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Oprokwdikopoiht (p
re

co
d
e
r)

T
o
m

lin
so

n
-H

ara
sh

im
a

•'Enatrìpogianaantimetwpiste�hdi�doshsfalm�twnsto

D
F
Ee�naimeqr sh

prokwdikopoiht 
T
o
m

lin
so

n
-H

arash
im

a.

•Mpore�naapodeiqje�ìtiosunduasmìpompoÔkaidèkthtousq matoèqei�diaapìdosh

meton
D

F
E,qwr�naemfan�zetaidi�doshsf�lmato.O

Γ
M

(·)e�naiotelest upolo�pou

(m
o
d
u
lo

o
p
erator).

Γ
M

(x
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x
−

M
d
⌊

x
+

M
d
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M

d
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P
A

Mkai

S
Q

-Q
A
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•Tokìsto:Mikr aÔxhshthapaitoÔmenhisqÔogiathmet�dosh:kat�

M
2

M
2
−

1 gia

Q
A

M,perissìterogiamhtetragwnikoÔasterismoÔ.
•P�ntw,haÔxhshthisqÔoe�naitht�xhtwnl�gwn

d
B.
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ToasÔrmato(w
ire
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ss)kan�li
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ToasÔrmato(w
ire

le
ss)kan�li

•Mèqrit¸rae�damep¸mporoÔmenametad¸soumeapìènashme�oseèna�llo(p
o
in

t-

to
-p

o
in

t).Jewr samestajerìkaidedomènokan�li,gnwstìtìsostonpompììsokai

stodèkth.Hmình�gnwsthposìthta(epiplèontwnmetadidìmenwnmhnum�twn) tano

jìrubo.
•Sthnpr�xh,tokan�limpore�namhne�naignwstìstonpompì stodèkth kaistou

dÔo.Gianaepiteuqje�epikoinwn�amesÔmfwnh(co
h
eren

t)met�doshprèpeinaektimhje�

tokan�listodèkth,alli¸prèpeiqrhsimopoihje�asÔmfwnh(n
o
n
-co

h
eren

t)met�dosh.

•E�ntokan�lie�naignwstììqimìnostodèkth,all�kaistonpompì,endèqetainae�nai

dunat peraitèrwaÔxhshtourujmoÔmet�doshmeqr shbeltistopo�hshekpempìmenou

s mato(tran
sm

it
o
p
tim

izatio
n).

•Poll�asÔrmatakan�liaìqimìnodene�naignwst�ektwnprotèrwn,all�,epiplèon,

metab�llontaistoqrìno.
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ToasÔrmato(w
ire

le
ss)kan�li(2)

SthsunèqeiajadoÔme
•Poiafainìmenaephre�zountas matastaasÔrmatakan�lia?

•P¸montelopoioÔmetaasÔrmatakan�lia?
•Tie�douprobl matakaiprokl seiparousi�zeihqr shasÔrmatwnkanali¸n?

Met�th(sqetik�sÔntomh)anafor�staasÔrmatakan�lia,jaoloklhr¸soumetom�jhma

meperigraf thmejìdoudiamìrfwsh
O

F
D

M
(O

rth
o
g
o
n
alF

req
u
en

cy
D

ivisio
n

M
u
ltip

lexin
g
)

hopo�aqrhsimopoie�taitìsoseensÔrmata(kaisqetik�amet�blhta)kan�lia,ìsokaise

asÔrmata(kai,genik�,metaballìmena)kan�lia.

E�nme�neiqrìno,�swepistrèyoumekaip�listaasÔrmatakan�liagianamil soumegia

sust matapollapl¸neisìdwnkaiexìdwn(M
u
ltip

le
In

p
u
t

M
u
ltip

le
O

u
tp

u
t

–
M

IM
O).5



ToasÔrmatokan�likinht¸nthlepikoinwni¸n

(m
o
b
ile

w
ire

le
ss

ch
a
n
n
e
l)

•JaepikentrwjoÔmeseautìtokan�lilìgwthmeg�louped�ouefarmog twnsusthm�twn

kinht¸nepikoinwni¸n(kinht thlefwn�a,asÔrmatatopik�/mhtropolitik�d�ktua).

•ToasÔrmatokan�likinht¸nthlepikoinwni¸nmetab�lletaistoqrìnokaisthsuqnìthta.

