ( -law)

A-  (A-law).  ITU G.711 .
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.
, ITU(CCITT) -
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.

 T1 
2.33-  (  DS1, 

 T1, ,
). T1  24 

. 24  8 .

2.33- . T1(1544 / )

 24x8=192 , -
 125  193 .  1544 /

.193-  24 
. 4, 

8, 12, 16, 20, 24-  001011 .
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. .T1-
, 8  7-  56 /  24

.  T1-
. -
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-

. 24 .
 T1-  2048 / -

 E1 .  125  328-
. ,

.  ( -
, )
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.

 T1-
. 2.34-

.  T1-  T2-
.T2

, ,  24 
 T1- .1544 / -  T1-  6178 /

- ,  T2  6312 / -
.

.T2, T4- -
, ,  T1, T3 

.



190                               2-

2.34- . T1

 T2-  T3- .  T3-
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.

.
 4,7  6 , -
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. -  ITU -

. ITU  2048,5548,34304,139264 
 565148 /  32,128,512,2048  8192 

.

SONET/SDH

,
. AT&T 

1984
 TDM .

.1985  Bellcore
SONET-  (Synchronous Optical Network-

) .
 ITU ,  1989  SONET -

 ITU-  (G.707,G.708,G.709) .
SDH (Synchronous Digital Hierarchy- )

 ITU  SONET . -

 SONET- .
 (Bellamy, 2000; Goralsky, 2000; Shepard, 2001) .

SONET- . , SONET 

. , ,
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.
, SONET 

. SONET -  44736 /   T3 
.T4 ,  T4-

. SONET-
. ,

 SONET -
.

, SONET ,
(OAM, Operation, Administration, Maintenance) 

. .
 SONET- -

,

. SONET .
 10-9 .

.
SONET-  125  810 
. SONET ,

. 8000 -
 PCM 

.
810  SONET  9  90 

.  8x810=6480 
8000 ,  51,84 / . STS-
1(Synchronous Transport Signal )
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.

, .
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, .
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),   810 
.

. ?
.

-



192                               2-

,
.
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.

2.35- . SONET 

 87 .
87x9x8x8000=50112 / .  T1 

. SONET . ,
, SPE (Synchronous Payload Envelope) -

. SPE .
.

SPE-  ( ,
).

2.35- , SONET  SPE -

. , ,  SONET -
, , .

SONET/SDH 2.5-
.T3  40 / -  STS-1-  STS-768-

. -3072 -
 160 / - ,

. n-
 (OC, Optical Carrier) OC-n  STS-n-
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. ITU  51,84 /
, SDH  OC-3- .  OC-3-

, 4- .
. SPE-

.
 87 .

 OC-3 ,
,  concatenated ( )

 « » .  OC-3  OC-1 -
 155,52 ,  OC-3  155,52 /

. OC-3c  OC-1-
.1  1 ,  1

– 2 , 1  3 ,  2  – 1 
 270 ,  9 .

2.5-
SONET  SDH 

SONET SDH ,
/c

SPE
STS-1 OC-1 51,84 50,112 49,536

STS-3 OC-3 STM-1 155,52 150,336 148,608

STS-9 OC-9 STM-3 466,56 451,008 445,824

STS-12 OC-12 STM-4 622,08 601,344 594,432

STS-48 OC-48 STM-16 2488,32 2405,376 2377,728

STS-192 OC-192 STM-64 9953,28 9621,504 9510,912

STS-768 OC-768 STM-256 39813,12 38486,06 38043,648

.  (WDM, Wavelength - Division Multiplexing) 
.

2.36- .
-

. , . -
.

.
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, .

2.36- .
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.
25000  (2.6- ),  1 / -  2500 
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.
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 8  2,5 / - .1998

 40-
. 2006  10 / -  192  40 / -  64 

.  80 
DVD- .  200, 100  50 -
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.
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,

WDM  DWDM (Dense WDM) .
.

 100 
. -
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.

2.36- .
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1- . .  WDM .
- -

.
.

.
 Ramaswami-

(2009).
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.
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.
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.
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.
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.
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(
.

.
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,
.
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.
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.
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.
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, (212)234-5678  (

)  ( )
.

.
 (  800-900 ),
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).

 (  75%- ) .

. , , 20  50 ,
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. - -
-

.
, ,

.
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, .
.

 XX 
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.

-



202                              2-

.
.  50-

. CB- ,
.

1960
(IMTS, Improved Mobile Telephone System) .

 (200 ) , :
, .

. -
 (

).
IMTS 150-450  23 .

.
-

.

.

 (AMPS)

Bell Labs 
 (AMPS, Advanced Mobile Phone System)

 1982 - . -
 TACS , -MCS-L1 . 2008 

,  2G, 3G 
.

 ( ). AMPS-
 10-  20 - ;
. . -

( )  AMPS 
.

 100  IMTS 
,  AMTS 

-  5-10 
.

, .
2.39 - . -

, -
. 2.39 - .

. .

,
.



2.7                                       203

2.39- .  ( ); -
 ( )

.
.

.
,

, 2.39-
( ) .

,
-

.

.
/ .

MTSO (Mobile Telephone Switching Offi ce 
) MSC (Mobile Switching Center 

) .
. . -

.
-

, , -
.

,
.
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.
-

,
 ( ).

 (handoff)  300 .

. .

AMPS  (FDM) .
 832 .

FDD (Frequency Division Duplex-
) .  832  824-849 -

,  832  869-894 
.  30 .

 832 .
1.  (

).
2.

( ).
3.  (

).
4. ,  (

).
 21 .

,  832-
 –  45 .

AMPS
 ( )  32-

10- .  10 
3-  24  7- .

 21 
.  32-

 34- . AMPS 

, .
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,
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.

 «  14, ?»
.
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 3 », – .

3- ,  (
).
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, ,

.
.

,
.

.

. ,
.

D-AMPS (Digital Advanced Mobile Phone System – 
) AMPS .  AMPS 

,
.  IS-54  IS-136 

. GSM (Global System for Mobile communications
– ) - -

,
. GSM  D-AMPS 
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. IS-95 
CDMA (Code Division Multiple Access – 

) ,
. CDMA 

, .
PCS (Personal Communications Services – ) -

 ( , ).  1900 
.

 GSM ,   2G .
3G-  CDMA- - .

GSM – 

GSM 1980 -
. ,

 Groupe Speciale’ Mobile -
.  GSM  1991 ,

.  GSM- ,
,

.
GSM

,
. -

.  GSM . GSM 
 5000 .

,
. , .

 GSM  AMPS 
2.40- .

- (SIM card – Subscriber Identity 
Module – )

. - -
- ,

. -
.

-
. .

, BSC-  (Base Station Controller 
– ) .

, PSTN-  (Public Switched Telephone Network 
– )

 (AMPS- ).
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2.40- . GSM 

.
,

. VLR (Visitor Location Register – 
) . ,

.
HLR (Home Location Register – ) .

.
.

. GSM  900, 
1800  1900 . AMPS- -

.  GSM AMPS 
.

,  (55  GSM ,
80  AMPS ) . , AMPS  GSM-

. .
 GSM  AMPS-

 (200 ). 2.41-
200 . GSM  900  124 .

 200 .
 8 .

.
 992 ,

. 2.41-
, .

,   GSM 
.

890,4/935,4  2 
,  (
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. 2.42- .
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)  148- . -
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. ,  57-  (Information)
.  ( / )
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.

.

2.41- . GSM-  124 ,  8-

2.42- . GSM



2.7                                       209

 547 - ,
 4,615 

.  270 883 / - .  8 
.  AMPS-

,  24,7 
/  ( ). -

 13 / .  64 
/

.
2.42-  8  TDM 

,  26  TDM  120-  ( )
. ,

,
 24 .

, 2.42-  26-
51-  ( ) .

.  – 
,

. -
, .

p ,
, . ,

.
.

,
.  – .

.
.  – .

. , ,
.

. -
 – .

, GSM AMPS- .  AMPS-
 MSC .

GSM-
, .  – 

.
,  BSC- .  BSC 

-
. MAHO (Mobile Assisted HandOff) .
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2.7.3. :

,
. 3G ,

.
. , -

, .
:

. , -
-

.
, , - ,

DVD- , , - ,
, ,

.
Apple  iPhone3G .

   AT&T 
 iPhone .

 iPhone-   2,5G .  2G, 
3G

. 3G -
.

1992  ITU, -
,  IMT-2000 .  IMT 

(International Mobile Telecommunications) – 
.

IMT-2000 
:

1. .
2.  (e-mail- , , SMS, . . -

).
3.  ( , , , . . ).
4.  ( -

).
, , ,

 ( )
. ,

 (
),

.
ITUIMT-2000-   ( -

- ) -
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.
, .  ( -

 Betamax  VHS- ) .
. 2000 : (1) 

; (2)  ( )  (3) 
 ( / ).

. 2000 .
ITU  2

. . ,
 2 / ,

(
).  2 /  (

ADSL- ),
 384 /

144 / .

. ,
. WCDMA –  CDMA (Wideband CDMA)

.  Ericsson , UMTS
(Universal Mobile Telecommunications System – 

) . , Qualcomm CDMA2000
.

.
, CDMA , WCDMA  2 ,

 CDMA2000 – 1,25 .  Ericsson  Qualcomm 
, ,

. , ,
.  GSM- ,

 (IS-95) -
.     (Ericsson ,  Qualcomm – -

).   CDMA 
.

 10-15% 3G -
.

 – 3G. ,
 – 3G. 
 UMTS , CDMA2000 , 3G .

 UMTS 3G-  CDMA2000 ,
. -

, .  UMTS -
 CDMA 2000 , WCDMA .

 CDMA- ,



212                              2-

. CDMA- ,
,

. , , -

. , Qualcomm 
 CDMA 2G   (IS-95) ,  3G 

.
CDMA- ,

 CDMA .
 CDMA-

. ,
-

.
- -

. - ,
. -

.

, , .
 – .

,
, , . (

- .
). -

. ,

. ,
, -

. (
, .)

.
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. -
. ,

,
.  CDMA 

.

.
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.
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, -
, .

,

.  (  1500 ),
.

 CDMA  – 
.

 CDMA 
. -

, WCDMA-  3,84 / ,  4-  256 -
. 256 

 12 / , .
 1 

/ - .
:  5 

.
 CDMA-

, . CDMA-
. , CDMA 

,
.

.  40%- . -
.

.  CDMA-

.  CDMA-
.

, . GSM  AMPS-
–

. ,
. ,

-
.

,
. .

.
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, .
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, CDMA 
 (soft handoff) . -

. 2.43- . -
 –  (hard handoff),

.
 ( , )

. , -
.  – -

,
.

2.43- . :  – ;  – ;  – 

3G .

