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ABSTRACT

This thesis presents a dual-band antenna. Its pattern can switch to x - axis and y - axis
directions by selecting a position of the probe feed of the antenna. The antenna operates at the
frequency of 2.45 and 5.5 GHz. It has designed based on the single-layer patch configuration
along with the microstrip transmission line used to connect two frequencies together. The lengths
of the microstrip transmission line are equal to the wavelength and a half of the wavelength in the
dielectric substrate at the frequency of 5.5 and 2.45 GHz, respectively. The antenna has designed
for operation in the fundamental and higher modes at the frequency of 2.45 and 5.5 GHz,
respectively. The width of microstrip transmission line has appropriately chosen to enable a dual
band of the antenna. The pattern and wave polarization of the antenna can switch at the frequency
of 5.5 and 2.45 GHz, respectively. The proposed antenna has fabricated and then tested.
Moreover, the antenna is also use to evaluate the throughput under a practical environment in
order to determine the appropriate position of feeding probe. Thus, the high performance in
wireless communication system has achieved. The proposed antenna has a compact conﬁguration

and it has easily implemented.
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das

A = o { J o o add -
LHALDY  Z uJf]“iniﬂl'lll'U'Ui]'l'ﬂENﬁdl‘!’f’ilzlﬁu'l'l‘lslaﬂ‘i]'lﬂﬂ'l]EN')ﬁﬂ“li'.llﬂi'lxﬂ'l ﬁﬁﬂﬂ'l'lllﬂu']

s o ) = vy ay g ﬂ a = v
‘Uﬂ\'l"]ﬂl’)?fﬂj’luﬁBQ‘]:’.ﬂﬂQU'NWBTI1)3“11}11]3?7”11?]”1\1?]141 HITI ANUHUINHUIETUITZADI
a9 ' ] A ' = 0 Y o E) ' <
uaIdeenI 0.02 lﬂT‘llﬂQﬂ'J'llJU'I'J'ﬂﬁuﬂluﬂ'.]ﬂ'lﬁ'ﬂ\l im'ilz‘nﬂ'ﬂNuqﬁmﬂnuﬂuﬂmuuuman

L .J L 4
avysainazauiman ihnolunsdhivuegiuszoznaluuuauny z szl 2.6
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e AARFIUTN
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fnsanaoimeluInsaafildlumsiinszdawgli 25 nsdihiimsflou
' 4 ' o ; ; 2
nszualfuneoernma aumsaauezegluglaunsoyius (differential equation) vougall

Toandaail
V2E+K*E=0 (2.1)

A or -3 o i ot z
ifipannszuy z =0 uaz z = A Wudni fhauysoiduanalugilii 2.5 Aniuda

"ra g ar o s =) o
Tidau i iulaondudaduinihd - E, =E =0 uay Sranmmunveiuan

=

a0 W ¥ o a dy - = 1 Y [
gusesiianioonn mvesau Iwihnfadudadimosi lwmaunu z Fuhunndminy

~ ar o " 3 ldl J ﬂ. = J ﬂ:’ 'J @ n'l
HIVDIATUUMUY TﬂEmﬂ'l‘ilﬂﬂﬁll11!17‘!'“11’111“!?\1]1111113111‘\}14ﬂUi:ﬁUz‘nNquu'}luﬂ‘l—l z U

L
o o A

fio OF, /0, =0 saiusaamnsofouaumsaui v 1ddail
E=E, (x,»)a, (2.2)
dounuaauy i luaunms 2.2) asluaums 1) aww1d

’E, a2

P +kE, = (2.3)

S 72 12,12, 122 jime B2 22 4 L2
Tavh k* =k +k) +k waz k! =k; +k;

maudaumseyiusuaodunlsvesaums  23)  aunsom ldlagdsuondaunls

(separation of variables) Taofmuald

E,(x,y)=f(x)g(x) (2.4)

unuiiney (2.4) asluauns 2.3) 1214

eI D ks e)-0 oo



L1, L L) e
f(x) g(y) +k +K (2.6)
saifu
s (x) +E2f (x)=0 @.7)
i}(yhk’ (v)=0 (2.8)

doudaums 2.7) wazaums 2.8) wldm £ (x) uaz g(y) dudail

f(x)=Acoskx+Bsink,x

g(y)=Ccosk,y+ Dsink,y
A o o ' J
IﬂﬂlﬂﬂaﬂQﬂﬁ1']£l“uﬂ"a\|1uﬁuﬂ15 (2.4) 9315

E,(x,y)=(Acoskx+ Bsink,x) (C cosk,y+ Dsin kyy) (2.9)

¥
A

o' 4 4 Ay 14 w
nguesrhsuadlugaaumsuungnad Tunsdin lufiumassionszud Wouladail
VxE =—jou,H (2.10)

L4
@ W

muﬂ'waqﬁumuﬁmﬁﬂﬂzﬂmmﬂu

H=_d {615,& -aE=ay} (2.11)

&
1o ky = @\ py&, 10T z, =

15
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o o i o L " g
mm’famnummunumam ﬁumLmmﬁﬂiuuu'mmunuwmmumumanﬁuuiﬁf

: o : A e 4
(perfectly conducting magnetic walls) IAuilugudivou duiuez Idaunisdou lvveuuadail

=07 y=0,b 2.12)

1l

Hx
H,=0 ii x=0,a (2.13)

y .
ounumaums (2.12) wazaunis (2.13) aaluaums 2.11) 214

B=D=0 (2.14n)
k.a=mn dalu k, =ﬂ—ﬂi;m=0,1,2,... (2.14%)
) a
i nmw
k,b=nm a3uu k, :T;n=0’1’2"" (2.149)

dounus B,D,k,.k, nndums (2.14) uaz AB=C,, aaluaums (2.9) s¢'ldh

au i Tnuaf mn Hauily

E _=C, cos[ i ] cos [ mryjl (2.15)
’ a b

Hon = —LCM [E cos 2% sin ﬂ]&x —( M7 sin 22X cos 22X )&y (2.16)
kyz, b a b a a b

wazaww s awdautu

i i C o cos( mn’x]cos(m;yJ (2.17)

n=0 m=0 a

Taoft k2 =k2+ kS =k
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] o { v A A
seiuldnvndnvacvosaummnywihiiiud - E. uazi@oulvveuwaiiie

z

¥
o

4 A @ @ A ° o | v d aa J
aimaniunvudumiaiinuiugud Mld A, =0 Avniuaduiman Iiihnnadu
A v o
Suilunduimanaueng (TM)
RO5ANAUMS (2.17) I UN aaimin ihiiRatulsznoudioTnua (m,n)
meq Swwnn lumsdmuannauiudni Ty Iasaadudeansidios Tnuaiiung)
- ] u,.r, 1 A 1 4:; o Y a
(dominant mode) MNIuAM AU  Wudwihiamsgydolumeona ms
a 1 1 s [} & n’: i
fnsann Inualadiu Tnuarudmsvuriudnimileg duanunsomdonnaums (2.18) 7

L] @ o 1 s é = ag ar o = o o o/ A 4
VPAAUAUANIIAG Y Fadouaiu Tasordonanmaidodnuin 14 uaas Teuuud

B =o' us -k’ (2.18)

mn

e : o YV oaw A ] 1;
M3lenoanuIved Inuaungamini lindanugadeluTvuadug s
¥ ¥ b
aztulumsidenaudaldaudmiumoemeaianiieg  suannsefinsanldvinaums
2.18) Taidonanua i Tnuadudunluszuulesiiga
a oY 9 = : ﬂ ) - (=
HANMITAATIZHINAUMNANAST (2.1) B9 (2.17) du iWumsAnsansyoud Ll
o " a wa o a le b4 = "
unastenszuaeg  lumalfiiansiaivesmeeimdaluTasansyUindudesdiunassie

nszuaegian Tavldiimsnionszua 1, sumohdygasidaunuswniaide 7, 2

fumia x = x, waz y=y, Mugilil 2.6 safuammuminnszuadauily

J(r)=J,4, = -~ (2.19)
y
L ------- fij e -
£
P4

=%

31 2.6 Aumiavesgailounszue
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¥
e o

Suiugumsaauaiuaums .1) szldowily

V’E+KE = jou,J, (2.20)

uazezla V2E: +K*E: = jkyz,J, (2.21)

A '
dounuarauin i luaums 2.17) aaluaums @.21) 21a

m=0 n=0

i iCm (k2 —kZ, )cos(m:x]cos(nzy] = jkyz4J, (2.22)

2 2

4 mi nir

We k., =(—) J{T) wa kX =’y
a

a d Y ar

o = ] d @
WIITUIANNT (2.22) i]2:111‘N'J'I‘W"R‘Ll“ﬂ'Nﬁ"m"i,f"lUﬁﬂﬁﬂ’ﬂllﬁllwuﬁﬂﬁ’lﬂﬂﬂlﬂuaqﬂiu

Wiwsaealiaveannumuniunszua J, duiuSeaunsamdulszdng €, TdwuiReiy

. x _r e 12 nmt 5
msmmdulszansvosoynsmfSios fe a, =— J' f(t)cos| — |dr Tavm3diuaa
P 7 p

wlsanee Wimanzauez 18

o & &z, cos(mnx)cos[n:y J
C,, =22 [ a dxdy (2.23)
00

= or M

Ak, Tuaums (2.23) SonhmnomuaduvesTvuai me uned hifinfigoyide

[
a ~ 1

: ﬂ; é o 1 ar = AJ

finDdAa (cutoff frequency) H3o Tnuaiid k =k, uzihldmdulszdns C,, lvwa
1 A A w d ' a 9 = = dy [ & ]

Tnananseliauiluoiug ualuaruduiwdreziimsquduiaiuduiisanninanlu

o @ o @ o 1 =] 3 i a
auysaiveadni i @nfuniman suiaggiuses adumi 104
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A a i a -; A ] o [ U
deNnsanmsgyduifatuiiesninany iauysavesiagguies (o #0) M

o ad a a {] ' Y -d o’,: ' A 1 ﬂ
nam ladianasnozlinuiu e =¢ —j&" MUUNAVADU (wave number) EUANUU