•DÔobasik�fainìmena:

�Diale�yeimeg�lhkl�maka(larg
e-scale

fad
in

g):lìgwapwlei¸ndiadrom (p
ath

lo
ss)kaisk�ash(sh

ad
ow

in
g)lìgwaporrìfhshenèrgeiaapìempìdiaìpwkt�ria

kaifusik�empìdia(p.q.lìfoi).Tokan�limetab�lletaiseapost�seitht�xhtou

megèjouthkuyèlhkai,sun jw,hmetabol toudenexart�taiapìthsuqnìthta.

�Diale�yeimikr kl�maka(sm
all-scale

fad
in

g):lìgwsumbol pollapl¸nanakl�sewn

tou�dious mato.Tokan�limetab�lletaiseapost�seitht�xhtoum koukÔmato

thfèrousasuqnìthtakaihmetabol exart�taiapìthsuqnìthta.
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Ap¸leiediadrom kaisk�ash

•Ap¸leiediadrom :Lìgwsfairik di�doshtwnhlektromagnhtik¸n

kum�twn.
�StoneleÔjeroq¸ro,hisqÔmei¸netaimetotetr�gwnothapìstash

rapìthnphg :
P

(r)
∼

1r
2 .

�Seperib�llontameanakl�seihapìsbeshendèqetainae�naiakìma

megalÔterh;tht�xhtou
1r
4 (Ôpaijro),akìmakai

1r
6 ,an�logamethn

puknìthtatwnempod�wnpousunantoÔntakÔmata.
•Sk�ash:MetonìroautìennooÔmeti(tuqa�e)diakum�nseithenèrgeia

tous matolìgwtwnallag¸nstoperib�llon(arijmìempod�wn,jèsh,

suntelest aporrìfhshklp.).
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Ap¸leiediadrom kaisk�ash(2)

•Hmetabol toukanalioÔlìgwsk�ashkaiapwlei¸ndiadrom e�naith

t�xhdeuterolèptwn akìmakailept¸n,seant�jeshmetidiale�yei

mikr kl�maka.
•Oidiale�yeimeg�lhkl�makalamb�nontaiupìyhkur�wgiaton

kajorismìthtopolog�atousust mato(arijmìkuyel¸n,topojèthsh

stajm¸nb�sh),giatonupologismìthapaitoÔmenhisqÔoekpomp 

kaj¸kaigiathnepilog mejìdwnpoluplex�a,antimet¸pishdiakuye-

lik parembol klp.

•Ant�jeta,ìpwjadoÔme,oidiale�yeimikr kl�makaephre�zounti

mejìdou(apo)diamìrfwshkai(apo)kwdikopo�hsh.
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TadÔobasik�fainìmenaseènakan�likinht¸nepikoinwni¸n

•Seènakan�likinht¸nepikoinwni¸ndiakr�noumedÔobasik�fainìmenataopo�a,genik�,

emfan�zontaitautìqrona.
•Lìgwthk�nhshtoupompoÔ /kaitoudèkth /kaitwnantikeimènwnp�nwstaopo�a

anakl�tai sked�zetaitos ma,tokan�limetab�lletaistoqrìno(fad
in

g)kaièqoume

emf�nishfainomènou
D

o
p
p
ler.

•Lìgwtwnpoll¸nmonopati¸npouendèqetainaakolouje�k�jes masthdiadrom tou

metaxÔpompoÔkaidèkth(poludiadromik di�dosh)emfan�zetaidiaspor�thkroustik 

apìkrish(m
u
ltip

ath
d
elay

spread),meapotèlesmatokan�linamhne�naiep�pedosth

suqnìthta(freq
u
en

cy
selectivity).