.
3G 2,5G (  2,1G ) ,

. EDGE (Enhaced Date 
rates for GSM Evolution – GSM-

)
GSM . ,

.  EDGE- -
. -

.
EDGE  – GSM  WCDMA-

.    IS-95-  CDMA2000-
.

3G ,    3G-
. LTE (Long Term Evolution)

.  4G-
 – ;
; - ,

802.11- ; ;
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.  Astely et al. (2009) 
 Larmo et al. (2009) .

 4G 
. , 802.16, WiMAX .

 WiMAX  (2009) .
 – .

.

2.8.

- .
, , -
. ,  –  – 

.
.

-
.  Donaldson 

 Jones (2001), Dutta-Roy (2001), Fellows  Jones (2001) 
.

2.8.1.

 1940 
-

.
. 2.44-

,
.

2.44- .

. .
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, .
. -
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.

1974  Time , « -
» .

: , ,
. . . ,

,
. ,

, .

. -
. -

, .

2.8.2.

,

. .
, -
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.
,

.  HFC 
2.45 - .

. -
.

. ,
.

-

. ,
.

, HFC (2.45 - )  (2.45 -
) .

. ,
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- . -
.

 10  10 000 
.

,
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. ,
. : ADSL 

.
,

, -
.

2.45- .  ( );  ( )
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.

-
.

500-2000 , ,
,

.

2.8.3.

,
,

. ,
. ,

.
.

 54-  550 -
(  88-  108 , - )

. ,  6
-

.  65 - ,  6-8 
.  PAL  SECAM 

, .
.  550 - ,

750 .
 5-42  ( ),

.
2.46- .

2.46- .
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:  ( )
,  5-42 

,  – 54 . -
, - -

,
. , -

.
,  DSL- ,

.

.

. -
, CMTS (Cable Modem Termination System – 

) .
, .

2.8.4.

.
:  – ,  – .

.

.

, ,
. , -

,  (
)

.
-

,  CableLabs 
. DOCSIS (Data Over Cable Service Interface 

Specifi cation – -
) .

DOCSIS 1.0  1997 ,  2001  – DOCSIS 2.0. 
-   DOCSIS 2.0 

.  – DOCSIS  3.0 – 2006 
.

. EuroDOCSIS -
. ,

 – 
. ,
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 USB. ,

  FDM TDM 
CDMA .

, -
, -

.
,
. -

. ,
.

 8  6 - .
 DOCSIS  

3.0 .  6 
 (  8) ,  QAM-64-

  QAM-256- .
,  –  27 / .

QAM-256-  –  39 / .
1/3- .

,
,

.  QPSK-   QAM-128 , -
 ( - )

.

2.46- .

. -
. -  (minislots) 

- .
,

, .
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. -
. -

,  « » ,
.

, -
. .

 8 .
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. .  – 
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,

 – 204 . -
.

184 .  MPEG-2 -
,

. 2.47- -
.
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– .
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-
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.
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.

 – 
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.
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.
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. -
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: ADSL ,
.

.

. -
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 – .
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. , , -

,
.

.
-

, , .
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.
 – .
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. -
.

.

.
.  – 1G 
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. ,

 WCDMA  CDMA 2000   CDMA- .
. -

,
. ,

.
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. -
?

?   30 .
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-
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?
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?
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5 . ?
11.  1  100 

,  1 .
?

12. Iridium   66 
.  90 . -

(handoff)?
13. GEO (  35 800 ), MEO (  18 000 )  LEO (  750 )

.
14.  Iridium 

?
 10  6371 .

15.  NRZ, MLT-3 , -
/

? .
16. 4 /5 -

?
17. 1984 ,

?  2-9 
,  1  0, -

.  2-9 
; .

18.
 1 -
. -

 4 .
 6 .  10 

( ). -
? (  4 )

?
19.  10 .

. -
 10 . ?

 1 .  9,0 / 3,
 –  6 .
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?
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21.

.
?  2 ,

?
22. 2.19- -

: (1, 1), (1, -1), (-1, 1)  (-1, -1). -
 1200 ?

23.  ( ) 1200 
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?
24.  QAM-64 ?
25.  4000  (FDM) 

.
?  400 .

26. -  125 
?

27. 1  1,544 /
? -1
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28.  4 : )

; ) 1 -
.

29. 1
.  0,001 -

?
30. -
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)

31. SONET  10-9 .
 ( ) 1 ?

? ?
32.  1  VSAT- 2.14- -
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 1 / ,  –  7 

/  1,2 .
33.

.  64 , -
 10 ,  32 .

34. 2.5- -3  148,608 /
.  SONET -3
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:
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.  – 
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b / .

?
-
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.
?

42. -  (120 2)  100  PCS 
?
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228                            2-
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.

.
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. 2.24 - ,
.

47. 2.24- -3  148 608 /
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 10 / . -
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.
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?

:
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. , -
 1, 2  3 .
 – 1, 2  3 . . . 3:1 

. -
 5 .
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( ).  STS-1 
 810 .

.
,  STS-3  ( ),

.
(pipes) .

53. CDMA .
8-  4 .

:  (t0, 
t1, t2  t3),  (r0, r1, 
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.
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.

.
,
 (3.1- ).

,  ( )
( ) . -

.  to_physical_layer,  from_
physical_layer . -

,  (
). .

.
. ,

.
 wait_for_event (&event) 

.  ( , )
.  event 

. ,
. ,

,
. , ,

.
.

3.1- . .
protocol.h

#defi ne MAX _PKT 1024                          /* */
typedef enum {false, true} boolean;         /*  boolean*/
typedef unsigned int seq _nr;                  /*  */
typedef struct {unsigned char data[MAX _PKT];} packet;     /* */
typedef enum {data, ack, nak} frame _kind;                         /* */
typedef struct{                                        /* */
frame _kind kind;                                   /*  */
seq _nr seq;                                          /* */
seq _nr ack;                                          /* */
packet info;                                           /* */
} frame;

/*  event  */
void wait _for _event(event _type *event);

/* */
void from _network _layer(packet *p);
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/* */
void to _network _layer(packet *p);

/* r- */
void from _physical _layer(frame *r);

/* */
void to _physical _layer(frame *s);

/* , timeout  */
void start _timer(seq _nr k);

/* , timeout  */
void stop _timer(seq _nr k);

/* , ack _timeout */
void start _ack _timer(void);

/* , ack _timeout */
void stop _ack _timer(void);

/*  network _layer _ready  */
void enable _network _layer(void);
/*  network _layer _ready  */
void disable _network _layer(void);

/*inc . : k */
#defi ne inc(k) if (k < MAX _SEQ) k = k + 1; else k = 0

, -
.  ( , ),

 (event=cksum_err).
,  (event = frame_arrival),

from_physical_layer
.

: ,
. .

.
, -

.

.
3.1- -

 ( ) . : boolean, seq_
nr, packet, frame_kind frame. boolean  true  false 
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, . seq_nr
.  0-  MAX_

SEQ- . packet 
-

.
 MAX_PKT ,

.
frame  4 : kind, seq, ack info

, .
.

kind ,
. seq  ack 

.
. , info, -

.   info .
 info .

.
, ,

. ,
 info . ,

-
. ,

.
3.1- .

. , wait_for_event
. to_network _layer

from_network_layer
. ,

from_physical_layer to_physical_layer
, to_network_layer, from_network_layer

-
. , to_network_layer, from_network _layer -

 2  3 , from_physical_layer
to_physical_layer 1  2 .

.
. ,

- -
.

wait_for_event
event=timeout . start_
timer, stop_timer . timeout 
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. start_timer
. -

 ( , ).
start_ack_timer stop_ack_timer

.
enable_network_layers, disable_network_layers

. ,
,

. event=network_layer_ready .
, . ,

.
 0-  MAX_SEQ ( ) . MAX_

SEQ .  1  (MAX_SEQ-
, )  inc .

. ,
.

.
3.1- -

. ,
. -

 protocol. h  #include -
.

3.3.1. « »

.
, .

.
. . ,

. 3.2-
« » .

.
sender1 ( ) receiver1 ( )  2 -

. sender1 , receiver1 -
. ,

,  MAX_SEQ .
frame_arrival ( ).
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sender1 while , -
.  3 

:  ( ), s 

.  info ,

.
.

, .
, wait_for_event , , event 

frame_arrival ( ) . from_
physical_layer

, r . -
, .

3.2- . « »

Typedef  enum {frame _arrival} event _type;
#include «protocol.h»

void sender1(void)
{
  frame s;                                                                /* */
  packet buffer;                                                       /*  */

while (true) {
      from _network _layer(&buffer);                        /* 

 */
      s.info = buffer;                                                 /*  s 

*/
      to _physical _layer(&s);                                  /* s */
}                                                                            /*  « ,

» – .

. , V, v */
}
void receiver1(void)
{
  frame r;
event _type  event;                                                /*

,
*/

while (true) {
      wait _for _event(&event);                             /*  – 

, */
      from _physical _layer(&r);                              /* */
      to _network _layer(&r.info);                            /* */
   }
}
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3.3.2.

 1- :
.

.
.

. .
 – 

 (
).

,
. ,

. .
, , .

, -
: .

. ,
, .

, .
- .

,
(stop and wait) .  3.3-

.
,

. ,
.

:
, , , , . .

.
 1- ,

, , .
1-  – -

, .
:

, .
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receiver 2-  receiver 1-
 receiver 2 ,

. , -
, -

.

3.3.3.

, ,
. ,

.
, ,  ( )

.

3.3- .

/* 2-  ( )
. .

,
.

.*/

typedef enum {frame_arrival} event_type;
#include «protocol.h»

void sender2(void)
{
  frame s;                                                               /* */
  packet buffer;                                                      /*  */
  event_type event;                                               /*  – 

 (frame_arrival ) */
while (true) {
      from_network_layer(&buffer);                          /*

*/
      s.info = buffer;                                                 /*  s */
      to_physical_layer(&s);                                     /* , */
      wait_for_event(&event);                                  /* */
  }
}
void receiver2(void)
{
  frame r, s;                                                             /* */
  event_type event;                                                 /*frame_arrival */

  while (true) {
        wait_for_event(&event);                                /*  – -

 (frame_arrival )*/
        from_physical_layer(&r);                                /* */
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         to_network_layer(&r.info);                             /* */
         to_physical_layer(&s);                                  /*

*/
  }
}

,
, .

.
. ,

. , .
.

.

.

. ,
-

,
.

.
1.  1- -

.
.

.
2. . -

. ,
, ,

.
3. .

, , -
.

4. ,
.

,
. , .

.
.

, .
,

. :
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,  (0  1 ).
.

, ,
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 (  0 1- ,  1 0- ).
.

.
3.4- . -

PAR (Positive 
Acknowledgement with Retransmission- ) -

ARQ (Automatic Repeat reQuest- )
.  2 , .

 3 
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.
, .

, .
, ,

. -
,

. - ,
.

, .
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,
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.
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.
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,
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.
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.
? ,

, .
,

. , , , -
 ( ), ,

.
, .