=’y (&' je") = 0’ pye (2.24)
v 2 kK
Wi K-k, = (' - je")| & - e
Ho (&'~ JE")
k2
= | & - e
, €
Ho€ (1 = _r'J
€
2 ny~l
2147 K-k, = pe| @ -}-’i'ﬂ—,[l-—jg—,) (2.25)
&'\ e

o

v e A o A [ a
aums (225 ldmanwddadiesunsgaduduiiesniniagguseailuniud

- é = " o
Fadoudaiiaunmnu
-
ro_ kmn (1 . 8”) /2
a)mn = ' - J-T

Hot J

k g"
30 o i (1 +j ) (2.26)

ﬂog’ 2¢

' A ar J 1 s
manlsznoununimtiesnnmsgydsluiaggiusessziaumny

- Average Stored Energy 1 o, _£ e 2.27)

Average Power Dissipated 2 ®,, &"

=~ ﬂ' ~ J A ’ o L] é L] '
Ansamsgadoinaiuiioaninaiy liauyseivesdni I iiun 14

ar

@ o [ d 1 o o o v a
aniwazuiuszuN U mmdegdoiisiuon ladail



20

(2.28n)

{ . 4 o 4 R
Taof &, = skin depth= uaziemiiataloulvveun J, = nx H 5mz'ld

WU,

s‘
o

J,I —IH!anl S S ouiinm? 2.28n) 18misail

L [

__l

mn

6, (kozy)" EomEon

2
| a k. (2.28v)

dauAmdsnuazausznauRudnhiuusyszuauszeg lugdveandsa i
[ 1 o & =L Vo A ¢ c’: [y 3 1w o
HAZWASNULNIMANF L IANMAUNTA IS T3uuY ANTUNAIUAZaNTENINUANANN

AULAUSZUIUNS1IUASINTA NI
1 e
W =2W,= 2(Z)Re{ [E de}
& ren=P
== [[1|E[ dxdyaz

= 2%115 f|Cm|2 cos’ (m;rx

||ab
2 & _E

om - on

] 52 ( ; ]
b

i o " w A
paf ldninaunms (2.28v) uay (229) hilimadilszneugunimiioaninns

gqudoludniidiiu

W we'hod, (kyz, )2
=@W—= 2.30
0. P 2 (2.30)
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A o &2 =2 A o ' o o Y1 ow
iemiltamsgyduiinanniagguseanzududnil sz ldmdnlszneugunim

sawvoaTvua mn 1aq iy

-1

= " 2
Q 9 & we'(kyzy) hod,

ar

1 Ci l:' ‘Ci = = L
uazmmmnmmi‘lumm mw%’aunmmmu

wf..,.=0’m,.{1+ 2 J (2.31%)
20,

v N
Tandnsiinuvesmeoimaszeglusrianudndsingmme Tnuandanminiu

. ¥
A

A ' o _ ﬂ‘ s 3 " ad \
Faluniifelnua (1,00 mdwlszdns ¢, annsomlddsinannfe Aimama G,

o 1 A
naaslumsimuuuyzUmsurnau)

2k;2,0,8'1; cos(ﬁ]
a

Gy =
a klabe

(2.32)

o o o d o o — W o _ o
Tagorfvanudniusvosiideauiweenld B Tugdvesdilsznoudas Q,

uazndsnuazay w, luaums 2.330) uazlugivesnszuaisodigaeeinma 7(0) fiu

anudumuaudn R, Tuauns (2.33v)

20V,
Qo

P = -:12-|1(0)|2 R, (2.339)

(2.33n)

B
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' y Y A Ao
WATWITOHINAITUATUNIUVUVINANUNDA ﬂ1 Q’dllﬂ'l'l' (2.34)

4ol

e

O |L|

2&)8'h[k Z,& cos[ )] O

= (2.34)
kit ab |£[

in

o ¥

Tudumeumsinssitudiniu nuuiaesssdesiiuuuinesria nssiifidnuas
a o a _ a o 4 A
Hureesilalugauadmniu TuanuilueiesiindamgadoannInsuiloaninmauinau
o o o a a 13 = A
nazfalind I uATANANATUUBNIMTBVOUIVATDI TN HANTENUIINMTFYTOILDINN
] A s d'. "9 o ) A
msudRdy uazwdenuiazavegiiauen Inssannsadnna @ Taosmsinsanionly
o ] ' - o 9 3 - = (4 " e @
vouwavouuusaeslnyd  nandemisddivesnsaeziiduweaiiauaudiiumidina
a - o =) o o o el: A
Fadouunuivziawoaiauaudiugud dniudou lvveuvaznmuilu

H=Y nxE (2.35)

W

- P | P | ] c:d’ o 1 LY -} 1 = 4
Tﬂﬂ‘n n ﬂilnf'lmﬂiﬂudﬂu']U'ﬂ‘b’ﬂﬂﬂil'lﬂﬂuw‘lllﬁﬂzﬂuiiﬂﬂ Yw FIOATLDANALIAUTY

{ s - A ar
namaviminzandmivivua  7M,, aunsom ldlaoinsandou lvveuwada

] o 4 A P - ¢ '
aums (2.35) Uszneu iennuazainlunmsdnnaiudenyaduiia ingaguinansveariu

Anhgdmaouiud daaaslugli 2.7



b/2

-b/2 a/2

3
)

gﬂﬁ 2.7 STVUNNAUAZITVIANAYDITIEDINA
auIhdmsuTuua 7M,, Sinnfdail
E,=C,sink xcosk,y
Tasvziianuduiusruauumimandaunis (2.37)

jkyz,H=-VxE=a,xVE:

=a,Cok, sink xsink, +a,Ck, cosk xcosk,y

< T o
¥k, ~— waz k, ~0 dminlnua 7M,,
a

&widoulvwovivn H, =Y, E, il x= 9 MR

4 a, = jk,Z,Y,, wazdvitoulvvovivn H. =Y, E. @t y= 80

k

ok
&y

b
cot ky 5

(2.36)

(2.37)

(2.38n)

(2.38%)

23
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- ” o 3
Taoh  a,=jkZY, uwizaumsdmiy k uwoz k,  awisoudaslaoly

ANUFUNUT tan 20 = 2tan8/(l —tan? 9) fuinaums (2.38) aznaoiiu

tank,a = kzza:];z (239n)

2a .k
tank b =——"- (2.39)
y "%y

x

Tagiinamasimunzauwes a, 1oz a, fio

a, = jkz,Y,. F, (2.40M)
a,= jkozDY,:yF; (2.40%)
4 ¥' =0.00836-+ j0.01668 2L, (2.410)
A A
Af =B dioh-Ket0S 0262 +lH (2.41%)
k,—0.258 0.813+b/h
_ -5
ke=k+1+k 1(1+10h) _——
2 2 b
b bY
F.=0.7747-0.5977[ 1-2 |- 0.1638[ 1-2 2.419)
a a

L=

po1alsin awamis y=+5/2 auwiih £, insnlaouudaaiiuilandu

¥
L

- o n.a’ 1 A da J oA a0 Y @ =
(odd function) Y93 x FAIUUMITUHAAUVINAVUATULUINUIUIIUATHOUUIN 'Nu'HiJ'ItJENLﬁU

td
o

4 ' & o i e-d
msanezlszinam &, =0 Faeandesiunsdiimiiifianmiuassilalugauninaon
ar o z =2 Vv
M EEKITERY b a,=0 Tuaums (2.39v)
o ' 3 = g Vv [ u’: 4
dmsumsmar k, Tuauns (2.400) viu k, winudlng z/a AniudEnso

Uszanaaums (2.39n) 1daail
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2a, (n/a
20, (nfa) )

tank a =
(x/a) -a?

& o o I:I
galumsmwamavsz¥ ka=7-5 wazldnimuduius tan(z-5)=—-tans~-6 Wu

»

HUWANUN
b1 2o,

k =—+—F—— (2.43)
a o’ +(a,a)2

o 3 s " A
smualdm k=& + jk7 uazmddlsznovgunmn O, WeanInmsgadennns
HANAIIUAD
k'

=—= 2,
o, o (2.44)

s : I oo =
ﬂﬁ'l—l'l—lﬂ'lﬂ')ﬂi%ﬂﬂ'].lf]ﬂlﬂ'lﬂ'i’.m QT voalnsene

1 1)
) = —+— (2.45
¢ (Q.0+QJ :

a a o v
nanuts Tauusez 14

o, = k (1+ j} (2.46)
’ V Hok&, 20, -

& o - '
gamanudumudnndii ldnnaums 2.34) fwnldoul)Taounus Q, A

a1 a A o '
0, Taviaduiiuaudanud z, wiinuilu

P +2jio(W -W
Z,=-" jl( =) (2.47)
51010

& o w & o o o 1] = A
HINAIITUITIY PT 'HIJ'IUENﬂ"IT:N~'.|'Iu'ﬂui~lﬂi$‘B']L’JE)'E)ﬂll'ljﬁ’lllﬂdﬂﬁqmlaﬂmﬂﬂﬂﬂ

Faggwseamzanuaudni Tasindanuiudnszaeeen ldsndartleunszuaiiaumiu
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PT+2jm(Wm—m)=%'[Exﬁ'-ﬁds (2.48)

] o or (dy P n’: o v
‘]Nl‘ﬂuﬂ'l‘iﬂ']ﬂiwu'ﬁWHﬂﬂQﬂNﬂﬂﬂQﬂ?ﬂﬂHﬂiSllﬂ NN

-H xn

tl

ExH A=
=—_E.-ﬁxﬁ‘

=E.J (2.49)