•Hmetabol stoqrìnokaisthsuqnìthtadene�nai,apara�thta,epiblab .Pollèforè

prosfèreithdunatìthtanabelti¸soumethmet�dosh/l yhmeqr shteqnik¸ndiaforismoÔ

(d
iversity).
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Poludiadromik di�dosh(M
u
ltip

a
th

p
ro

p
a
g
a
tio

n)

•'Estwìtiènas madièrqetaiapìdiaforetik�monop�tia,meapotèlesmadiaforetik�ant�-

graf�tounaft�nounstodèkthmediaforetikìpl�tokaif�sh,kaj¸kaisediaforetikè

qronikèstigmè.
•'Estwìtimetad�doumemiaekjetik sun�rthsh(jewroÔmetobajuperatìisodÔnamo

zwnoperatoÔsust mato)
φ
(t)

=
e
x
p
(j

2
π

f
c t),

y
(t)

=
∑

i
a

i (t,
f

c )φ
(t

−

τ
i (t,

f
c )),ìpouhmigadik stajer�

a
i (t,

f
c )(pl�tokaif�sh)kaihkajustèrhsh

τ
i (t,

f
c )antistoiqoÔnstomonop�ti

i.
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Poludiadromik di�dosh(M
u
ltip

a
th

p
ro

p
a
g
a
tio

n)(2)

•E�nupojèsoumeìtioi
a

i (t,
f
)kai

τ
i (t,

f
)demetab�llontaishmantik�methsuqnìthta

fstoeÔroz¸nhpouqrhsimopoie�taigiathmet�doshkaiekfr�soumetometadidìmeno

s maw�jroismasunart sewnthmorf 

φ
(t)

=
e
x
p
(j

2
π

f
t)(arq thupèrjesh)

mporoÔmenagr�youme
y
(t)

=
∑

i
a

i (t)x
(t

−
τ

i (t)).

•Parathr steìtitokan�liall�zeistoqrìnolìgwk�nhsh

⇒Montelopoie�taiw

grammikì,qronik¸metaballìmenosÔsthma.
•

y
(t)

=
∫

∞−
∞

h
(τ

,
t)x

(t
−

τ
)d

τ,ìpou
h
(τ

,
t)

=
∑

i
a

i (t)δ
(τ

−
τ

i (t)).

•DenmporoÔmenaqrhsimopoi soumeapìkrishsuqnìthta
H

(f
),ektìansumperil�boume

thnex�rthshapìtoqrìno:
H

(f
,
t)

=
F

{
h
(τ

,
t)}giadedomèno

t.

•E�ndenèqoumek�nhsh,
y
(t)

=
∑

i
a

i x
(t−

τ
i )(grammikì,qronik�amet�blhto).

h
(t)

=
∑

i
a

i δ
(τ

−
τ

i ) .

•Tokan�lidene�naiep�pedosthsuqnìthtaakìmakaiìtandemetab�lletaimetoqrìno

(giat�?)
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Par�deigma(T
se):To�qomean�klash

•Odèkthdenkine�tai.
•Ped�ostodèkth:

E
r (f

,t)
=

α
c
o
s
2
π

f(
t−

rc )
r

−
α

c
o
s
2
π

f(
t−

2
d
−

r
c

)
2
d
−

r .

α:Kèrdo

kera�a.JewroÔmeìtihap¸leiadiadrom e�naih�diakaigiatadÔo

kÔmata.

•Hdiafor�f�shmetaxÔtwndÔokum�twnisoÔtaime

∆
θ

=
(

2
π

f
(2

d
−

r
)

c
+

π
)

−
(

2
π

f
r

c

)

=
4
π

f
c

(d
−

r)
+

π.
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Par�deigma(T
se):To�qomean�klash(2)

•
∆

θ
=

4
π

f
c

(d
−

r)
+

π.
•E�nh

(d
−

r)all�xeikat�
λ4 hdiafor�f�shall�zeikat�

π.Epomènw,

e�ngiak�poiatim th
(d

−
r)h

E
r (f

,t)megistopoie�tai,seapìstash

λ4

jaelaqistopoihje�.

•Gia

f
=

2
.4

G
H

z(p.q.

IE
E
E

802.11b),
λ4
≈

3
.1

cm!
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Diaspor�lìgwpoludiadromik di�dosh(m
u
ltip

a
th

sp
re

a
d)

kaieÔroz¸nhsumfwn�a(co
h
e
re

n
ce

b
a
n
d
w

id
th)

•
M

u
ltip

ath
D

elay
S
pread

T
d

,
m

ax
i,j

|τ
i (t)

−
τ
j (t)|:Tomègistom ko

kanalioÔstoqrìno.Sqet�zetaimethdiasumbolik parembol (kaithn

�epilektikìthta�sthsuqnìthta).
•Sun jwe�naian�logotoumegèjouthkuyèlh(cell).Gia

L
A

N
sme

monop�tiam koul�gwn
km,

T
d
∼

1
−

2
µ
s.Tupikètimè:

m
acro-

cellu
lar:100

n
s-10

µ
s(meg�letimèstiastikèperioqè,mikrèse

anoiktoÔq¸rou).
In

d
o
orkai

m
icro-cellu

lar:Ligìteroapì1

µ
s.