3.4- .

/* 3-  (PAR) 
*/

#defi ne MAX_SEQ1                                              /*  3-  1 */
typedef enum {frame_arrival, cksum_err, timeout} event_type;
#include «protocol.h»

void sender3(void)
{
  seq_nr next_frame_to_send;                               /* */
  frame s;                                                               /*  */
  packet buffer;                                                      /* */
  event_type event;

  next_frame_to_send = 0;                                    /* */
  from_network_layer(&buffer);                             /* */
  while (true) {
        s.info = buffer;                                               /* */
        s.seq = next_frame_to_send;                       /* */
        to_physical_layer(&s);                                  /* */
        start_timer(s.seq);                                         /* */
        wait_for_event(&event);                                /* frame_arrival, cksum_err, timeout 

*/
        if (event == frame_arrival) {
                from_physical_layer(&s);                       /*  */
                if (s.ack == next_frame_to_send) {
                stop_timer(s.ack);                                  /*  */
                from_network_layer(&buffer);                /* */
                inc(next_frame_to_send);                      /* */
        }
     }
  }
}
void receiver3(void)
{
  seq_nr frame_expected;
  frame r, s;
  event_type event;

  frame_expected = 0;
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  while (true) {
        wait_for_event(&event);                                /*  frame_arrival, 
                                                                                 cksum_err *  */
        if (event == frame_arrival){                            /* */
                from_physical_layer(&r);                       /*  */
                if (r.seq == frame_expected){                /* */
                        to_network_layer(&r.info);             /* 

 */
                        inc(frame_expected);                /* */
                }
                s.ack = 1  frame_expected;                 /* 

 */
                to_physical_layer(&s);                           /*  */
        }
  }
}

(sliding window) . ,
- ,

.
 (0- ).  n 

, .
,

 0  1- , n-
.

. .
, ,

.
, .

, ,
.

,

.
. , :

.

.
, . -

, . ,
.
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, .

,
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,

.

3.11- . 3-  1 :  ( );
 ( );  ( );

 ( )

3.4.1.
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3.5- . , -
. next_frame_to_send -

. ,
frame_expected .

 1  0 .

3.5- .  1-

/* 4-  ( ) . */

#defi ne MAX_SEQ1                                              /* 4  1  */
typedef enum {frame_arrival, cksum_err, timeout} event_type;
#include «protocol.h»

void protocol4 (void)
{
  seq_nr next_frame_to_send;                              /*  0  1*/
  seq_nr frame_expected;                                     /*  0  1*/
  frame r, s;                                                            /* */
  packet buffer;                                                      /* */
  event_type event;
  next_frame_to_send = 0;                                         /* */
  frame_expected = 0;                                           /*  */
  from_network_layer(&buffer);                             /* */
  s.info = buffer;                                                       /* */
  s.seq = next_frame_to_send;                             /*  */
  s.ack = 1  frame_expected;                              /* ,   */
  to_physical_layer(&s);                                        /* */
  start_timer(s.seq);                                               /* */
  while (true) {
        wait_for_event(&event);                                /*  frame_arrival, 
                                                                              cksum_err  timeout  */
        if (event == frame_arrival){                            /* */
                from_physical_layer(&r);                       /*  */
                if (r.seq == frame_expected){                /* */
                        to_network_layer(&r.info);             /*  */
                        inc(frame_expected);                    /* 

 */
                }
                if (r.ack == next_frame_to_send){         /*  */
                        stop_timer(r.ack);                          /*  */
                        from_network_layer(&buffer);       /*  */
                        inc(next_frame_to_send);             /* 
                }
        }
        s.info = buffer;                                               /*  */
        s.seq = next_frame_to_send;                       /* */
        s.ack = 1  frame_expected;                        /* */
        to_physical_layer(&s);                                   /* */
        start_timer(s.seq);                                        /*  */
  }
}
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/* {5-  ( ) .
-  MAX_SEQ . ,

.
network_layer_ready .*/

#defi ne MAX_SEQ 7
typedef enum {frame_arrival, cksum_err, timeout, network_layer_ready} event_type;
#include «protocol.h»

static boolean between(seq_nr a, seq_nr b, seq_nr c)
{
/* Return true if a <= b < c  true ;  false. */
  if (((a <= b) && (b < c)) || ((c < a) && (a <= b)) || ((b < c) && (c < a)))
        return(true);
    else
        return(false);
}
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static void send_data(seq_nr frame_nr, seq_nr frame_expected, packet buffer[ ])
{
/* . */
  frame s;                                                               /* */
  s.info = buffer[frame_nr];                                     /* */
  s.seq = frame_nr;                                                /* */
  s.ack = (frame_expected + MAX_SEQ) % (MAX_SEQ + 1);              /* */
  to_physical_layer(&s);                                         /* */
  start_timer(frame_nr);                                         /* */
}

void protocol5(void)
{
  seq_nr next_frame_to_send;                               /* MAX_SEQ > 1; 

*/
  seq_nr ack_expected;                                          /* */
  seq_nr frame_expected;                                      /* */
  frame r;                                                                /* */
  packet buffer[MAX_SEQ + 1];                             /* */
  seq_nr nbuffered;                                                /*

*/
  seq_nr i;                                                               /* */
  event_type event;

  enable_network_layer();                                       /*network_layer_ready */
  ack_expected = 0;                                              /* */
  next_frame_to_send = 0;                                   /* */
  frame_expected = 0;                                          /*  */
  nbuffered = 0;                                                     /* */

  while (true) {
      wait_for_event(&event);                         /* : see event_type above */
switch(event) {
  case network_layer_ready:                                 /*

*/
           /* ,  */
           from_network_layer(&buffer[next_frame_to_send]);         /* */
           nbuffered = nbuffered + 1;                         /*  */
           send_data(next_frame_to_send, frame_expected, buffer);  /* */
           inc(next_frame_to_send);                          /* */
           break;

case frame_arrival:                                               /* */
        from_physical_layer(&r);                               /* */

        if (r.seq == frame_expected) {
                /* . */
                to_network_layer(&r.info);                     /* */

inc(frame_expected);               /* */
}

        /* n-   n-1, n-2, . . .  */
        while (between(ack_expected, r.ack, next_frame_to_send)) {
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            /* */
            nbuffered = nbuffered  1;                         /* */
            stop_timer(ack_expected);                        /* ;

*/
            inc(ack_expected);                                    /* */
        }
        break;
case cksum_err: break;                                         /* */

case timeout:                                                         /* ;
*/

         next_frame_to_send = ack_expected;         /* 
*/

         for (i = 1; i <= nbuffered; i++) {
                send_data(next_frame_to_send, frame_expected, buffer);         /* 

*/
                inc(next_frame_to_send);                     /*

 */
        }
}

if (nbuffered < MAX_SEQ)
           enable_network_layer();
else
           disable_network_layer();
  }
}

.
, .

3.6-
.

.
.

, network_layer_ready -
. MAX_SEQ ,

. enable_network_layer,    disable_network_layer -
.

 MAX_SEQ+1 , MAX_SEQ 
,  MAX_SEQ+1 : 0-  MAX_

SEQ- .  MAX_SEQ=7 
.

1.  0-7 .
2.  7 .
3.  0-  7- .
4.  7 .
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, ,
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.

, start_timer,   stop_timer -
.

.
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 5 , , -
.

-
.

.
,

. ,
MAX_SEQ .

, MAX_SEQ- .
.

. , between -
.
, .

,
. 3.7- .

3.7-

/* 6-  ( ) ,
.

. , 5 
, . */

#defi ne MAX_SEQ7                                              /*2ˆn-1 */
#defi ne NR_BUFS ((MAX_SEQ + 1)/2)
typedef enum {frame_arrival, cksum_err, timeout, network_layer_ready, ack_timeout} event_type;
#include «protocol.h»
boolean no_nak = true;                                         /*  (nak) 

*/
seq_nr oldest_frame = MAX_SEQ + 1;                /*  */

static boolean between(seq_nr a, seq_nr b, seq_nr c)
{
/*  5 , , . */
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return ((a <= b) && (b < c)) || ((c < a) && (a <= b)) || ((b < c) && (c < a));
}

static void send_frame(frame_kind fk, seq_nr frame_nr, seq_nr frame_expected, packet buffer[ ])
{
/* - , . */
  frame s;                                                               /*  */

  s.kind = fk;                                                          /* kind == data, ack,  nak */
  if (fk == data) s.info = buffer[frame_nr % NR_BUFS];
  s.seq = frame_nr;                                                /*

 */
  s.ack = (frame_expected + MAX_SEQ) % (MAX_SEQ + 1);
  if (fk == nak) no_nak = false;                              /*  nak,  */
  to_physical_layer(&s);                                        /*  */
  if (fk == data) start_timer(frame_nr % NR_BUFS);
  stop_ack_timer();                                                /* */
}

void protocol6(void)
{
  seq_nr ack_expected;                                         /*  */
  seq_nr next_frame_to_send;                              /* +1  */
  seq_nr frame_expected;                                     /*  */
  seq_nr too_far;                                                    /* +1  */
  int i;                                                                      /*  */
  frame r;                                                                /*  */
  packet out_buf[NR_BUFS];                                /*  */
  packet in_buf[NR_BUFS];                                  /*  */
  boolean arrived[NR_BUFS];                               /*  */
  seq_nr nbuffered;                                                /* 

 */
  event_type event;
  enable_network_layer();                                      /*  */
  ack_expected = 0;                          /*  */
  next_frame_to_send = 0;                                    /*  */
  frame_expected = 0;
  too_far = NR_BUFS;                                           /* +1  */
  nbuffered = 0;                                                      /*  */
  for (i = 0; i < NR_BUFS; i++) arrived[i] = false;

  while (true) {
     wait_for_event(&event);                                   /* :
                                                                                see event_type above */
     switch(event) {
       case network_layer_ready:                            /* , , */
                nbuffered = nbuffered + 1;                     /*  */
                from_network_layer(&out_buf[next_frame_to_send % NR_BUFS]);
                                                                              /*  */
                send_frame(data, next_frame_to_send, frame_expected, out_buf);
                                                                              /*  */

   inc(next_frame_to_send);                /*  */
                break;
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       case frame_arrival:                                        /*  */
                from_physical_layer(&r);                       /*  */
                if (r.kind == data) {
                        /*  */
                        if ((r.seq != frame_expected) && no_nak)
                             send_frame(nak, 0, frame_expected, out_buf); else start_ack_timer();
                          if (between(frame_expected,r.seq,too_far) && (arrived[r.seq%NR_BUFS]==false)) {
                              /* . */
                                   arrived[r.seq % NR_BUFS] = true;                  /* */
                              in_buf[r.seq % NR_BUFS] = r.info;                /* */
                              while (arrived[frame_expected % NR_BUFS]) {
                                       /*  */
                                        to_network_layer(&in_buf[frame_expected % NR_BUFS]);
                                        no_nak = true;
                                        arrived[frame_expected % NR_BUFS] = false;
                                        inc(frame_expected);   /* */
                                        inc(too_far);      /  */
                                        start_ack_timer();            /*

*/
                            }
         }
}
if((r.kind==nak) && between(ack_expected,(r.ack+1)%(MAX_SEQ+1),next_frame_to_send))
        send_frame(data, (r.ack+1) % (MAX_SEQ + 1), frame_expected, out_buf);

                while (between(ack_expected, r.ack, next_frame_to_send)) {
                         nbuffered = nbuffered  1;       /*  */
                         stop_timer(ack_expected % NR_BUFS);                      /*  */
                         inc(ack_expected);               /*  */
                 }
                 break;
case cksum_err:
         if (no_nak) send_frame(nak, 0, frame_expected, out_buf);      /* */
         break;
case timeout:
         send_frame(data, oldest_frame, frame_expected, out_buf);     /* */
         break;
case ack_timeout:
         send_frame(ack,0,frame_expected, out_buf);    /*

;  */
     }
     if (nbuffered < NR_BUFS) enable_network_layer(); else disable_network_layer();
  }
}

. .
 3 ,

.
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. S=1/e ,

0,368,  ALOHA . G=1
,  0,368-  (4.2 

).   ALOHA ,  37% 
, 37% –  26% – -

. G ,
, .