é af ar e ﬂyf )
waz J,=1,/2zr, ¥ r, feialivesiatleunszua Auniudufivaudvud Z,
dmiuInua TM,, szdiudail

2 jkyzohl, cos® (mx,/a) 2 jzghcos’ (nx,/a) 2

@
ab[oft;,uosok(a)z - @, ) kkyab o~y (1+ j/20; )2

(2.50)

H [ 1= & o " d a
uaznwaseann Tnuan lilsis Tsuuusi b Idanlszinavessuenuausias

1 ¥
Wit URNIZA7 (inductive self-reactance) YoIdItlouUNITZIH ANl

jol = J Oty In 4 (2.51)
2z nry

¥
Tagaums (2.50) Hnnsandnenszuaneanidiuluveanmdavinvesaivds

d' ¥ c§ o A
Adluaronnus o FaiiSal

0]

Tuihy 7, vazsadiuenidlu R, S15maums (2.50) uaz (2.51) 92

7 _Johuy, fab 2 jz,hcos (nxo/a)' >
v Aw nr} kkyab j
@ -l | 1+—2—
20,

- (2.52)
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Tagfaums (2.52) Aemduiuaugadvesavonie lulnsansuntlouidalae

] n:' o ]
MOUAUTIWNAWNUL x = x, Uag y =b/2

o 1 15 =
2.5 masnamuugmsuiaauvesseeImalulasaniy
1 d = ar -] T ﬁ..ﬂ
uuugmsudAnauianudnapnlumsldaumeeinia msi ldnsunamani
o A Vet o ¥ [ "o ' ° A s o a
msfunanldanga SldaunsolSuudedumisvesdnaundnvesaneeinie ldanian
= @ o e 4 & o
fideamsld uazdniswensanvnovesaeoimaldsnde uuugUmsurnduiulaeialy
= b = ' a a ] &
semnedannudvveamny i luiianedneg  Ausnavilnaninaeimemn - a9
' Iihitldezeglugdveaflanduveayy @ uaz ¢ wie E,(0,4).E,(0,4) mudidy
L) A yd L. o 4 o/ L Yy
wwuzUmswinauvesmenmauauunivuegivieionarwdszms  Failedumariiiu
a 4 1 1 L 1 ) A 1 1
ladoidesinuiae lhiinasdne lsneuuugdmsunnadu Tavae lilaznanamsm

] =] A A A o At
aupimand e 15 lumsmuuugdmsurndu  inegravesladvang Alidouvuglms

L] A ol L
uHnAUAING
b4
offvaums (2.17) aunsadouiinniau Idihdmiunua 70, 1ddsi

E,=C, cos(ﬁ) (2.53)
a

Taoiidou lvveua Ao

Jmw=—hxE=a.xnE (2.54)

[
=

A 4 A — o o ' :
wioannnszuda Iihdlugudinez Ax H =0 waznndedanlimanugaveadu

ox ]

s = 4:‘. ar o e "
AMAFIUTOY [ lﬁﬂu'lﬂiluﬁ'lll']‘iﬂﬂlﬁ‘ﬂixllﬁ'ﬂN’JUN‘[IUQLLHNFI')“‘]H‘U'H1ﬂl5ﬂ1l1ﬂ'|]u11ll.lﬂﬁﬂ8
n‘o‘ @ o o n’; 1 ' d A ] ] " e o
ﬂsxuﬁmnnmmuﬁumm auu‘ﬂ'qﬁuﬂﬂszuﬂuumanmi’lumzuﬂﬂ‘m"lnmummamumm
9/ ] o u’: s & I o a - ] ]
ﬁlﬂﬂ‘i:ﬁll’dlllﬂﬂﬁﬂﬂi"ﬂﬂﬂﬂﬂﬂ l?ﬂJB'IJl'ﬂul.i‘HENﬂ'llNﬂll'UUlﬁN'ﬂﬂQl‘dumlNu53H1U

AsMuALaziivuaveanszuainiy «J/, daaasluziii 2.8(v)
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()

Q) ouf

4:7(7*1)

2Jm

1 2.8 pluvvvesnszuailFlunmsinnziasemealuTasansy
v 4
) uvunszuaiinatusslumenvesnszua Ihuaznszuauiman
1 § o 3 a g a 1a
@) puvunszuaiman Taodsznaiiethiulasidnainesnuas lufianszualih

] o A o ] =
™ juuvuTanlszumvosnszuamimaniioruruIzwIUANDEN

A o & w ° 2 & . ’q ¥

Wehduiaggiusoseonuasimguuna maion (image theory) 1szgnaldy
Tamailouhasoinruszuvaueenld vildianuduvesrassuiauuuduiluaes

1 9 = 4& = T oo ar n:

MIvBIRMIAN FaiAuiy 267, Awaaaluglin 2.8(A)

ar z 1 =1 ' =2

faiu nszuaimanauyalusimaintinaiuily

I =2tF (2.55)

idlounum J, nnaums (2.38) a¢ 1diilu

1, =2t(-AxE)

=2t(a,xnkE,) (2.56)

o s A 1 a a J 1w o P
TﬂEIIJ‘YIﬁTl'N‘IJ’EJ\IE'Jﬂlﬁl8'iH‘LlGﬁuﬁﬂﬂlﬂﬂﬂuuulmuﬂ’luuﬂull'l.lﬂ'lllglh’l 2.9(n)
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y y
' ﬁ A
i < A l l
0 I & & pg—= =y %
n
) )

H a =& [ ] @ o
14 2.9 fiemeveanmeINHaMINBLAZMINTLNENTEUAUUINUANN

¥
o o

AszEMUU VU ILHUA1NNH 1A Taomsunuaiauy Iihiitineiaail

In= 2t(&z x(-—wa))
= -2(C,yd, i x=0

In=2t(a,x(x-C,))

. 4
=-21C\ya, Nx=a
% n o X
In= 2:(—02 x[—ayCm cos— ]
a
X . 4
= 2tC,,cos—a, ny=0
a
T a A X
In= 21‘[(12 xa,C\, cos—J
a
X » 4
=-2tC,, cos—a, ny=>b
a

1 i v
nzuad ldtzuaaalddgli 29w aunsofinsanldhnszuanuudunivvon

- - o o 9 = X & o s n’; -] =)
y=0 wazh y=>b Unaasadudiunaslivinanlsam cos| = | milouiu Aaiuda il
a

v A a P A - A w v a
ﬂ1'illNﬂﬁN1N‘ﬂﬁ‘l’]N 4 ufwuﬂ1illﬂﬂﬂu1uﬂﬂﬂ148uuﬂﬂ Uﬂ11u1uﬂﬁﬂ14 y amuuoy x=0

oz x=a
o

A o A a c“ t W o Y = 14 3 ﬂ
mammm‘nmszuﬁmﬂﬂwuuuwumuﬂmiﬂusamlﬁ"z ‘uumauma'hhsl UMI

° =Y { & o o w o 1 = o
mmmmumﬁwmmu'Nﬁﬁﬂmmzuz'lna ‘B\W'Ilﬂuﬁ’ﬂ\ﬂ‘l’f’ﬁ\lﬂ‘ﬂuﬁﬂﬂ'lﬂ‘iﬂﬂl‘ﬁ\'ll'lﬂlﬂi)'i

i d
(vector potential functions) Aail
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= -
V2F + B2F =—g,Jm (2.58)
HAINABYBIANT (2.58) AoAnAINIADT
£ JﬂR
Fuy = ” 07, (2.59)
dounumnszue 7, dwanalugid 2.11 92’14
-&, r-asin @sin cos
F, =—2 = 0 (2,Cw)[ ~ikor | o~ Io(r-asin ¢)]J‘ Shoyeosd g,
0
—21C; — jkgr — jasindsi Aaheot -]
= TE10%0 gk (14 griesinosind ) T (2.60n)
4xr Jk, cos¢
A w '
iiedag) Indazilu

sin(k (é]cosgb)
= kor+ jko| — |sin &sin g+ jky| — |cos¢ s
F, =—1%0 thmsO . [2) ’ u xcos| k, £ |sin@sin g .
o zr 2 (bj
k, 3 cos¢

(2.60v)

y

| v ¥ ]
14 2.10 nszumpimanauyaiiaduionsfuImMIURYD AU
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£ 1w & - '
Famdulszdand C,, Wuawsamlaninauns (2.23) Taomsunum m=1 uag

n=0 vldii

&b,
Co z(k—mk,OL;l; f f_]k ok, cos( £ )dxaﬁv (2.61)

4 1 :n=0
e gOn: 2 'n)-_-O

;. 1 ar L
ANUHUIUUNTZIE  J, =—2— Maums (2.19) uaznnaums (2.25) unum

2nr,
. " -1
=4k, =k, diorszana (1—@) L, T
& &'
kw—-é'[kw k]t}(l_'_.] ):|
. ” 2
=_3[J’; ]% (2.62)
g o
NN Q) =— AIUY
_jgkfo

—kip =—= (2.63)
ki 0,

A 1 1]
Wounum & anunuwunsTud J. uag k2 —k2 luaums 2.61) v ldiiu
on z 0

cos (E}imbz (2.64)
A a

_—26'Qy 1,
Cio = ekab f f koo 2n

Tyatlounszudeghn x=x, Tugli 2.6 uaznldourrimsmnlinusvesaums

(2.64) Wmunzauez 14
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.= -2¢ ka Z, L’"ro“n (”x}kdé’ (2.65)
ek ab 0= Zyrr a
Tuiigass 1anaily
c, =250k | o (2‘_) @56}
gk,ab a

gafum i lnaii 14 fe
E(6,¢)=—jwz,singF,, (6,4) (2.67)
Iﬂﬂaﬂﬂ‘umﬂ (gain) vo3ey Irihiiandu
P(6.4)=20log|E(6,9)| (2.68)

wioaphiugihivhlumslddoaneed i F(r)  lumsmanuaiman

b4

TihAauwusnalnaldaeil

finmdnaos I f(;) o dumds 7 lag Tweamanatudadduve sy
] A I‘:;o ] —

m:ummmﬁnmwgnmamm ' 1o mwarums (2.69)