•StoprohgoÔmenopar�deigma,
T

d
=

2
d
−

r
c

−
rc .
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Diaspor�lìgwpoludiadromik di�dosh(m
u
ltip

a
th

sp
re

a
d)

kaieÔroz¸nhsumfwn�a(co
h
e
re

n
ce

b
a
n
d
w

id
th)(2)

•
C
oh

eren
ce

b
an

d
w

id
th

W
c

,
1

2
T

d .'OsomegalÔterotomègistom ko

kanalioÔ,tìsopiogr gorametab�lletaitokan�listhsuqnìthta.Mikrì

W
c
→gr gorhmetabol sthsuqnìthta(freq

u
en

cy
selectivity).

•StoprohgoÔmenopar�deigma,
∆

θ
=

(

2
π

f
(2

d
−

r
)

c
+

π
)

−
(

2
π

f
r

c

)

=
4
π

f
c

(d
−

r)
+

π.Epomènw,hf�shall�zeikat�

πe�nhsuqnìthta

f

all�xeikat�

12

(

2
d
−

r
c

−
rc

)

−
1

=
1

2
T

d .
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F
la

t/
fre

q
u
e
n
cy

se
le

ctive
fa

d
in

g

•Parathr steìtihmorf diale�yewnexart�taitìsoapìtoeÔroz¸nhsumfwn�a

W
c

ìsokaiapìtoeÔroz¸nhpouqrhsimopoie�tosÔsthma.

•'OtantoeÔroz¸nh
Wpouqrhsimopoie�taigiathmet�doshe�nai

<
<

W
c (p.q.

W
1 ),è-

qoumeep�pedhdi�leiyh(fl
at

fad
in

g).Alli¸hdi�leiyhonom�zetaiepilektik sthsuqnìth-

ta(freq
u
en

cy-selective
fad

in
g).

•Diaisjhtik�:'Otanmetad�doumearg�(kaideigmatolhptoÔmearai�sthnèxodotouprosar-

mosmènouf�ltrou)denmporoÔmenadiaqwr�soumetamonop�tiametaxÔtoukaiblèpoume

apl¸thnenèrgeiatoulambanìmenous matonametab�lletai.
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Fainìmeno
D

o
p
p
le

rkaiqrìnosumfwn�a

•Upojètoumeìtiopompìmetad�deis ma

x
(t)

=
cos(2

π
f
t).Odèkth

lamb�neis ma
y
(t)

=
α

cos(2
π
f
(t

−
t
d )),ìpou

t
d hkajustèrhshtou

hlektromagnhtikoÔkÔmatolìgwpeperasmènhtaqÔthtatoufwtì

c.

•E�nhapìstashpompoÔ-dèkthisoÔtaime

r,

t
d

=
rc .

•E�nodèkthapomakrÔnetaiapìtonpompìmestajer taqÔthta,

r
=

r
0
+

v
t
⇒

y
(t)

=
α

cos(2
π
f
(t
−

r
0
+

v
t

c
))

=
α

cos(2
π
f
((1

−
vc )t

−
r
0c
)).

•Epomènw,odèkthblèpeitoprosp�ptons mametatopismènosth

suqnìthtakat�

f
D

=
−

f
vc

=
−

vλ .
•Genik�(e�nhk�nhshg�netaiupìgwn�a

θ)hmetatìpishsuqnìthtalìgw

D
op

p
lerisoÔtaime

f
D

cos(θ)
=

cos(θ)
vλ .
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Fainìmeno
D

o
p
p
le

rkaiqrìnosumfwn�a(2)

•K�jemonop�tistakan�liapoludiadromik di�doshèqeidiaforetik metatìpish

D
o
p
p
ler,

an�logamethntaqÔthtatoupompoÔ,toudèkthkaitwnanaklast rwnpoubr�skontaisth

diadrom tou.Ep�sh,oitaqÔthteendèqetainametab�llontai.