, .
Ge . , ,

. ,
1 Ge . k  ( , -
, k-1 ) :

1
1

kG G
kP e e

:

1

1 1

1 .
kG G G

k k
k k

E kP k e e e

G
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,
.

 ALOHA , , ,
, .  1970 ,

, .
-

, . ,
 ALOHA . ,

RFID ,  RFID ,
.

ALOHA , .
,  ( ,

, )
,

. , , ,
.

, , ,
. ,

. , -
.

4.2.2.

 ALOHA 
1/ . ,

,
. .

, , - -
. , -

1/ - .
.

,
 – .

, . -
,  (Kleinrock, Tobagi, 1975) . -

.

 CSMA

CSMA  (Carrier-Sense Multiple Access – 
) .   CSMA .
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, -
, , .

. .
, ,

, , . ,
,  1 ,

 1 CSMA .
, ,

,
.

, ,
, .

, , .
,

. , -
, .

, , -
,  – . ,

 « » -
. ,

, .
,

.
,  ALOHA . ,

, .
ALOHA .

 CSMA -
.

. , -
.

, . , ,
, ,

. ,
. , ,  1 CSMA 

,
.

,  CSMA 
.

: , . ,
. q=1-p -

, . -
. ,

. ,
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. , -
, .

 802.11-  CSMA -
. .

4.4-
, ,  ALOHA -

.

4.4- .

 CSMA 

 CSMA ,  ALOHA 
,

. ,
, ,

.  – 
-  ( ),

.
.

, CSMA/CD (Carrier-Sense Multiple Access with Collision 
Detection – 

) . ,  Ethernet 
- ,  CSMA/CD 

. .
 « » .

,
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, . ,
-  (

,  1 000 000 )
 ( -

,  0- ).
CSMA/CD , -

, 4.5- .
t0 .

, . ,
,

. , .
,

, . ,  CSMA/
CD -  ( -

) .

4.5- . CSMA/CD - : ,

.
, t0 .

?
, ,

.
,

. ,
,

. « » (seized – )

. .
.

. t0 -
. , -
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, . , -
,

 2 - .
,  2 ,

.
CSMA/CD  2  ALOHA

.  1 5 . CSMA/
CD  ALOHA ,

 ( , )
. , -

,
.

4.2.3.

CSMA/CD
, .

, ,
,  (

) .
, . ,

-
.  CSMA/CD .

, -
. .

,
, , -
, .

N .
, 0- N-1 , ,

. .
, -

. :
?   4.5- ,

.

, ,
 (basic bit-map method) . N

. , 0- ,  0-
.
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. 1-  1- ,
, 0  1 . , N ,

N .
 (4.6- N=8

).

4.6- .

,
. , N

.
 (

), , .

 (reservation protocols) .
.

d .
, , -

.
, , 0  1 . ,

,
. ,

N/2 N . ,
,

.
.

 (N/2 ).
.

 1,5N , -
 – 2N , N

.
, .

d , N . d/(N+d) .
, ,
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N , N . ,
,

d/(d+1) . , ,
, (N-1)d+N

. ,

.

, -
. ,

- ,  (token) 
. ,

, ,
. ,

.
 (token ring) ,

, .
- , . , -
, 4.7- , ,

. . -
, , .

 ( ),
.  (

), .

4.7- .

,
. -

.
.  (token bus)

.
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, -
.

, N  ( )
. , N-1  ( -

). ,
. ,

,
.

.
-

.  (Token Ring ,  «
»,  802.5- ) 1980 ,  Ethernet 

. 1990 , FDDI (Fiber Distributed Date 
Interface – - ) -

, -
 Ethernet- . 2000  RPR 

(Resilient Packet Ring – ),  802.17 -
, -

, .  2010 
.

, .
,

. ,
. ,

.
. , -

 ( ).
 (binary countdown) -

.  Datakit (Fraser, 1987) . ,
, -

- .
:

 0 ,  0-  1- ,
. ,  0010, 0100, 1001  1010 -
,  0, 0, 1 

 1 . ,  1-
. , 0010  0100 ,

 1001  1010 .
 0-  – ,
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.  1- ,  1001 .
 1010 , . -

, .
. 4.8-

. , -
. ,

 – , .

4.8- . .

2/d d log N .
, ,

. , 2log N , 100% .
, ,

, .
,

.

4.2.4.

,
: CSMA- .

:
.

 (  ALOHA), 
 ( ).

, . ,
.

. ,
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, , ,
,  (

).
, ,

, .
 (limited-contention 

protocols) .
.

, -
, .

-
.

,
. , k

.
- . -

. , k-1 -1
.

11 kkp p .
.

, - .
- 1/k . - 1/k- -

, - :

P[p ] =
11 kk

k
                  (4.4)

4.9- -
.

,
1/k .

, ,
.

.
 ( ). 0-  0-

. , ,
.

,  1-  1- . . .
,

 ( ).
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4.9- .

.
, .

. , ,
.

 ( , ). ,
. -

2 , - .
, , -

.
,  (  ALOHA ).

.
, ,

,  ( , ).

 – ,

 (Dorfman, 1943). N .
. .

, . ,
, .

.
 (Capetanakis, 1979) ,

4.10- , .
.

- , .
, ,  2-

. ,
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 (  3- ) -
. ,

, 4- .

4.10- .

,  0- , -
, .

. ,
.

,
, .

,
, .

, 2-  3- . ,
? , -

. q-  (
) , ,

.
4.10-  – 1-  0- , 2-

 3-  1- . . . i-
2i . q -

, i-
 2 i q . , -

 1- , ,  2 1i q .
2i log q .

 – 
, -  (Bertsekas)  (Gallager) 

1992 . , G H
. 1-

, . . 3-



4.2                         315

, . (  1-
, 2-

 3-
).  3- ,  6- . 6-

, 7- , G
.

4.2.5.

,
 – .

 – .
,

 ( ) .
.  802.11 (WiFi) 

- .

, .
- .

.

, , , 2-
.

, ,
, . ,

 600 / - .
, -

.
, .

 – .
.

.
,

. , ,
. .

,
, .

, . ,

. ,
,

. , .
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CSMA (Carrier-Sense Multiple Access – -
)  – 

. ,
,

. - ,
 4.11- . ,
,  – . -

, - ,
D- , - .

4.11- . :  – , -
;  – , D-

, 4.11 - , -
.

, ,
- . , -

.
, ,

. ( , CDMA 
,

, .) -
- , .

, ,
,  (hidden terminal 

problem) .
: 4.11 - , -

D , -
.

, D  ( -
) . ,

,
. - ,

. -
 (exposed terminal problem) .
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, ,
, .

CSMA , ,
.

, . ,
.

, -
, , -

. ,
, -

.
, .

,
,  –  (Multiple Access 

with Collision Avoidance – )
(Karn, 1990). ,

. ,

. , .
4.12- .

. , 4.12 - -
, - RTS (Request To Send – )

.  (30 )
. , 4.12 - , CTS

(Clear To Send – ) . CTS 
 (RTS ). CTS 

, .
,

.  RTS -
,  CTS -

. CTS , ,

.  CTS .
4.12- , -

.  RTS ,
 CTS .  CTS 

, ,
. , D - , -

.   RTS ,  CTS . ,
,

. , -
. , D

, .
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4.12- . :  –  RTS ;
 – -  CTS 

, .
, ,   RTS 

. , .
,  CTS ,

, .

4.3. ETHERNET 

,
. .

(PAN),  (LAN)  (MAN) 
 802 .

,  –  (1.4- ). ,
,

. .
 802.3 (Ethernet)  802.11 ( ). Bluetooth ( -

) ,  802.15-
. 802.16 ( )

.  6 -
.

 Ethernet .
. Ethernet : ,

,  Ethernet 
(classic Ethernet); 

,   Ethernet (switched Ethernet).
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 Ethernet ,
.  Ethernet – -

,  3-  10 / .
 Ethernet – ,  100, 1000 

 10 000 /  Fast Ethernet («
Ethernet»), Gigabit Ethernet («  Ethernet»)  10-Gigabit Ethernet («10- -

 Ethernet») .  Ethernet.
 Ethernet- ,

. Ethernet  802.3  (
), -

.  «Ethernet»,  «  802.3» . Ethernet-
 (Spurgeon, 2000) .

4.3.1.  Ethernet 

Ethernet ,  ALOHA , -
,

. .
,

, ,  Xerox 
. -

. , .
, ,

,  (Metcalfe, Boggs, 1976). 
, ,  3 / .

 Ethernet . (
,

. , -
, .  1887 

, -
).

Xerox Ethernet , 1978   DEC Intel
Xerox 10-  Ethernet , DIX  (DIX 
standard) . 1983 ,  DIX  802.3 

. Xerox , ,
,   (

)  (  “Fumbling the Future”, Smith, Alexander, 
1988 ). Xerox- Ethernet-

, , 3Com ,
 Ethernet . .



320         4-

 Ethernet – 
.  4.13- .  Ethernet 

(thick Ethernet) ,  2,5 
– , . (802.3 

,
.)  Ethernet (thin Ethernet) ; -

 BNC 
.  Ethernet ,

 185  (500  Ethernet -
),  30  (100 ).

Ethernet
, .

 (repeaters) .
 – . ,

, . ,
,

 ( , ).

4.13- .  Ethernet 

.
Ethernet

, -  2,5 -
.

, .

4.3.2.  Ethernet-

4.14-
.  8 , 10101010  ( ,

 11 , ), Preamble ( , )
. 802.3 Start of Frame (
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) . ,

,  6,4  10 .
, .