(L 7lF7)

ﬁ(?) - J‘H(F’)-I-;-_—f%l (2.69)

= ' 2 ' a o ° ™
Taoh k, = o\ pye, Aonnavnaulueiniaing wazmsnilSiusiiseumisdudng
" W |
"UENTWSQ HaznNaUNs (2.69) UUUETJﬂ'ﬁllNWﬂqq-luﬂ'lu'ﬁﬂH'lllﬁ%'lﬂﬂuﬂ'ﬁﬁu'ﬂlllulﬂﬁﬂ

I luaunusnalnadivgaaunisas lail
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H(0,4)~-joF(r) (2.70)
E,(0.9)~ Z,H,(0.9) ~ —joZ,F,(r) @.71)
E,(6.9)~~Z,H,(0.9)~ joZ,F,(r) .72)

. . p ok

amnso e b luauns 2.71) naz (2.72) Awramuugdmsudnauiim

a9 sy ¢ 189 TasmmzuuIsuIUMANaeIsTUILAD STUT ¢ LAY 0 1Az 90
i o A J o o A 1

p9f tazasanTwamilateduq vesawomaldun yuAY (steradian) YIS IAAU FAIANIN

1912 9AAN (directivity) HAZOATIVIIBVDIATOINIAAIAUNTS (2.73) D3 (2.74) AWAIAY

,= f” an (6,4)d0dp  (moIsIAD) (2.73)

- U(9’¢)max = S(H’¢)max L fﬁ

- = = (2.74)
U(o.9), S(@.9), 2

S(6.¢)
S(6.9) e

((Sa (9’¢))2 +(s, (9=¢))2 )

Z,

Tavh P, (0.4)= ApANTuMIUHANAIY

L4 -
ADINIAD VDINDNAY (poynting vector)

S(6,¢4)=

o = " o 2x

uaziinundomny S(6,4) :L fS(G,qS)dBdgzi
] A = : o 1
wuugUmsudaau luauuuiow lnan ldeinaums 2.71) way (2.72) Mlinswm

o A e 1 o
aunindnanvesmireInd Q, uag Q,, VUSLHUNANADITTUIUAD YU ¢ 1IN 0
o _ o A ) o L -
uag 90 IMMUAIAL Lmzmmmmm‘ugﬂmiuwﬂauﬁ'luunnmaﬂ"lcm (broadside) W
A 4 = ' w ° A =

TUTNAZIAYRAAUAN NAWITIMIAIYUANYIRINAULAZ AN NI IE IR Tan) sz

Tahemuauns (2.75) uag (2.76)
Q, %0,y (2.75)

_ 4nzfrad]  41253[deg]
T Q0 [radz] =T [degz]

(2.76)
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2.6 melulnsansd (Microstrip Lines)

- .Q c: A ey o
avluInsansihiiluitonldnnluaulesanudige Weanquamiammedives
Y ] ] a ] a e ] 1 E) ] ar
Turu  adnldhedienszuoumssdauduaesiud  Sedemsesnuuuldnusauny
quUnsai e TuTasny (microwave circuits) A9 TnssadaveameluTnsansduanaly

317 2.11(n)

(b)

31t 2.11 mwdaluTnsansy [(19]

M Tassadrusvngia ) duusaauny ez aunniman

» ¥
vngdi 2.11(n) weuluTasaaSvnauianniinoundn W meeguntuiag

= ar

gusesiinumn 4 Smanmoeniihdwing & SdnwuzvosaunIdihuas

muivanauzdi 211 Tasewisednnumduiinaudnudnvuy  Z, uayms

AaANDY (attenuation) VoI luInsansy a ladde il

j__om[%-'-f_d) forw/d <1
£
Zymd (2.77)

1207
Je. [W/d +1.393+0.667In(/d +1.444) |

for W/d =1
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8e”
" 7= for W|d <2
4 |2 1 0.61 .
_[3—1—1n(23-1)+€" {m(3—1)+0.39— : H for W|d>2
T 28, g,
e+l g-1 1 s

g, = +
2 2 J1+12d/w

o £, Aemnaiiladidnasnisz@ndna (effective dielectric constant) Hif10g11Y

1<g, <8¢,
uaz Al (Bt B o 900
60V 2 &, +1 8,
37x

4 ad a
annsammsaaneuiiosnnmsgadovosladidnasnldan

" ko€, (¢, —1)tané i 2.5
= m .
‘T 2e (5 :

A o ad = " o £ & _1
@io  tand Aoununuamsgydvvesladianasnminy ;(L—)

g (&', —1)
4 -
annsovImMsaaneuiionInmgyidovesdniilden
R
o, =—t Np/m (2.81)
Z W

A ' = ar o
i R, =\Jou, /20 femanudumuiivesdini
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.7 meaauvlaeia (Open-Ended Transmission Line)

Tumsgaund v Ilthilveuvesdniuusiu lu Tnsanuasezngansz e
sumialaegavesusiudni udlumal§idudrnzdnmsnszarevoaun ihuudumia
ﬂmuqmmupiuﬁ'uﬁnﬁnﬁmﬁnﬁ’aamugﬂﬁ 2.12 e'ﬁqﬁﬂﬁ'l.ﬁﬂﬂsmgmstﬁﬁuwﬂ%‘qf{)
(fringing field effect) =T;’u Iﬂuﬁu?nmf‘:ﬁxsmﬁﬂu'hﬁmmimmga (equivalent capacitance) N30

] 1 n % & 1
mmmuﬁ’\”mmmmunﬂugammmﬂm (equivalent length of line) Ad ¥43f1

£,+0.3 w/h+0.262

Ad =0.412h (2.82)
£,—0.258 w/h+0.813
Tasansonia &, EvInaums (2.79)
dio  w Asanunhevesas luTasansyl
h ABANNGIVBITAATIUITDN
Fringi Equivalent Equivalent
electnri%rf‘igld capacitance lengthening

—p Ad @d—

510 2.12 aedanvularoila [20)

é s L 1 ' 1 J o o
amugnnauluiagie monsidmvesnuenanlueIMARDAITINMAIADIVDY
" a a g = d’l' [ z o . a 9
mnadtladidnasnlwiledagiu  Tunsmunvnavesmeeimealulasaaiduonainez1d
i A o w1 Y v ) & a4 A 4
ﬂ']ﬂ']'lllfJ"I’Jﬂﬁualu’JﬁﬂﬂdﬂﬁT]lm'] Ao lFaums (2.82) IO IVUIANIANVYUUBDIFI9DINIA
v A o a A > ¥ Hq v 4 9 a
aummmmﬂ‘ﬂi1n;]mstuﬁmuﬂi~1m I.‘W'i'lz‘il31&ul‘J'lﬂ3‘lﬂﬁllﬂ'li'l’ial‘lfﬂ'l‘llu'lﬂﬂlmﬁliﬂ‘ﬂﬂ\l

aworme luIasansiae

h‘ﬂ +0.262
A= L 0412p 5 t03 vis (2.83)
g e —0258] 4
&, eV ~ N #:0,813

he,
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2.8 ayl
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Haafleunszuarimmoihdyarasiaunusy

aa” 3y = = wa o W 1 = 1A - | o
woninil Idesudemamauauiialsziwivesaeds luTnsansiae Bufiuaud
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¢ PR S yy A
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3.1 unin

Tuumilazinauensesnuuy  Inszviasirasamamoeime’lulasansdmaoy
& wT5uns1 CST Microwave Studio [21] aueInaiaufigesduaudne 2.45 Anzidsad
way 5.8 Anv@sad Taoiiuuugdmsuiatuiun Tnuei 2 Taoldyailoudyanugaeya
e liamnsoadarananld moomaedumodsluTasansuifudidouresynianud

° = ¥ o 4 3/ n‘t’ a " : 2 [
fuazanudgalihon e ldmeeimmisaesnnudannsanseguuiudsdniula Ta

Y| " 3 U - w Y " dv
SEmseenuuuaznannsee ldnanivazidoa luitens 11

3.2 s lulasansdamaen

¥

wemARSisziiazosnuuyinoindians  ftugnannnlasaadieves
awomalyTnsansudmaouinia ffiamuenveandazdmiuanuenaauly
IasiinasnuesTaaguses dennvinadanan mliauwiih E, vugeulannumauny
x uaz y seidaiiu manszanovesaun IihezidluTnun TMg,o 130 TMagg 'Truag'ﬁ'u

o ' o o ' A o/ ¥ @ 1 qy
fumisvosatloudygia Tasaunsadnnummanuennauluiagaieg Tdaae i

C
10 Ay=— (3.1
: v
P - C A =1 ]
de 4, Aeanwenaauluems imiuiluums
2 =1 = A ' ] ] ' a -
¢ Aoanuidr lumsAunmavesnaulueamain imhotumwasaeiui
- a A = ] a L4
f Aeanudvesnau Imiuihudsad
o 1 — v
Tagn c= ~ 3*10° wasaodIun (3.2)

VEoH
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1 1
V= = (3.3)
vV EH \} g(lluﬂgr”r
A ' = i
e g, Aemanmeen IMihlueimeadiaiian 8.854%107° F /m
g,  nomanmooyInihdwing
g, Aemanudumumimanlueamaidii 47*107 H/m
A =2 v g o @ o
g, AemAnuFuaIUIIMAndING
arfu Ay = : = 1 (3.4)
d - .
f\/gﬂﬂogr”r nyOEO \/#r""r
c
wld A= (3.5

e

3 ¥
dmiuhaileTag mnnuFueny ldduninsiisify 1 dniuaums 3.5) SJsnaeiu

A= (3.6)