•Epomènw,oimetatop�seisuqnìthtalìgw
D

o
p
p
lersqhmat�zounmiaperioq gÔrwapì

thsuqnìthtafèrousa
f

c (D
o
p
p
ler

S
pread).

•'Estwènakan�lime
L

tap
sthqronik stigm 

t:
h
(t)

=
∑

L
−

1
l=

0
h

l (t)δ
(t

−
τ

l (t)) .

•
D

o
p
p
ler

spreadgiaènaapìta
tap

stoukanalioÔ:
D

s
,

m
a
x

i,j
f

c |τ̃
′i (t)

−
τ̃
′j (t)|(τ̃

′:

taqÔthte,

τ̃
i :ìlatamonop�tiapouenswmat¸noumesto

tap
τ

l ìtandeigmatolhptoÔmeto

kan�li).

•Qrìnosumfwn�a(C
o
h
eren

ce
T

im
e)

T
c
≈

1
4
D

s .E�naiènamètrotoupìsogr gora

all�zeihtim tou

tap
h

l (t)stoqrìno(hallag ofe�letaiseallagèthf�shtou

s matolìgw

D
o
p
p
ler).
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Par�deigma(T
se):To�qomean�klash(epistrof )

•Odèkthkine�taimestajer taqÔthta
v:

r
=

r
0
+

v
t.

•Ped�ostodèkth:
E

r (f
,t)

=
α

c
o
s
2
π

f[(
1
−

vc )
t−

r
0c
]

r
0
+

v
t

−
α

c
o
s
2
π

f
[(

1
+

vc )
t+

r
0
−

2
d

c

]

2
d
−

r
0
−

v
t

.

•Toap'euje�akÔmauf�stataimetatìpish
D

op
p
ler

D
1

=
−

f
vc .Toanakl¸-

menokÔmauf�stataimetatìpish
D

op
p
ler

D
2

=
+

f
vc .

•Diaspor�

D
op

p
ler:

D
s

=
D

2
−

D
1 .
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Par�deigma(T
se):To�qomean�klash(epistrof )

•Mepr�xei,mpore�nadeiqje�ìti
E

r (f
,t)

≈
2
α

sin
2
π

f
[

vc
t+

r
0
−

d
c

]

sin
2
π

f[ t−
dc ]

r
0
+

v
t

.

Dhlad ,hperib�llousath
E

r (f
,t)metab�lletaihmitonoeid¸me

suqnìthta

f
vc

=
D

s
2 lìgwthk�nhshtoudèkth.
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TaqÔthtadiale�yewn(fa
st/

slo
w

fa
d
in

g).

•HtaqÔthtadiale�yewnkajor�zetaitìsoapìtofainìmeno

D
op

p
ler,ìso

kaiapìtoqronikìdi�sthmapouqrhsimopoioÔmetokan�li.

•Stosq maapeikon�zetaitopl�toenì

tap.'Otantokan�liqrhsimopoie�-

taigiaqronikìdi�sthmatht�xhtou
T

c (p.q.

T
1 )hdi�leiyhe�naiarg ,

all�we�naitaqe�a.
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Anakefala�wsh

•2basik�fainìmenastokan�likinht¸nepikoinwni¸n:

�Poludiadromik di�dosh(m
u
ltip

ath):Dhmiourge�epilektikìthta

kanalioÔsthsuqnìthta.Posotikopoie�taimeqr shtoueÔrouz¸nh

sumfwn�a thdiaspor�poludiadromik di�dosh.

�Diale�yeilìgwk�nhsh(fainìmeno
D

op
p
ler):Dhmiourge�metabol 

twn

tap
stoukanalioÔstoqrìno.Posotikopoie�taimeqr shtou

qrìnousumfwn�a thdiaspor�
D

op
p
ler.

•Hepilektikìthtastoqrìnokaisthsuqnìthtadhmiourge�probl mata

sthnekt�mhshtoukanalioÔ.Wstìso,apìthn�llh,mporoÔmena

kerd�soumeseaxiopist�amet�doshqrhsimopoi¸ntateqnikèdiaforismoÔ

(d
iversity)stoqrìno sthsuqnìthta.
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