: .  6 
. ,

 0  1 . -

. ,
.  (multicasting) -

. ,
.  (broadcasting) -

. ,
.  – ,

.

4.14- . :  – DIX Ethernet;  –  802.3

,
. , -

, ,
. ,  48- .

 3 OUI (Organizationally Unique Identifi er, 
).
.  224

.  3 ,
, .

Type Length,  Ethernet  802.3 -
. Ethernet Type

. , -
,  Ethernet ,

. Type ,
. , 0 0800 , v4

.
 802.3- ,

. ,
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,
. , ,

. , LLC (Logical Link 
Control, ) ,

.  8  2 .
, 802.3 , DIX Ethernet 

,
Type Length

. 1997 , .
, Type  1997  1500 

( ) . -
:  0 600 (1536) Length

,  0 600  – Type . ,
,  LLC 

,
.

, Type .
1500 . ,  Ethernet 

. , -
-

. , 1978 . ,
, ,

- .
, .

 0 .
- ,

.
, Ethernet  64 

( ) .
 64 , Pad ( )

. .
 ( ) ,

, -
.

. 4.15- .
 0- , .

- .
( - ),

. , ,
. ,

, 48- . , 2 ,
, .

, .
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,
. ,

, , .
,

  2 - .  10 /
,   2500 

(802.3 ) ,
,  50 - .

, , -
.  10 / ,  100

,   500 .
 512  64 .

4.15- .  2

Ethernet  – Checksum,
. ,  32-  CRC 
. ,  PPP,  ADSL -

, .  CRC 
: . ,

, .

CSMA/CD

 Ethernet- ,  CSMA/CD  1-
. ,

. , ,
. ,

, .
.
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,
. 4.5- .

,
,  2  ( ,

). , Ethernet ,
 512  51,2 .

, , , 0- -
 1- . ,

, . ,
 0, 1, 2  3- , .

 (  ¼ )
 0- 32 1 .

 0- 2 1³

. , 10 
,  1023 .

 16 , , -
. -

.
,  (binary 

exponential backoff) , -
.

 1023- , -
, ,

. ,
, 0  1, ,

,  99-  1- ,  0- ,
- . .

, -
,

, .
, .

, CSMA/CD- , Ethernet- .
, .

 CRC , .
, .

4.3.3. Ethernet 

 Ethernet ,
. , k .

.
,  (Metcalfe)  (Boggs) (1976) ,
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. -
, ,

,  4.5 .
11 kA kp p                                                  (4.5)

/1p k . k ,
1/ e .  j 

11 jA A , ,

1

0

11 .j

j

jA A
A

 2 , -
2 /w A .

e , ,
2 5,4e .

, ,
:

=
2 /
P

P A
                                   (4.6)

, .
, -

. , , Ethernet-
.

(4.6) , F – , B – , L – 
, e – 

, , . P=F/B
(4.6) :

 = 
1

1 2 /BLe cF
                               (4.7)

, .
 (BL

), . ,

. ,
 ( , ), ,
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 Ethernet . Ethernet-
.

2 =51,2  10 / ,
4.16- .

 (4.7) . 64-  64-
, . ,

1024 , e-
 64- ,  174 ,  85% 

.  ALOHA  37% ,
.

Ethernet  ( )
. , -

. , ,
.

, ,
 (Paxson and Floyd, 1994; Leland 

, 1994). .
,  « »

, , -
.  (1998 )   Ethernet- ,

,
.

4.16- . 802.3 , 512- , 10 /
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4.3.4.  Ethernet 

Ethernet ,
. -

. ,
 (hub) . -

, . -
 4.17 - .

4.17- . Ethernet :  – ;  – 

-
, ,

.
,

 100  (  200  5-
) .

, .

-
,   Ethernet .

,  Ethernet 
, .

,
. , . ,

 – , 10-  100 / , 1 /
. ,

,  Ethernet-
.

, ,  Ethernet 
. , ,

 (switch) (4.17 - ).
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.
,  (4-  48- )  Rj-45 

. , 4.18- ,
. -

.
, .

.  – 
 – ,

, .

4.18- . Ethernet 

.
.  Ethernet 

,   Ethernet ,
.

. ,
.

.
.

. ,
. ,

.
.

?
.

  (collision domain) . -
 CSMA/CD .

.
, , -

, . ,
CSMA/CD . , , -

 CSMA/CD- ,
.
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,
. , ,

. , ,
, . -

,
. ,

,
, . -

,
. ,

, .
,

.
( ), ,

, « » (promiscuous 
mode) . ,

, -
. .

.
:  « » . ,

,
.

 Ethernet ,
. 4.18- -

, 12- -
.

.
, .

.
,

.
, , -

. , -
, .

 Ethernet .
.

4.3.5. Fast Ethernet

, Ethernet-  10 /
, .

10 /  – .



330         4-

, . , -
.  (« »)

: «
».

,
, ,

, 10- .
, .  Ethernet -

, -
. , , 1992 

 802.3 
. , 802.3-

, . ,
,  – 

, ,
. ,  (

) . ,  8012.3-
, . -

,
. ,

 Ethernet 
.

.
,  (802.12), 

.
 ( ), 1995 

802.3u -
. ,

.  802.3-  ( -
) .

.  «Fast Ethernet» (  Ethernet) -
, .

Fast Ethernet- : , , -

100-  10 - .
?  10-  Ethernet ,

 10 . ,
,  «Fast Ethernet» 

. , Fast Ethernet- -
,  « »

 BNC .
, .

, .  3 
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.
,  3 

.
( ) 100 .

. ,  Fast Ethernet- -
.

.
:

100-  100  (  10- -
,

) . -
,

. . 802.3 
, 4.2- ,

. -
, .

4.2- .
Fast Ethernet 

,

100Base-T4 100 3 

100Base-TX 100 100 / -  (5 
)

100Base-FX 2000 100 / - ,

 100Base-T4 
 25 ,  20   Ethernet

( ,
)  25% .

, 100Base-T4 .
,  – ,

.
 100 / ,

.
, -

. ,
,

. ,
, .
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, , 100Base-
T , 100Base-T4 

.  125 -
, .

: ,
.  (NRZ) , .

4 /5 .
 4  125 

  100 / .
, -

. 100Base-T -
,

.
 100Base- .

,  100 / .
 2 .

FastEthernet . CSMA/
CD ,  10-  100 /

,
. ,

 (64 ), -
 (2500 - ). :

,
 10 . , 100Base-  2 ,  Ethernet 

, 100-
. ,

.
Fast Ethernet ,  10-

Ethernet . ,
 10  100 .

 (autonegotiation) 
.  (10 -

 100 )  ( )
. , ,

. ,
-

 (Shalunov, Carlson, 2005). Ethernet 
.

4.3.6. Gigabit Ethernet

 Fast Ethernet , 802 
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. Gigabit Ethernet ( -
 Ethernet ) .  1999 

 802.3ab .  Gigabit Ethernet-
.  Spurgeon, 2000 .

 Gigabit Ethernet-  Fast Ethernet-
:  Ethernet 

 10 . , Gigabit Ethernet 
,

.  48-
,

. .
FastEthernet ,  Gigabit Ethernet-  « - »

. , -
4.19 - .

,
 (4.19 - ).

 Gigabit Ethernet- .

4.19- . Ethernet :  – ;  – 

Fast Ethernet ,  Gigabit Ethernet : -
.  « »

. . ,
.

,
.

, . -
, ,

, ,
 ( ).

, CSMA/CD ,
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,
.

, .  Fast Ethernet-
- ,  10, 100  1000 

/ .
-

.
. -

,  Ethernet .
,  CSMA/CD .

(64 )  Ethernet  100 
,  100 .

 25  – ,

.  2500 ,  64 
 1 / , ,

 10-
.

,
 200 

.
.  (carrier extension) .

,  512 ,
. ,

,
. , 512  64 ,

 – .
, -9%.

,  – -
 (frame bursting). , ,

.  512 
, -

. ,
, .

, , .
 Ethernet 

,  Ethernet ,
, -

. Gigabit 
Ethernet- ,

. ,  – -
, .
 10, 100, 1000 /
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 Ethernet-  Ethernet 
.

Gigabit Ethernet, 4.3- , -
. 1 / -

, . ,
 (1000Base-CX ) -

. ,
: 0,85  ( , 1000Base-SX )  1,3  (
, 1000Base-LX ).

4.3-
Gigabit Ethernet 

,
1000Base-SX 550

(50, 62.5 )

1000Base-LX 5000  (10 )

(50, 62.5 )

1000Base- X 2 25

1000Base- 4 100 5-

. ,
.  50 -

 500 .
. ,  (10 )

5 . , - -
, ,  « - »

.
.

Gigabit Ethernet-
  Fibre Channel ( ) ,

 8 /10 .  8  10 
,

–  8 /10 . , -    ( -
, ) -

. NRZ ,
 25%-
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.
.

.  Fast 
Ethernet , -

.  1000Base-T -
 Gigabit Ethernet- .

.
Ethernet  1000 /

, . ,
;

-
. 125 /

.  2 .
.  ( )

, .
1 /  – . ,  1 

,  1953 -
. :

 Ethernet 
.

. . , Gigabit Ethernet 
.

,
. PAUSE 

 – Type  0 8808  Ethernet -
. . Gigabit 

Ethernet  512 ,  33,6 .
Gigabit Ethernet- . - -

 (Jumbo frames)  1500 
,  9 . .

,  Ethernet .
. : 1500  – 

. -
,

( , -
 Ethernet- ,

) .

4.3.7. 10-  Ethernet

Gigabit Ethernet , 802 .
10-Gigabit Ethernet (10  Ethernet) .
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, Ethernet-
.

 2002  2004 ,
 2006 .

10 /  – . Ethernet- -
 1000 . ?

, ,
,

,
.  Ethernet 

.
, .

10-Gigabit Ethernet- -
. CSMA/CD -

. ,
10-Gigabit Ethernet ,

.
  10-Gigabit Ethernet- 4.4- .

 0,85 ,
 –  1,3  1,5 

. 10GBase-ER  40 ,
.

64 /66 ,
.  8 /10 .

4.4- .
10-Gigabit Ethernet 

10GBase-SR 300  (0,85 
)

10GBase-LR 10  (1,3 )

10GBase-ER 40  (1,5 )

10GBase-CX4 4 15

10GBase-T 4 100 6

,  10GBase-CX4, 
.  8 /10

 3,125 / , 10 /
. ,
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 10-Gigabit Ethernet-
.

10GBase-T – . -
 6 ,

 ( ) ,
.  10 /

. -
.

, 2500 / . -
 800 /  16 

. , LDPC (Low Density Parity Check) -

.
10-Gigabit Ethernet ,  802.3 

. 2007  40  100 
/  Ethernet 

.  Ethernet- ,

,
( ) .