A
gy

A ] i o
doldaums  (3.6)  lumsdannumanuenudazduvesdiseinialasldiag

¥ 3
§14304 FR-4 filmanmoouduinsiminy 4.36 1daail

= = a = o
NAUD 5.8 NNLLTTAY

*1Nn8
PRI i AT
f 5.8*10
AU Ay = A 3172 54769
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AN 2.45 Anudsny

*10n8
Ay 102848 100
/245410
na Ay = < W =58.642 wu

w2 dinnunvesaseImaining 5.8 Anzidsaduay 245 AnzEsaERY

24769 Wy oz 58642 Wy awdwy amhahildl$aswwadieTsunsy ST
Microwave Studio Tngl¥Taseadmmgilii 3.1 dfimmsidimesieg #ildlumsiass
Fade Tl

o awoimmiugldmaouiasa

° ﬂamﬁuwaﬁfgﬁﬂqgmim (h) 11V 0.6522 W

®  ANUMUIVBINBIAI (¢) A 0.0795 U

® AumuuARNUgYFUIIN 0.012

o ¥szuutloumdmuufania (discrete) impuiuaudiniiu so Tovy

o yaflousdsegiiszer 0.252, MInyaguinaavesaseINIA

31 3.1 Taseadnawerimanlflumsiiaes
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i i o { i e = A
517 3.2(n) uansgawormeaildlumsiiaesiinnwd 245 Anzidsaddaiinnuem
v kY 1w A [ A = o 3/ ' aAa
uaazAutuaenduludagguses nangugluuni 2 ilinaunmeeimani
Al o/ A o 1 o d' - o
ynaminuaNueAauaInanINM i le Tnuanaes TaeTidnyazNMInNszaeves
au IfhamgUi 3.20) TavauuIihoSnunan vazvenvewnndeziingega dow
v A H & a = oA a
wppgUmsudnauidullawgi 3.20) Faduwuudesiion uasiimsudaduuinuvey
& a = a
Faaum ihgagamuuuaunu £x Tuvasiouns iihySoaveuamumnuny +y il
ﬂ' i ar o a o 1= L A
wadidaiu i liinamsndeveard Sa lulimsuriaauoen i)
o A = = a dd 1A o P v 3 1o A
dmsuinnud 5.8 Anzi@sadnyuaeIny AnNuImazMuIAIANNENIAAY
Tiaqgmsos mwemasziuuugnmsudniuiuaesiiama  wazdnyuznsnszaoven

avw IRt UL 2.45 Anzidsad

() (V)

71 3.2 uauidveaaweneanns$rassdas Tusunsu CST Microwave Studio
fnwd 245 inzidsas

o oA
(n) freneemet (v) minszawvedauiu vih (a) nuugdmsuraiu
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or

m

=
i

3202 19NINYARUINANIAIYG fuYeadueINA JU7 3.3(n) uag (V) uaAIRNAmLMUIRE

ATFUDNUAUTMINEINY

Aanuaumu (Taviu)

Suanuaual (Taviu)

100

90 -
80
70 -
60
50 -
40
30 -
20
10 1

—e—2.45 GHz
—o0—5.8 GHz

20

0 0.125 0.25 0.375

szuzmivaINaduiinavnavEuaINd (ANuIAlY)

(n)

15

10 A

—+—2.45 GHz
—0—5.8 GHz

-

T T T

0 125 0.25 0.375

szanivaINIaguiinavBavAILaINA (A1munafu)

(¥)

511 3.3 nsmlaudius sznindduivaudgiugailoumdinszosaig

(1) AMAUMIY (V) SuBNUAUS
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1.8
1.7 -
1.6
1.5 1
1.4
1.3 1
1.2 1

VSWR

——2.45 GHz

1% I, —0—5.8 GHz
1 T T T

0 0.125 0.25 0.375

srumiNIRgUIinaIaAILaINA (ANNEIAAY)

T v "
37 3.4 Sas1dMAAUTIVEINTIAY

A ¢ 1 a s Ve P o a
:Inﬂ'ﬂf]l-]g“?11uﬂﬂ1’)3l51‘mluu"ﬁ ﬂ'ﬁllﬂﬂllﬂu‘ﬂﬂglﬂ]ﬂUﬂuUSWS13135““1“531]““

= o A ' v : - ' ° -
mﬂﬁma:ﬁhuuum %zmwmmmme’ﬁumummu mngﬂ'n 3.3() ﬂll’}l'l‘l}ﬂ‘ﬂﬂuﬂ'lﬁ\lﬂ

= = a a o

soy 0.254, Asuenuaugia 1.893 Toviuay 2.229 Tovuiinaud 2.45 Anzi@sadiag 5.8
a a o o o & oy A A @ ¥V Ao L | o o
Anzdsagmudiy  Fafsoundiauiumanudumuidumiadoiulugdn 3.3m)
& A o S A - a a o = =Y o o &
Faiia 41.93 Toviuuaz 41.15 Teuiiawd 2.45 Anzi@saduas 5.8 Anz@sadaudy Tay
= Vo ' 4 A v & o4 4 - =
31N 3.4 uaAmoaI@UAANUIIIANAAIgANTzeY 0.254, UM 1198 uag 1.222 W

AUD 2.45 DnzIBsATIAL 5.8 ANUFsATAMIIAIAY

crrsserneneens ARUENAN

———= 01254,
0.254,
----- 03754,

()



wemrresiennes QARUENAN
-——= 01254,
0.252,
———. 03752,

(1)

Y 1 A { - 1 H o
Ui 3.5 nuugmsudnauigatlouiidszezaiey iy =90

(n) NAWD 2.45 ANFIAT (V) NNWD 5.8 Anzidsnd

v
L |

] b

fiszozgafloumavdoriuiismudng  dumisvesgatlouddaniuinanszny

1 L} A d' ] A { o o 1 L]
Tavasadouvugmaudnau Taogi 3.5 uaawwugdmsudnauigafloumdsiszezang

s i - H 4 A
Yonaaennud dunaldhiiszez 0.251, WuiinuugUmMsuHAIMIUUABINANI
M ' A gI ' - - M
Tugdii 3.5(0) namanuuzdmsuknduinud 245 Anvdsad uazlugUi 3.50v)
VoA ﬁ. a a = o d' 1 =

UAAUUFUMSUAAAUNANND 5.8 ANUIETATF1ABMTIN 3.1 HAAIMANIMIZNHANN
1Az sEAUNT (side lobe level) i1 voagailousids

3197 3.1 MANWDILNAMNNAUNUIA1Y voagatloudids

o AMID 2.45 Rnzigsas AND 5.8 Anvidsad
dumians — — , -
. AN gy AN szAunde
flourda R i
NANN (dBi) (dB) NAN (dBi) (dB)
IgUaNaN 1.1 - 1.0 -
0.1254, 26 - 31 .
0.252, 4.8 -153 4.9 -13.6
0.3754, 3.9 31 3.2 12
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514 3.6 Tnsearirvesmeeima

3.3.1 Han1591a09a1891MA
A1091MANUNANND 5.8 DnzIBIATIas 2.45 NNUFIAY InoTinunvBIARY
= “ o w 3o o
AND w, 18T wy NVUIA 20.92 N LAY 57.34 uu mud1ay Taoldiagg1used FR-4 NTANY

WU h = 0.6522 ¥y AIAIN 1ABIANATH & MM 4.36 nazunuURANUGYFoIINY 0.012

v
a oA

TasimduiuauduaznuugUnmsukaauannson ldinmsimeswadeTlsunsy  CST
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The New Mainstream Wireless LAN Standard

Today's popular |IEEE 802.11b (802.11b) for wireless local area networks (WLANs) has changed the face
of networking, providing tremendous flexibility for mobile workers and hassle-free Internet sharing for home
users. The next milestone in the evolution of WLANS is the introduction of IEEE 802.11g (802.11g). This
new |IEEE standard will dramatically improve the performance of WLANs, while providing compatibility with
the existing installed base of 802.11b networks. The purpose of this white paper is to:

- Provide an explanation of existing WLAN standards

» Describe 802.11g specification requirements

+ Set expectations for 802.11g performance

. Discuss 54g™, the high performance implementation of the 802.11g standard

WLAN MARKET

The WLAN market has grown rapidly as wireless technology has evolved to meet fundamental needs of
businesses and technology consumers alike:

+ Corporate IT departments deploy WLANSs to support roving employees, reduce the cost of cabling and
recabling the physical plant, and provide a rapid response to changes in demand.

+  The mobile worker uses public access WLANSs in cafes, airports, trains, lobbies, and remote corporate
sites to connect to the corporate network or Internet.

. Small offices and enterprises use WLANSs to share Internet connections, printers and peripherals, and
create backup connectivity solutions while remaining highly scalable and flexible, without the costs of
cabling.

« The home customer uses a WLAN to share a broadband Internet connection among multiple family
PCs without drilling holes and installing cable throughout the home.

These customers have adopted WLAN solutions to achieve flexibility, connectivity, mobility, and low-cost
deployments not available through conventional wired solutions. The numbers speak for themselves—over
35 million WLAN nodes have already shipped and the number of nodes is expected to grow to 100 million
in 2005.
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WLAN STANDARDS

The foundation of mainstream WLAN products began with the original 802.11 standard developed in 1997 by
the Institute of Electrical and Electronics Engineers (IEEE). That base standard continues to be enhanced
through document additions that are designated by a letter following the 802.11 name, such as 802.11b,
802.11a, or 802.11g. The letter suffix represents the task group that defines the extension to the standard.
These enhancements bring increases in data rate and functionality leading to rapid progression of the WLAN
market. The following table briefly summarizes the enhancements related to data rate (the WLAN physical
layer). More information is available at http://grouper.ieee.org/groups/802/11.

Table 1: IEEE 802.11 Specifications

il 802116 Fa o e 02.11g
Standard approved _ July 1999 — July 1999 ] June 2003
Maximum data rate 11 Mbps 54 Mbps 54 Mbps
Modulation CCK OFDM OFDM and CCK
Data rates 1,2, 5.5, 11 Mbps 6,9, 12, 18, 24, 36, 48,54 Mbps CCK: 1, 2, 5.5, 1

OFDM: 6, 9, 12, 18, 24, 36, 48,
54 Mbps
Frequencies 2.4-2.497 GHz 5.15-5.35 GHz 2.4-2.497 GHz
5.425-5.675 GHz
5.725-5.875 GHz
IEEE 802.11b

Ratified by the IEEE in July 1999, 802.11b extends the original IEEE 802.11 direct sequence spread spectrum
(DSSS) standard to operate up to 11 Mbps in the 2.4-GHz unlicensed spectrum using complementary code
keying (CCK) modulation. The four data rates of 1, 2, 5.5, and 11 Mbps are specified on up to three non-
overlapping channels, and the lowest two rates are also allowed on up to 13 overlapping channels.

IEEE 802.11a

Ratified by the IEEE at the same time as 802.1 1b, the IEEE 802.11a (802.11a) standard operates in the 5-GHz
spectrum. The 802.11a standard was designed for higher bandwidth applications than 802.11b, and includes
data rates of 6, 9, 12, 18, 24, 36, 48, 54 Mbps using orthogonal frequency division multiplexing (OFDM)
modulation on up to 12 discrete channels.

IEEE 802.11g

In July 1999, the 802.11g subcommittee was tasked to extend the 2.4-GHz unlicensed spectrum to data rates
faster than 20 Mbps. The resulting 802.11g standard was ratified in June 2003. The 802.11g standard provides
optional data rates of up to 54 Mbps, and requires backward compatibility with 802.11b devices to protect the
substantial investments in today’s WLAN installations.

The 802.11g standard includes mandatory and optional components. It specifies OFDM (the same technology
used in 802.11a) and CCK as the mandatory modulation schemes with 24 Mbps as the maximum mandatory
data rate, but it also provides for optional higher data rates of 36, 48, and 54 Mbps.

Broadcom Corporation

Page 2 WLAN Standards Document 802.11g-WP104-R
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MARKET ACCEPTANCE OF WLAN STANDARDS

802.11b

The industry standard for WLANs has been 802.11b. Products based on
802.11b gained mainstream acceptance as the first wireless networking
products with acceptable speeds, affordable prices, and universal
compatibility as certified by the Wi-Fi Alliance. More than 95% of today’s
WLAN infrastructure includes 802.11b products.

802.11a

The first 802.11a based products became available late 2001. These
products provide data rates of up to 54 Mbps in the 5-GHz frequency band.
Even though the technology delivers greater data rates, it has had limited
market acceptance. This has been due primarily to its lack of backward
compatibility with 802.11b products, shorter connectivity range, and higher
deployment costs.

802.11g

The next mainstream wireless LAN standard is 802.11g. This technology
satisfies the bandwidth needs of the market globally and economically,
while remaining compatible with the installed base of mainstream
products.

802.11g PERFORMANCE AND CHARACTERISTICS

802.11g Approval and
Certification

The IEEE 802.11g standard was
approved in June 2003, The |IEEE
standards body, however, does
not validate interoperability or
compliance with the standard; an
industry association (Wi-Fi
Alliance) performs these tasks.
The Wi-Fi Alliance is already
building a testing program to
certify 802.11g interoperability
based on the 802.11g standard.
The Wi-Fi® certification for
802.11g products is expected in
the summer of 2003. The 802.11g
certification program follows the
Wi-Fi Alliance's successful
802.11b and 802.11a certification
programs.

Products conforming to the draft
802.11g standard have been
available since late 2002.
Products shipped prior to June
may be upgraded via software
download to ensure standards
compliance.

Data rate, range, throughput, and compatibility vary among the three WLAN standards. These variations are
caused by differences in frequency, modulation schemes, and number of data rates.

802.11g DATA RATES

The 802.11 standard technologies all support multiple data rates to allow clients to communicate at the best
possible speed. Data rate selection is a tradeoff between obtaining the highest possible data rate while trying
to minimize the number of communication errors. Whenever there is an error in the data, the systems must
spend time to retransmit the data until it is error free. Each 802.11 client performs a procedure to select the best
data rate. The 802.11g clients can select from the widest possible range of both OFDM data rates of 54, 48, 36,

24,18, 12, 9, and 6 Mbps, and the CCK rates of 11, 5.5, 2, and 1 Mbps.

s

Broadcom Corporation
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802.11g RANGE AND DATA RATE

As distance from the access point increases, 802.11 based products provide reduced data rates to maintain
connectivity. The 802.11g standard has the same propagation characteristic as 802.11b, because it transmits
in the identical 2.4-GHz frequency band. Because 802.11b and 802.11g products share the same propagation
characteristics, implementations provide roughly the same maximum range at the same data rate. Because
5-GHz radio signals do not propagate as well as 2.4-GHz radio signals, the 802.11a product range is limited
compared to the 802.11b or 802.11g product range.

The following figure illustrates the expected data rate of each technology at different ranges.

Data Rate (Mbps)

-
=

-
-

55
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100 200 300
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Figure 2: Expected 802.11a, 802.11b, and 802.11g Data Rates at Varying Distance from Access Point
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Typically, 2.4-GHz 802.11g networks have the same coverage as 2.4-GHz 802.11b networks. The 802.11b
standard uses CCK modulation, whereas 802.11g uses both CCK modulation for backward compatibility and
OFDM modulation to achieve better throughput at a given distance. The 802.11a standard also uses OFDM
modulation, but there is more signal loss as it travels through objects because it uses a higher frequency.

CCK Rates OFDM Rates

802.11b Range 802.11g Range 802.11a Range
2.4 GHz 2.4 GHz 5 GHz

Figure 3: Relative Range of 802.11b, 802.11g, and 802.11a Devices

NETWORK ENVIRONMENT CONSIDERATIONS

One of the major benefits of the 802.11g standard is the mandate for 802.11g and 802.11b devices to
communicate with each other. At all 802.11b rates, 802.11b devices communicate with 802.11g products as if
they were 802.11b products. However, 802.11g products behave differently when using OFDM data rates if
there are 802.11b devices in the network environment. Understanding this behavior is important in setting
performance expectations (given the large installed base of 802.11b clients) and the planning of network
capacity until 802.11b clients are replaced with 802.11g clients (the presence of an 802.11a 5-GHz network has
no effect on these scenarios). The following scenarios show how the type of network environment is determined
both by the network infrastructure and client devices.

802.11b-ONLY LEGACY ENVIRONMENT

When the AP and all clients are 802.11b, communication occurs at 802.11b data rates. Overhead
communication between the products effectively limits the maximum TCP throughput to 5.8 Mbps. When the
products are communicating at greater distances and lower data rates, the throughput is correspondingly
reduced.

gl

Broadcom Corporation
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802.11g THROUGHPUT

Throughput is not the same as data rate for networking systems,
because of overhead, environment, and network composition.
The throughput of 802.11g products can depend on whether
there are 802.11b products nearby. Performance is best in
environments where an 802.11g access point (AP) is only
communicating with 802.11g clients in a homogeneous WLAN.
In these environments, the data rate within 75 feet is 54 Mbps
and the throughput is 22-24 Mbps when using Transmission
Control Protocol (TCP).

In the interest of maximizing performance in the presence of
802.11b products, the 802.11g APs coordinate the use of the
transmission medium with protection mechanisms (see
sidebar). Because the protection mechanisms require overhead
communication, compatibility is provided at the expense of
throughput. The CTS-to-self protection mechanism lowers the
maximum TCP throughput to approximately 15 Mbps, as shown
in the following table.

Table 2: Expected Maximum Throughput for
IEEE 802.11 Environments

3 : 1(!- e bl
Dfstance 802.11b 802.11a only with CTS-to-self wlthRTS/CTS
(Feet)  (Mbps) (Mbps) (M PSJ (Mbps) (Mbps)

10 58 24.7 247 147 11.8

50 58 19.8 247 14.7 11.8

100 58 124 19.8 12.7 10.6

150 58 49 12.4 9.1 8.0

200 3.7 0 49 4.2 4.1

250 1.6 0 1.6 1.6 1.6

300 0.9 0 09 0.9 0.9

802.11g COMPATIBILITY

Because 802.11g uses the same radio signaling (CCK) as
802.11b at the lower four 802.11g data rates, it is fully backward
compatible with 802.11b. This enables networks to continue
supporting 802.11b enabled devices when migrating to the
higher performance standard.

s

Protection Mechanism: Air Traffic Control

The 802.11g standard provides protection
mechanisms for managing communication in
a mixed 802.11b/g environment. The 802.11b
radios do not hear when the airspace is busy
with 802.11g OFDM signals. Protection
mechanisms prevent 802.11b clients from
transmitting after improperly assessing that
the airspace is empty while 802.11g OFDM
signals are being transmitted. The 802.11g
products still communicate at the same
802.11g OFDM data rates when protection is
in use, but a short 802.11b rate message
signals to 802.11b products to not transmit for
a specified duration because an 802.11g
OFDM message is immediately following. The
802.11b protection messages cause signaling
overhead and result in reduced throughput to
the user.

The AP directs clients to use protection
through a signaling mechanism specified
within the 802.11g standard. Enterprise-class
802.11g APs may allow users to tune the
protection mechanism algorithm to optimize
network system performance (some 802.11g
APs may allow the administrator to override
the use of the protection mechanism for a
performance improvement in light traffic
networks).

The 802.11g standard allows 802.11g clients
to use one of several protection mechanisms
in a mixed 802.11b/g environment. The Wi-Fi
Alliance will test for one of two signalling
methods: RTS/CTS and CTS-to-self. Request
to send (RTS) is analogous to a pilot's take off
request to an air traffic control tower—the pilot
waits to use the airspace until verifying with
the control tower that the airspace is clear.
The clear to send (CTS) message is like the
clearance from the tower.