, .

4.3.8. Ethernet 

Ethernet-  30 ,
. .

, -
.

, Ethernet . ?
, ,

. , , ,
.
, -

.
. ,

.
 « » ( ) -
.  « » ,

.
, Ethernet  – . -

, . , ,
Gigabit Ethernet- ,
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 ( )
.

Ethernet  – 
.

( )  (
) . .

Ethernet- , ,
/ - .  – ,

 Ethernet 
. ,

.
.

, Ethernet 
. , -

,
. ,

. : « ,
! !

, », – ,
.

, , -
,   Ethernet- .

-  FDDI -  (FC – Fibre Channel)
.   Ethernet-

. . ,
. :

 – ,  (KISS – Keep t Simple, Stupid). ,
Ethernet , . -

  ( , FDDI-   4 /5
-  8 /10 ) .
, , -
.

Ethernet- . 10-Gigabit 
EthernetCSMA/CD , . -

 Ethernet 
,  Ethernet-

 (carrier-grade Ethernet)  (Fouli, Maler, 2009).
Ethernet

.
, -

, . ,
-

.
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4.4.

. ,
, , , ,

,
.
- .

 – 802.11. 
 1.5.3 .  802.11 

. , -
 ( ), ,

. 802.11 
 (Gast, 2005) .
 802.11-2007 .

4.4.1. 802.11 :

802.11 .  – , -
, ,

. 4.20 - .
 (infrastructure mode) 

 (Access Point, AP) .
.

,  (distribution system) 
.  802.11 

.
.

4.20 - ,  (ad hoc network)
.  – - -

. . -
,

.

4.20- . 802.11 :  – ;  – 
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.  802. , 802.11 
Ethernet , . -

 4.21- .
.  OSI 

,  802.
. 802.11 ,  (

) ,
. , LLC( -

) .
802. .

,  LLC 
; 802.11 ,

( , ) .
, 1997 -

. , -
 ( )  2,4 -

.
, 2,4 , 1  2 /

, 11 / -
.  802.11b .

4.21- . 802.11 

,
, 1999  2003 2.5.3- OFDM

(Orthogonal Frequency Division Multiplexing) -
.  802.11  5

. ,
2,4 .  802.11g .  54 /

.
, 2009 , 802.11n 
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-
.

.  802.11 -
 600 / .

.  802.11 -
, .

. 2-
.  802.11 -

, .

4.4.2. 802.11 :

.
. -

, . -

 (2.5- ).
802.11  2,4  5  ISM 

,
( 2.3.3- ). , -

,  1
 (

 50 ). , ,
, ,

. 2,4 , 5 ,
 5 - .

.
, .

, .
, .

 (rate adaptation) .
, -

.
, .

 – 802.11b. , 1, 2, 5,5 
 11 / , ,

. ,
CDMA . ,

, . , - ,



4.4                                    343

 ISM ,
. 201.11b  (Barker sequence) 

. , -
. -

.  1 /
BPSK  11  1 .

 11 / . 2 /
 QPSK  11  2 
. . -

 (Complementary Code Keying) -
. 5,5 /  8-  4 

,  11 /  – 8 .
5-  ISM  54 /  802.11

. 802.11  802.11b- ,
. 802.11  802.11b 

.  802.11
,  5 .

802.11 OFDM (Orthogonal Frequency Division Multiplexing) -
,

, , .
52 ,  48  4 -

.  4  1, 2, 4  6 -
. ,

.  1/2, 2/3  3/4 
. 802.11  6-  54 / - ,

.  802.11b , -
 5 .  802.11b 

802.11 , .
, 802.11b 

. 2002 -
, -  ISM 

.  802.11g  –  2003 
.  802.11  OFDM -

,  802.11b-  ISM 2,4 -
.  802.11  6-  54 /

 802.11b 
.

,  802.11 /b/g .
, ,

, 802.11n -
.  2009 . 802.11n  – 

, 100 /



344         4-

. ,
.  20-  40 - -

,
. , 802.11n 

.
, MIMO (Multiple 

Input Multiple Output) –  – 
.

. , OFDM 

, . 802.11 -
 (Halperin 

, 2010) .

4.4.3. 802.11 :

.
 ( ,  – Medium Access Control – 

) 802.11 ,
, Ethernet-

.
,

. ,
.

.
Ethernet- , -

.  64 
, .
, .

 802.11 CSMA/CA (CSMA with Collision avoidance, CSMA 
)

.  Ethernet-
CSMA/CD . , ,

.
, -

 ( ,
). . OFDM 

, ,  0-  15-
.

 (DIFS , ) ,
. . -



4.4                                    345

. ,
. ,

 – .
,

,  (Ethernet-
), .

 4.22- .
.

, .
, . -

. ,
 ( ),

. ,
. , -
, , -

.
, .

Ethernet- . ,
.

, ,
, . ,

,  « »
.

4.22- . CSMA/CD

DCF (Distributed Coordination Function, 
) . ,



346         4-

. PCF 
(Point Coordination Function, ) ,

-  – 
. , F ,

.
,

. -
. -

.
, ,

, 4.23 - . -
- ,
, . -

, .
,

.
.

, 4.23 - .
.

,
, . ,

 – ,  D  ( ) -
. , .

, 802.11 
.

. , NAV (Network Allocation Vector, 
) ,

. , ,
, NAV . ,

,  NAV 
. ,  NAV- -

.
, , -

.
 RTS/CTS   NAV 

. 4.24-
. , .
-  ( , ),

- , . D -
- , - .



4.4                                    347

4.23- .  – ;  – 

, -
.  RTS ,

. ,
,  CTS .  CTS 

, .
, .

, ,
,

.
, D . -

- ,  RTS 
-

. RTS ,
-

.
.  NAV -

, 4.24- , . D  RTS 
,  CTS  NAV- .

: NAV ,
.

, RTS/CTS ,
. .

 (RTS )  (
) .

. 802.11  RTS/CTS 4.2-
.  RTS  CTS -

, ,



348         4-

. , -
, . -

 CSMA/CA .
,

.

4.24- . CSMA/CA 

 CSMA/CA 802.11 
. , -

.
.

 – . - ,
. ,  ISM 

- .
,

.
 – -

. ,
,

. ,
. ,

, .
 – 

. -
, n 1 np . -

, 10 np  12 144  Ethernet -
 30% . .

 (4048 ),
.

.
, ,



4.4                                    349

. , 802.11 
 (fragments) 

.
, . -

,  ( ,  k -
 k+1 ) - . ,

,  ( -
) . NAV -

. ,
,

 (
).

 – .
-

. 802.11 ,
,

.
« »  (beacon frames) 

.
( ,  100 ).

, , ,
.

,
(power-save mode)

. -
, .

, ,
.

. ,
,

.
.

2005  802.11 .
APSD (Automatic Power Save Delivery – 

) . -
,

.  ( )
, . , , -

. , -
,  20 -
, .  (100 )

.



350         4-

 – .
, - , -

, - . ,
- -

.
.

- -
.

 802.11- -
.  2005  802.11

.  CSMA/CA ,
. ,

,
. , -

.
4.25- .

DIFS (DCF InterFrame Spacing) – DCF 
.  DIFS 

. ,
,

.
 – SIFS (Short InterFrame Interval) – 

.
.

 RTS, CTS 
.  SIFS- ,

.

4.25- . 802.11

AIFS (Arbitration InterFrame Space – -
) . AIFS1 -



4.4                                    351

 DIFS ,  SIFS .
-

.
, .

AIFS4  DIFS . ,
.

, -
. ,

.
.

EIFS (Extended InterFrame Spacing) – 
.

, .
, ,

.
,  – 

 (transmission opprtunity) TXOP.  CSMA/
CA .

. 802.11a/g-  6 / ,
 54 / .

,
 9  ( ) .

,
.

, , -
,  6 /  54 /

.  5,4 
/ . .

,  (rate anomaly)  (Heusse 
, 2003). 

- , ,
. ,

, . -
, 6  54 /

 3  27 / .

4.4.4. 802.11 :

802.11 
: , .

. -



352         4-

, ,
, .

. 4.26- -
. (Frame Control) .

11 .  – , 00 (2 ) .
 802.11-

.  ( ,
)  ( , RTS  CTS). -

 ( )
 10  0000 . DS-  DS-

:  (distribution system) 
. ,

.
-

.
-

. -
. , ,

- .

4.26- . 802.11 

 – .
.

,
 NAV .

.  IEEE 802 
.

, ?
, -

, - ,
.  – 

.



4.4                                    353

.  16   4- ,  12-
.

.
 2312 .

LLC ( ) -
. , -

 ( , ) , .
, .

3.2.2-  32  CRC.
.

 ( , « »
) .

. , ,
.

. ,  (RTS, CTS -
) .

4.4.5.

802.11 , , -
,

. .
 (association).

. ,
. ,

, -
.

: ,
, , . . .

.
.

 (reassociation) -
. , , 802.11 

-
. ,

. ( , Ethernet , 802.11 -
,

.) -
 (disassociate), -

.



354         4-

. -
, , .

, -
 (authenticate) .

.  802.11  « » -
, .  « » , -

. ,
WPA2 (WiFi Protected Access 2) – WiFi  2 .

 802.11 . (
WPA,  802.11 . ,

.)  WPA2- ,
,

. -
,

(pre shared key) . -
.

.
.

WPA- WEP (Wired Equivalent Privacy) – -
.

. ,
WEP- ,

. WEP- , -
 AT&T-  (Stubblefi eld , 2002) -

. , .
,  WiFi ,

. WEP 
.

,   (distribution 
service) .

,
. , .

 (integration service),  802.11 
, -

.  – 
.

 (data delivery).
.  802.11 

.
. 802.11 -

 Ethernet ,
100% , , .

.



4.4                                    355

 – .
, . ,

- ,
(privacy service) . WPA2 , 2002 

AES (Advanced Encryption Standard – 
) .

.
QOS

(QOS traffi c scheduling) . , «
» ,

. -
.

.
,

.  (transmit power control) 
,

.
 (dynamic frequency selection) 

,  5 -
.

 802.11 ,

. ,
. ,

(Hiertz , 2010) .

4.5.

, . ,   «
» . ,

.
.

.
.

?
. .

,
, ,

. , , ,
. . ,

,
.



356        4-

, -
. 802-  802.16 , , -

. WiMAX (Worldwide 
Interoperability for Microwave Access) .  802.16  WiMAX 

.
 802.16  2001 . -
, - ,

. ,  WiMAX , DSI -
, . 2003 

, 2  10 , OFDM 
, 802.16 

. , -
.

,  3G 
. ,

, 2005  802.16 .
 – IEEE 802.16-2009-

.
802  802.16  OSI 

. ,
. ,

. . . , OSI  802.16 .
WiMAX  (WiMAX Forum)

.  802.16-
, ,

- . WiMAX 
 Andrews ,

2007 .

4.5.1. 802.16  802.11  3G-

? 802.11  3G-
?  WiMAX 802.11  3G -

, 4G .
802.11  WiMAX ,

,  DSI 
. .

WiMAX 
; 802.16  IP ,

 IP , -
. -



4.5                             357

, - -
.

,
WiMAX 802.11  OFDM 

 MIMO .
, WiMAX -

3G-  (  802.11- ). ,

.
 802.11  10 .  WiMAX 

, 802.11 .
,

, ,
. -

- .
,  CSMA/

CA .
 – WiMAX , -  2,5 .

 802.11- .
, .

802.11  – :
.

802.16- LTE (Long Term Evolution)
,  4-  (4G) . 3G 

CDMA- ,  4G  OFDM 
 MIMO , ,

.  WiMAX 
 4G - . ,

, ,  OFDM 
MIMO  – -

.

4.5.2. 802.16 :

802.16  4.27- . -
, . , -

. -
. .

(subscriber stations) , ,
.

, , WiMAX- .



358        4-

4.27- . 802.16

 802.16 
4.28- .  802 

, .
 802.16- :

 WiMAX. .  11 
-  OFDM-

.

4.28- . 802.16 

.  (security sublayer) ,
, -

. ,
.

.



4.5                             359

 – -
. , .

 ( )
. 802.x  802.16   MAC 

, . ,
,

.
 (service specifi c convergence 

sublayer) 802.x 
.

. ,
.  Ethernet  ATM 
,  – . -

,  802.16 MAC  – ,
.

4.5.3. 802.16 :

WiMAX-  3,5  2,5 -
. , 3G-  – -

.  802.16 .  2-  11 
- .

, , 3,5  WiMAX   1,25-  20 -
 WiMAX . , 2.5.3-

, OFDM . 802.11-
802.16-  OFDM ,

. ,
-

,  ( ) : WiMAX  802.11-
 20 . ,  WiMAX-

5  512 
 100 .

 2.5.3- , -
 QPSK, QAM-16  QAM-64 . -

- -
/ ,   6  QAM-64 

. , /
  QPSK .

, 3.2.1-  (
) , .
,



360        4-

.
. , 802.11 , ,

 DSL . , , 5 
 12,6 / -

,  6,2 / -
.

802.16  CSM  DAMPS 
. ,

. , -
-

. , , -
 ( - )

.  2:1, 3:1 .
, ,

OFDMA (Orthogonal Frequency Division Multiple Access – -
) . OFDMA -

, -
,

.  802.11 ,
.

, .

, .
.

,
.

TDD (Time Division Duplex – )
. ,

 FDD (Frequency Division Duplex – )
. WiMAX ,  TDD ,

.
4.29- -

.  ( -
) . ,

. ,
-

. ,
, ,

.
,

, .
,

.



4.5                             361

4.29- . OFDMA 

, ,
,

.  (ranging)
– , -

, .
, -

, .

4.5.4. 802.16 : MAC 

, 2.28- ,
. 8-

,
.

.
, .

, .
, ,

.
. , 8- .

,  RSA (X509 -
) . -

-
:  AES (Rijndael),  DES  (cipher 

block chaining).   SHA-1 .
, ?



362        4-

.
,

.
, :

.
. ,

,
.

. . ,
-

.
,

. .
.

1. .
2. .
3. ,

.
4. .

802.16
,

. ,
, Ethernet- , 802.11- .

 T1 ,
.

.
,

. ,

.

-
. .

, ,
,

.
,

, , -
. ,

. ,

.



4.5                             363

,
. ,

,
. , -

, .
, -

. ,
. , Ethernet-

.

4.5.5. 802.16 :

 ( )
.  ( )

 (CRC) .
4.30- . , ,

.

, .
, -

, ? ,
,  IEEE 802. ,

.
 (4.30 - ).

.  (
, ). CI

- .  (
) .

.

.
. 8 2 1x x x .

4.30- .  – ;  – 



364          4-

802.16 . 4.30 -
. , -

,
, 16 ,

. ,
.

802.16 , .
 IEEE802.16-2009 .

4.6. BLUETOOTH 

1994 . .  (L. M. Ericsson) -
 ( , ) -

. 1998 
 (IBM, Intel, Nokia Toshiba)  (SIG – 

Special Interest Group, ),

, , -
. ,

( ),  II (940-981) 
Bluetooth (« ») . , .

Bluetooth 1.0 1999 ,  SIG 
.

  Bluetooth-  – 
,  ( ), , , ,

, , ,
. . .  Bluetooth - ,

(pairing) , -
.

.
, 2004  Bluetooth 2.0-

. 2009  Bluetooth 3.0 ,
 802.11-

. 2009  4.0 
. , -

.  Bluetooth-
.

4.6.1. Bluetooth 

Bluetooth ,



4.6                                                BLUETOOTH 365

. Bluetooth ,  10 -
 ( )

 (piconet) . , ,
. , 4.31- ,

 ( ) .
 (scatternet) .

4.31- . ,

,  255-
. ,

.
.

.
 – ,

.

(Bluetooth-  5$ ) .
, . ,

,
. , ,

.
. .

4.6.2. Bluetooth 

, -
,



366          4-

. , 802.11 
, -

. . . . , Bluetooth 

. ,
(profi les) ,   25 . ,

. -
,  Bluetooth 
, .

, , . ,
intercom , .

hands free
. , , .

,
,

.
HID  – 

.
, -

. , -
,  (Bluetooth )

.
.  Bluetooth 

 802.11 
.

 (dail-up networking), .
,

.
, .

- , ,
, .

,
.

,
,

 ( ) . -
. ,

, -
.

, ,
? ,

, -
. .



4.6                                                BLUETOOTH 367

. (1968 Datamation -
 (Melvin Conway) « n

, n » .
,

). , 25 -
 – ,

.

4.6.3. Bluetooth: 

Bluetooth , 4.32-
, .  OSI 

, TCP/IP , 802 , .
, OSI  802 ,

( ) .
.

.
 ( )

, . ,

.
,

. -
, ,

. . -
 – :  Bluetooth 

,  –  Bluetooth 
.

 – L2CAP (logical Link Control and Adaption 
Protocol – ).

.
L2CAP- ,

. ,
. RFcomm - ,

, ,
.

.
. , -

. , ,
. -

,   L2CAP- ,
 L2CAP- .



368          4-

4.32- . Bluetooth 802.15 

 Bluetooth 
. ,

.

4.6.4. Bluetooth: 

. ,  10 
, - .  802.11  ISM-  2 

.  1 -  79 .
ISM

.
1600 ,  ( )

 – 625 . ,

.
, Bluetooth  802.11 -

, - .
Bluetooth- ,

.
.  – ,
 (adaptive frequency hopping) .

, .
,  1 



4.6                                                BLUETOOTH 369

.  1 /
.  Bluetooth 2.0 .

 2  3 / , -
 2  3 , -

. ,
.

4.6.5. Bluetooth: 

 ( ) – 
Bluetooth .

.  625 -
. ,

 – .  – 
, ,

.  1,3  5 
.

 126 ,
, 250-260 - , ,

. ,
.

,
.  5-  1- , ,

, .
- ,

 (links) -
.

, -
.  – 

PIN-  (Personal Identifi cation Namber – 
) . PIN ,

.
, «0000», «1234» ,

.  (secure simple pairing)

.
,  PIN-

. , .
, , /

.



370          4-

, .
.  – SCO (Synchronous connection Oriented – -

).
, , .

, .
, SCO .

 64 000 / . -
, -

 SCO . -
, ,

.
ACL (Asynchronous Connectionless – 

) . , -
, . ACL 

.
. .

 ACL- .
ACL-  L2CAP 

. . ,
 64 , -

.
 – .
, L2CAP -

.
 ( , Rfcomm -

).
, L2CAP 

. , .
, L2CAP 

.

4.6.6. Bluetooth: 

Bluetooth . -
4.33- . , -

.
-  « »,

. , ,  54 
. ,

.  2744  (
). ,

,  240 
.



4.6                                                BLUETOOTH 371

4.33- .  Bluetooth :  – ;
 – 

,
,   2 

 3 . ,
, -

. , ,
.

.
.
.

 (ACL, SCO, ),
. F (Flow – )

-
. .

A (Acknowledgement )
 ( ). S (Sequence ) ,

. -
, . , 8-

.  18- ,
4.33-  54 . ,

.
, . .

, 10 ,  54 . -
: . ,  (2,5 ),

.
ACL  SCO- .



372          4-

 SCO , :
 240 . : 80, 160  240 

.
.  (80 )  (240 

) .
.

,  800 .
.  80 -

,  64 000 / .
.

-  ( -
,  16 000 

). ,
, 64 000 / ,

 1 / ,
.

 13% –  41%, 
20% , 26% .

.
Bluetooth ,
.  Bluetooth 4.0 

.

4.7. RFID

, -
.

, « » -
. 1.5.4-  – 

RFID (Radio Frequency Identifi cation – ).
RFID , , -

, . . .
, 1999 

Auto-ID , EPC (Electronic Product Code – 
) .  – ,

,
 10 . , ,

, -
 RFID- . ,

- .
EPCglobal  2003 ,  AutoID- , RFID 

.



4.7                                                      RFID 373

2005 , Walmart  100 -
 RFID , , -

.
. , ,

. ,   EPC Gen 2 (EPCglobal, 2008) -
, .

4.7.1. EPC Gen 2 

RFID  EPC Gen 2 4.34- .
:  ( ) . RFID 

– 96- , , -
.  RFID- .

, ,
.

, ,
. , -

.  – RFID .  – RFID 
, , .

 RFID- .
,

  “Class 1” .

4.34- . RFID

 –  WiFi 
, .

. -
.

, . ,
,



374          4-

. , - ,
.

 – -
, .

.
.

4.7.2. EPC Gen 2 

  RFID-
. , ,

. -  ISM-
 902-928 .

 UHF ( ) ,  RFID-
UHF- . ,  400 ,

,
.

2.5.2-  ASK 
. ,  – 

.
EPC Gen 2 

. , -
, -

. , -
.

, -
.

. .
 – ,

.
 (backscatter) . ,

, -
, .  – -

,
. ,

.
,

.
,

, . -
,



4.7                                                      RFID 375

. 0  1 , -
.

, .
4.35-  «1» «0- » .

, ,
- .  0  1-

. 4.35-
, 1- , 0- .

4.35- .

4.7.3. EPC Gen 2 

,
.

 – , . -
,

. ,
 Ethernet .

,
. , -

,  ALOHA .
RFID Gen 2- .

4.36-
.  (  0) ,

Query . Qrepeat .
, -

. ,
. Ethernet 

, .



376          4-

4.36- .

. 4.36-
2 .

. RN16  16-
. ,

.
.

,  – , -
. -

, -
, .

, Query
.

 – 
-

.  Ethernet-
.