The CTS-to-self protection mechanism
method sends a CTS message using an
802.11b rate to clear the air, and then
immediately follows with data using an
802.11g date rate. The CTS-to-self protection
mechanism provides a maximum TCP
throughput of 14.7 Mbps.

With any of the protection mechanisms,
802.11g throughput is still greater than
802.11b throughput at the same distance.

Broadcom Corporation
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802.11g-ONLY 802.11g AP, MIXED CLIENTS 802.11b AP, 802.11g CLIENT

When the AP and all clients are
802.11g, communication occurs
at the highest possible TCP
throughput. The 802.11g AP
detects that all of the clients are
802.11g and instructs the network
not to use any protection method.
Without a protection mechanism
engaged, throughput of 24 Mbps
or greater is possible.

e

Figure 4: 802.11g-Only
Environment

UL

When the AP is 802.11g and there
is a mixture of 802.11g clients and
802.11b clients, the AP senses both
technologies on the network. The
802.11g AP instructs 802.11g
clients to use a protection
mechanism. Effectively, 802.11g
clients function at reduced 802.11g
TCP throughput (up to 15 Mbps),
which is faster than the 802.11b
client that communicates at a
maximum throughput of up to
5.8 Mbps.

i s 9.

Figure 5: 802.11g AP, Mixed
Client Environment

ol m

When the AP is 802.11b and the
client is 802.11g, the 802.11g
client is able to successfully
associate and communicate with
the 802.11b AP. Communication
between the AP and the 802.11g
client uses CCK modulation and
achieves typical 802.11b speeds.
An 802.11g client can always
function as an 802.11b client.

.: 1 {h
-1l a £y

Figure 6: 802.11b AP, 802.11g
Client Environment
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MuLTIPLE 802.11g APs, MIXED CLIENTS

When there are multiple 802.11g APs and a single 802.11b client on the same channel, all overlapping 802.11g
APs signal the use of the protection mechanism. Effectively, 802.11g clients function at a reduced 802.11g TCP
throughput (up to 15 Mbps), which is faster than the 802.11b client, which communicates at a typical 802.11b
TCP throughput (up to 5.8 Mbps).

The APs can also be configured to use different channels for their 802.11g clients so that the 802.11g-only
networks do not need to use a protection mechanism. This allows 802.11g clients to have full TCP throughput
as if they were in an 802.11g-only network.

Multiple 802.11g APs, Mixed Clients

|
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WHICH STANDARD SHOULD |
DEPLOY?

With any network technology, there are tradeoffs
between performance and cost. With wireless
technologies, other factors such as range and capacity
should also be considered. Table 3 summarizes typical
user requirements and the characteristics of WLAN
technology. In most cases, 802.11g provides the
correct mix of characteristics for the different
categories of user requirements. Upgrading to 802.11g
is the easiest and least expensive choice, because it
can be done gradually, without sacrificing the current
WLAN infrastructure. The 802.11g APs automatically
support existing 802.11b clients while providing
increased speed to 802.11g clients.

Planning Network Migration

As network managers plan upgrades from existing
wireless 802.11b networks, the two basic technologies
to consider are 802.11g and 802.11a/g. An upgrade to
802.11g is a simple proposition. Users equipped with
802.11g-enabled notebooks will gain immediate access
to the 802.11b network. These users will experience a
throughput boost as APs are upgraded to 802.11g. As
budget allows, dual-band 802.11a/g products can be
deployed to meet the demand for more network
capacity while remaining backward compatible.

The dual-band APs may need to be more closely
spaced to ensure coverage for 802.11a clients.
Transmit power control can be enabled in the 802.11g
network to optimize performance of closely spaced
access points. Because 802.11g is forecast to rapidly
replace 802.11b, a dual-band a/b AP solution becomes
immediately obsolete.

Table 3: WLAN User Requirements and Technology Characteristics in the U.S.

: mp: udg

Eﬁtarpnse High Variable Variable Yes High
Public Access Low Medium High Yes Medium
Small Business Medium Medium High Yes Low
Home Medium Low High Yes Low
WLAN Technology Characteristics e

WLAN Technology  Peak Speed  Capacity  Ran : | Cost
802.11b Medium Low High Yes Low
802.11a High High Low No Medium
802.11g High Medium High Yes Low
802.11alg High High High Yes High

I
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ENTERPRISE

Enterprise WLANSs are typically an overlay to a wired infrastructure serving the needs of mobile workers for
e-mail, web browsing, and intranet access when they are away from their desks. Coverage is typically more
important than connection rate. Enterprises can benefit from the higher bandwidth and backward compatibility
of 802.11g networks today, and can outfit densely populated environments or plan for wired network
replacement with dual-band 802.11a/g networks. Itis expected that enterprise customers will future-proof their
networks by providing 802.11g connections on the client side, and upgrade infrastructure as budget permits.

PusLIC AccEss—HoTsPOTS (WI-FI ZONE™)

Compatibility and range matter most to Hotspot operators and public access WLAN customers. Public WLAN
Hotspots must be certain that their APs can communicate using mainstream standards that offer connectivity to
the widest possible range of subscribers. Today, nearly all Hotspot traffic is 802.11b. Public access operators
remain in the 2.4-GHz band because it offers twice the range and four times the coverage area of the 5-GHz
alternative, and public access customers continue to use the 2.4-GHz spectrum to maximize connectivity. As
Hotspots upgrade, they will add 802.11g to their networks to add range and preserve interoperability.

SMALL BUSINESS

A small business WLAN needs to cover small to medium-sized areas and support a variety of applications, such
as e-mail, web browsing, and large file transfer. Because of good performance characteristics, costs, and range,
802.11g again makes the most sense. The 802.11g standard offers compelling value by minimizing the number
of APs, lowering deployment costs, while future proofing the installation with a mainstream standard. Many
small businesses may simply require a single 802.11g AP and no wired infrastructure at all.

HOME

Many homeowners today have multiple computers and want to share a common Internet connection. For these
uses, low-cost 802.11g or 802.11b solutions suffice. As the number of home network devices expand and
bandwidth-hungry applications grow (such as gaming, home-wide audio and video streaming, and home
security), an 802.11g WLAN provides up to five times the performance of an 802.11b WLAN. The 802.11g
solutions provide the bandwidth for added devices and new applications, with a range that covers most homes
with one or two APs.

I
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WHAT Is 54g™7?

54g™ is the maximum performance implementation of the |EEE 802.11g standard and is fully compliant. 54g™
technology provides data rates of up to 54-Mbps with the highest throughput allowed by the specification and
provides the industry’s best range and latest security. The 54g™ logo can be found only on products that
achieve this high level of performance (see Figure 8).

54g™—MAXIMUM PERFORMANCE 802.11g

The 54g™ implementation is designed to exceed the requirements of the |EEE 802.11g standard, as shown in
Table 4. The 54 Mbps data rate and short slot turnaround time are optional in the standard but are included in
54g™. These features more than double the expected throughput of a product that just meets the standard. The
receiver sensitivity of 54g™ products far exceeds the specification for maximum range, and transmit power
control is included in 54g™ to enable optimized multiple AP deployments. All 54g™ products are WPA Certified
and embed hardware-accelerated AES security, which future-proofs users in advance of the IEEE 802.11i
(802.11i) standard due to be adopted next year.

Table 4: 54g™ Pushes the Performance Limits of 802.11g

549 ™ Specificatio a2
54 Mbps 24 Mbps

Highest mandatory data rate

Shortest mandatory slot time 9 s 20 ps
Maximum receiver sensitivity -92 dBm —80 dBm
Transmit power control Included Not specified
Next generation AES security Included Not specified

LOOK FOR THE 54g™ LOGO

The 54g™ logo indicates that a product is a maximum-performance implementation of the 802.11g standard, is
fully backward compatible with 802.11b products, and is compatible at maximum performance with any other
product bearing the 54g™ logo.

It provides consumers with an easy way to find high-performance WLANSs based on the 802.11g standard, and
protects them from investing in 802.11g solutions where the highest data rate is less than 54 Mbps. Major
wireless networking and PC vendors are shipping 54g™ products, ensuring a broad selection of compatible,
high-performance products.
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Figure 8: 54g™ Logo
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CONCLUSION

The IEEE 802.11g standard will drive the next growth wave in wireless networking. Products built to the IEEE
802.11g standard are compelling because they:

. Provide a five-fold increase in WLAN speed over current networks
« Remain fully backward compatible with the popular IEEE 802.11b based products
. Offer better range and coverage than current networks

This new WLAN technology provides flexibility, connectivity, mobility, and affordability that is not available
through conventional wired solutions.

54g™ is 802.11g implemented at the highest levels of the standard, and available today. 54g™ is fully backward
compatible with 802.11b. 54g ™ products used together provide the highest levels of speed, reach, and security
for maximum performance.

#
Broadcom Corporation

16215 Alton Parkway
P.O. Box 57013
Jrvine, CA 92619-7013
Phone: 949-450-8700
Fax: 949-450-8710
© 2003. All rights reserved
Printed in the U.S.A.

Broadcom®, the pulse logo, and 54g™ are \rademarks of Broadcom Corporation and/or its subsidiaries in the United States and certain other countries.
Wi-Fi® and Wi-Fi ZONE™ are trademarks of the Wi-Fi Alliance. All other trademarks are the property of their respective owners.
Broadcom Corporation reserves the right to make changes without further notice to any products or data herein to improve reliability, function, or design.
Information furnished by Broadcom Corporation is believed to be accurate and reliable. However, Broadcom Corporation
does not assume any liability arising out of the application or use of this information, nor the application or use of any product or
circuit described herein, neither does it convey any license under its patent rights nor the rights of others.