,
QAdjust .

RFID
. ,

, , . -
, .



4.7                                                      RFID 377

.

4.7.4.

, 4.37- . ,
 27 / -  128 / - .

 1000 , Query .

4.37- . Query 

DR, M TR , -
. ,

 5 /  640 / . -
- .

, Sel,
. , -

. -
, .

, ,
.

, , Q . ,
, 2 1,Q . ,

 CRC .  5 ,
 CRC- . Query .

.
, -

. -
.

.
. ,

, -
 (Sample , 2008).  – -

 « »
(Welbourne , 2009; Gershenfl ed , 2004).



378         4-

4.8.

, ,
.

? ,  (bridges) ,
. 4.3.4-  Ethernet -

 – . -
 Ethernet  Ethernet -

.  « »  « -
» - .

.
, . , -

,
, , , AppliTalk .

 (routres)
, ,

.

. -
,  – , -

 (  – VLAN, Virtual LAN)
.

. , -
-  Seifert  Edwards, 2008  Perlman, 2000 -

.

4.8.1.

,
.
.

, ,
, -

, .
, -

. , -
, .

.
, -

. ,
,



4.8                         379

.
 ( -

,  Gigabit Ethernet  200 ). , -

. , ,
, .

,
, -

. ,
, .

. -
 – 

 Ethernet ,
 Ethernet- .

, - , .
, -

. , -
. ,

. , - ,
, - . , -

,
, .

. , - ,
.

, , ,
. .

. , -
. -

, - ,
. - ,

- .
, . :

, ;
,

. ,
, - .

4.8.2.

4.38- , , - -



380         4-

. ,  Ethernet ,
- , ,  – . ,

.  – 
.  – Ethernet, 

.

4.38- . :  – ;  – 
 ( )

 Ethernet ,
4.38 - , .

-
. .

, ,
.  Ethernet-

,
CSMA/CD .

- .
- , 4.38 - ,

. - , -

. 4.38 - .
, . ,

4.38 - 1- 2
.

.
.

. -
,

.
,



4.8                         381

, , .
.

, 4.38 - .
- , 1  1 . ,

, , .  4.38 
- , D- . 1 -

 1 , 4 . , 2  4 
, 1 .

,  ( )
.

. , 4.38 - 1
D-  4 , , 1 D- -

. , ,
2- 1 .

- -
. ,

 (fl ooding) :
, .

.
.

 (backward learning)
. , -

, -
. ,

. , 4.38 -
1  3 ,

 3 
. 1 ,

 3 .
, -

.
,

. . , -
.

- , -
. ,

, ,
-

. ,
,

.
 ( )



382         4-

 ( ) .
:

1. ,
.

2. ,
.

3. ,
, .

.  – -
, . , 4.38

- , E F 1 ,
1 1 . F- ,
2 , F- . -

 – , ,
.

, 4 2 . 2 -
.

,
.

.
, ,

,
 ( , ), . ,

,
.  (cut-through 

switching)  (wormhole 
routing) .

,
. 4.38 -  – 

Ethernet , D -
. .

4.39- .
,  Ethernet .  Ethernet 

 (  « » ).
, , .

 Ethernet .
,  Ethernet . -

, , . -
 Ethernet ,

.  Ethernet 
D ,

.



4.8                         383

4.39- .

, -
. .

-
.

. k -
k . k=2.

4.8.3.

. 4.40-
. , ,

.

4.40- .

,
.

,



384         4-

 (4.40- ). ,
. F0 -

1 .
. 1 2-  (

). 1- 2- , 2-
.  4.40- F1 F2 .

2 . , F1 F2
,  ( ).

2 F1- . , F3 F4
1- .

1 , ,
. .

 – 
 (spanning tree) . ,

, -
, , .

, 4.41- ,
, . -

. ,
, .

. ,
 – . , 4.41-

,
, . -

, . -
,

.
, .
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,
.

.
.

,  – -
.

,
.

- ,
. -

.
.

.
, -

. 4.41- 1
, .

, . 4.41- -
2 3 1- , ,

. 4 ,
2 3 . ,

, 4- 2 . 5 3
.

. -
. -

.
, -

 ( ) . ,
, .

,
.

 (Radia Perlman). -
. -

, ,
 (Perlman, 1985).

I think that I shall never see
A graph more lovely than a tree.
A tree whose crucial property
Is loop-free connectivity.
A tree which must be sure to span.
So packets can reach every LAN.
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First the Root must be selected
By ID it is elected.
Least cost paths from Root are traced
In the tree these paths are placed.
A mesh is made by folks like me
Then bridges find a spanning tree.

 802.1D 
.  2001 , -

. -
 Perlman (2000) .

4.8.4. , , , ,

,
. , ,

, .
,

, . ,
, .

4.42
- , -

.
, . :

-
. ,

 ( , ),
. , ,

 ( , - ) . 4.42 - -
. .

 (CRC) .
, , - -

.

.
. ,

. -
, .  « »,

« »  « » . , -
.  Ethernet- , ,

 500-  2500 -
.
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.
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. ,
 Gigabit Ethernet 10 /  Ethernet-



388         4-

, , .
,

.
, -

, , Ethernet  Token Ring. -
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. - , , 802.11- ,
, , Ethernet- . - ,

, , 802.11- ,
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.
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 « » .
1990

. , ,
. , 4.43- ,
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,  Fast Ethernet , 3 ,
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, -
. ,

, .
, ,

, ,
,  (broadcast storm).

, , -
, -

. ,  ( -
) ,

, .
, ,

,
.

, , -
, . ,

, -
- .

,
, ,  – 

, , , -
, -

. , ,
. ,

. -
.

,
-

. ,
 ( ) -

- ,
.

-
. ,

,  (  – VLAN, Virtual LAN)
.  802 

. .
.  (Seifert  Edwards, 2008) 

.
-

. -
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.
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.
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 Ethernet- ?
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 –  Ethernet 
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, Ethernet 
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1.  Ethernet 
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,  802 .
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  Ethernet ,
. 802.3 .

 Ethernet -
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, , Bluetooth 
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. , 10 000 /
.

 (
).
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.



5.1 407

5.1.4.

.
. , 5.2- ,

.
,

. ,
, .

. , -
. ,

.
, 5.3- . 1

2 . , -
. ,

, 1  1 -
,  1 - . ,
- , - .

5.3- .

3 2- , -
.  1-  ( ,

), .
, . -



408                                5-

. , 1-  1-
, 3-  1- ,

- . , -
, .

, -
.

 (label switching) .
MPLS (MultiProtocol Label Switching, «

») . -
. - , 20- -

,  MPLS- . -
,

MPLS . , ,
, .

, .
MPLS- .

5.1.5.

. .
 5.1- ,

.

5.1- .

- -

.

.

.



5.1 409

.

.

,
. ,

. ,
, , .

-
, . ,

.
, : -

,
. ,

,
.

 – 
. ,

. ,  – .
, , , -

.
,

. ,  ( -
, , ) ,

. ,
.

.
 ( , -

)

. ,
. ,

VLAN , ,
 ( , , ) -

.
 – 

. ,



410                                  5-

.
,

 ( , ,
). -

, . ,
-

- .

5.2.

. -
. ,

, -
, .

.

. ,
, .

,
. ,

. , -
 ( ,  VPN 

), (session
routing) .

.
. , , -

.  (forwarding)
.  – . ,

.

, -
 – , , , ,

. ,
.

.
, ,

.
!



5.2 411

, , -
. , -

, .
- , . ,

- , .
, ,

–  – , - .
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5.2 415

.  ( )
.

,
, .

, . , -
, .

.
. , ,

.
, 5.6 -

, .
, , . A- D-

.
. -

, - .
,

. ,
. , A- D- ,

, .
- ,   5.6 

- . ,
.

, ,
.

( - - ),  ( -
- ) , -

, .
, ,

.
, .

 5.6- .
 5.6 -

. . , -
, AXYZE ( X Y ).

 – Z , .
, Z , ,

. AXYZE .
Z .

Z , Z -
Z .

5.1- . n dist



416                                  5-

shortest_path -
.

– s - , t -
.

t- s- , s- t-
,

. , ,
. path -

. .

5.1- .

#defi ne MA_NODES 1024                                    /*  */
#defi ne INFINITY 1000000000                             /*  */
int n, dist[MAX_NODES][MAX_NODES];             /*dist[i][j] i-  j-   */

void shortest_path(int s, int t, int path[])
{ struct state {                                                        /*  */
         int predecessor;                                           /*  */
         int length;                                                     /* - */
        enum {permanent, tentative} label;               /* -  */
}state[MA^NODES];

int i, k, min; 
struct state *p;

for (p = &state[0]; p < &state[n]; p++) {                  /* -  */
      p->predecessor = -1; 
      p->length = INFINITY; 
      p->label = tentative;
}
state[t].length = 0; state[t].label = permanent;
k = t;                                                                      /*k –  */
do {                                                                        /*k- ? */
      for (i = 0; i < n; i++)                                          /*  n  */
              if (dist[k][i] != 0 && state[i].label == tentative) {
                        if (state[k].length + dist[k][i] < state[i].length) {
                               state[i].predecessor = k; 
                               state[i].length = state[k].length + dist[k][i];
                        }
               }
      /*  */ 
      k= 0; min = INFINITY; 
      for (i = 0; i < n; i++)
              if (state[i].label == tentative && state[i].length < min) {
                       min = state[i].length; k = i;
               }
       state[k].label = permanent;
} while (k != s);
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/* . */ 
i = 0; k = s;
do {path[i++] = k; k = state[k].predecessor;} while (k >= 0);
}

5.2.3.

,
, .

 (fl ooding) ,
, .

,
, .

 – -
, .

, .
,

. ,
 ( )

.
,

, -
.

– .
. ,

. , -
, - .

- ,
.

k-
, k -

. k- , -

. , . , k-
, .

, ,
. ,

. ,
.

. , ,
 – 

. .
, .

 ( ,
) ,
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. , .
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, -
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. ,
.

5.2.4.

, -
. , -

,
.

: -
. ,

– .
 (distance vector routing) 

, ,

.
, .

.

-  (Bellman-Ford) 
 (Bellman, 1957; Ford  Filkerson, 1962). 

ARPANET  RIP -
.

,
,

. :

.
 ( ) -

.
, -
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.

,  ( )
.
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 (link state routing) .
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.
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.
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.
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, .
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.
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1-212-5551212  (1 )  (212) 
,

. , ,
.

, , .
,  – .
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.  – 

 (home agent) . -
, .

5.17- , .
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.
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, .
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.
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.
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(traffi c engineering) .
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. , ,

.
-

. , :
,

. , ,
,

.  (leaky bucket)
 (token bucket) . ,

, .
,

5.4- .
, -

. , ,
, .

, ,
. ,

,
.
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.
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.
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.  – -
 – .

, .
,
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.
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.
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