Document 802.11g-WP104-R



802.11a

More Bandwidth without the Wires

Steve Kapp * Cisco Systems * skapp@cisco.com

02.11a represents the third generation of
8 wireless networking standards and tech-
nology (behind 802.11 and .11b). It was
actually approved as a standard earlier than
802.11b, but it presented a greater engineering
challenge, and was delayed. Advances in technol-
ogy (Moore’s Law continues to prove true) helped
Internet engineers overcome those challenges in a
cost-effective manner and prepare the specifica-
tion for market introduction. The result is the fur-
ther extension of 802.11 networking capabilities.
My previous article, “802.11: Leaving the Wire
Behind,”" focused on 802.11b wireless networking
and the various 802.11 task groups that will direct-
ly affect the future of 802.11 networking. In this
article, I examine 802.11a networking in depth and
compare it to 802.11b and the upcoming 802.11g
networking.

Whatis 802.11a?
802.11a operates in the 5-GHz frequency band in
the U.S., as authorized by the Federal Communica-
tions Commission under FCC regulation part 15.247
(the IEEE Standard "Supplement to IEEE Standards
for Information Technology, Part 11: Wireless LAN
MAC and PHY Specifications,” covers other 802.11a
FCC regulations). This frequency band, called the
Universal Networking Information Infrastructure
(UNII) band, is divided into three parts. Figure 1
(next page) shows the frequency allocation and
FCC-allowable transmission power. These frequen-
cy bands have also been approved for use in Japan.

802.11a is not currently authorized for use on the
European continent, where HyperLAN2 is used for
wireless in similar frequency bands. Recent moves
by EU member countries (Denmark and the UK)
have begun to allow 802.11a deployment, howev-
er. With this, there is a chance that 802.11a will be
accepted globally, which would greatly enhance its
and 802.11°s worldwide appeal.

There are some regulatory differences between
the Industrial Scientific and Medical (ISM) 2.4-GHz

1EEE INTERNET COMPUTING
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and the UNII 5-GHz bands. In the ISM spectrum,
for instance, antennas can be fixed or remote. As
Figure 1 shows, however, the UNII band has addi-
tional restrictions:

m the UNII-1 band is intended for indoor use, and
the antenna must be attached to the transmitter
(6 dBi by FCC regulations);

m the UNII-2 band has an indoor and outdoor
component with a fixed or remote antenna;

m the UNII-3 band is dedicated to outdoor bridg-
ing and is fairly unrestricted compared to the
UNII-1 and 2 bands regarding antennas.

That 802.11a intentionally attempts to spec-in out-
door wireless bridging is a fairly significant
change, as it recognizes bridging's importance to
networking. Neither the 802.11b standard, nor the
FCC had explicitly specified bridging applications.

Benefits of 802.11a

You might ask what's so special about 802.11a that
we would want to adopt it for wireless network-
ing. The easy answer is bandwidth.

m 802.11a provides significantly more bandwidth
than 802.11b (54 Mbps).

® 802.11a uses a different, relatively uncluttered
frequency spectrum (5 GHz).

m Each UNII band provides four nonoverlapping
channels for a total of 12 across the allocated
frequency spectrum.

Each of these areas has advantages for wireless
networking.

Increased Bandwidth

Everyone wants more bandwidth. And as more is
built, users’ appetite proves insatiable. 802.11a
promises to provide a maximum throughput of 54
Mbytes per second (as compared to 11 Mbps with
802.11b) and greater performance granularity

http://computer.org/internet/
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Available bandwidth
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OFDM Overview

Available bandwidth
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Figure |.UNII frequency band allocation. UNII provides three sepa-
rate bands and a total of |2 channels: UNII-1 is for indoor use, and
the antenna must be fixed to the radio; UNII-2 is for indoor or out-
door use, with either a fixed or remote antenna; and UNII-3 is for
outdoor bridging only.

through the radio frequency (RF) range. Future
enhancements to modulation techniques (see the
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sidebar, “OFDM Overview”) should bring greater
throughput. As defined by the 802.11a standard,
the throughput steps are 54, 48, 36, 24, 18, 12,9,
and 6 Mbps. The standard mandates low-end per-
formance steps at 6, 12, and 24 Mbps; therefore,
we are unlikely to see 18- or 9-Mbps steps in com-
mercial products.

Most of the credit for the throughput improve-
ments goes to orthogonal frequency division mul-
tiplexing, a new modulation technique for wireless
networking. OFDM is a proven technology and
provides high spectral efficiency, protects against
RF interference, and reduces multipath distortion,
which is useful when there are multipath channels
within a deployed environment. OFDM is some-
times called multicarrier or discrete multitone
modulation. It is the modulation technique used
for digital TV in Europe, Japan, and Australia, and
is the basis for widely deployed asymmetric digi-
tal subscriber line (ADSL) technology.

TEEE INTERNET COMPUTING



OFDM Overview (cont.)

The sidebar, “OFDM Overview,” summarizes key
points about the technology for networking pro-
fessionals. Andrew McCormick of the University
of Edinburgh provides an excellent interactive
tutorial on OFDM technology at www.ee.ed.
ac.uk/~acmc/OFDMTut.html.

Along with the increased throughput, there
will be a decrease in range because 802.11a uses
the 5-GHz spectrum, which is nearly twice the
frequency of 2.4-GHz systems (the laws of
physics eventually catch up with you). Range
performance will vary by chipset vendor, and
more enhanced chipsets will come in the future,
but a conservative rule of thumb is to expect
about one-third the range of 2.4-GHz products
for now. (Of course, due to vendor variability, you
could achieve better range, so be aware of range
variability and differences among vendors.) Cur-
rent estimates for the 54-Mbps throughput range
vary from 30 to 50 feet from the transmitter (your

TEEE INTERNET COMPUTING

mileage will vary). Total range at 6 Mbps will be
between about 200 and 275 feet (again, depend-
ing on vendor radio performance).

Given these facts, I offer a word of caution: Do
not expect identical networking performance, par-
ticularly in regard to device range, when replacing
2.4-GHz systems with 5-GHz systems. It is impor-
tant when deploying wireless local area networks
to perform a site survey with the 5-GHz transmit-
ters to validate range and performance. Also,
remember that the fixed antenna in the UNII-1
band might require modifications to your physical
deployment. Keep these things in mind when ven-
dors discuss a one-for-one swap — something that
is just not possible for all deployment scenarios.

Cleaner Frequency Spectrum

The UNII frequency spectrum is cleaner (less used)
than the ISM, which the FCC originally created to
allow devices such as microwave ovens to emit RF

http://computer.org/internet/
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30 MHz

Lower and middle UNII bands: eight carriers in 200 MHz/20 MHz spacing

long as the devices emitted RF
energy within the allocated fre-
quency range and below the
minimum power specifications,
they were certified. Networking
came much later.

These “dirty emitters” do not

r4

5160 5180 5200 5220 5240 5260 5280 5300 5320 5350 affect the UNII band, which has
Lower band Upper band < i
edge edge only minor overlap (with some
- ) U.S. Department of Defense
Upper UNII bands: four carriers in 100 MHz/20 MHz spacing functions, for example) in the
20 MHz 20 MHz £
—— —] frequencies allocated for net-

working. Figure 2 shows the
center frequency and spacing in
the UNII band.

Lower band
edge

e

5725 5745 5765 5785 5805 5825

Upper band
edge

Nonoverlapping Channels
The UNII frequency band pro-
vides 12 distinct channels for

Figure 2. UNII frequency band with center frequency and spacing.
The UNII frequency band provides a comparatively uncluttered fre-
quency band for networking as well as more channels.

energy without significant regulation or emissions
control. The 2.4-GHz ISM frequency also includes
other electronic devices that employ moving parts,
such as medical products, pumps, and devices that
can emit a relatively uncontrolled RF frequency.
If you look at the fine print for most products,
you'll find an FCC part-15 certification rating. As

JULY » AUGUST 2002 http://computer.org/internet/

networking, and eight of these
effectively serve the wireless
LAN space (UNII-1 and 2). This
will greatly simplify wireless
deployment in the LAN because
_ unlike the ISM band, in which only three of the
11 channels are nonoverlapping — none of the
UNII channels overlap. Because UNII is an unli-
censed frequency, users will have to cooperate with
other emitters in an RF range, but all things con-
sidered (range, power, absence of dirty emitters,
and so on), 802.11a should be easier to deploy.

TEEE INTERNET COMPUTING
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Still to Come: 802.11¢g

Industry eagerly anticipates ratification of the
802.11g wireless networking standard by the end
of the year. The standard uses the same ISM 2.4-
GHz frequency band as 802.11b, but it also
employs the OFDM modulation technique (estab-
lished by 802.11g committee consensus in Novem-
ber 2001). The physics of 802.11g are nearly iden-
tical to 802.11b: same frequencies, same number
of channels and nonoverlapping channels, same
power, and so on. Range should also be similar,
although OFDM's noise sensitivity might reduce it
slightly. Although the working group has yet to
nail down the final specs, throughput of 54 Mbps
is a likely objective.

Another benefit 802.11g will offer is backward
compatibility with 802.11b. If you are currently
using an 802.11b client radio, you will be interop-
erable with an 802.11g access point, and vice
versa. You should also consider vendor radio vari-
ability. Should radio range prove similar to
802.11b, upgrading to this new technology should
be quite simple.

Choosing the Best

802.11 forYour Network

There are no hard and fast rules that say one tech-
nology is better than another. Table 1 compares

the three wireless standards to help you find the
technology best suited to your specific require-
ments. The best technology for you depends on
your needs, the state of your wireless adoption,
and your applications.

The coexistence of ISM and UNII technologies
makes a lot of sense, as it helps ensure that no sin-
gle technology will dominate networking. Indeed,
using more than one technology might mitigate
the detractions of each, leading to a much more
robust and resilient network. Multiband radios will
simplify combining technologies and should be on
the horizon in 12 to 18 months.

Now, after we've spent so much time under-
standing the various 802.11 technologies, new
wireless technologies will emerge, providing
increased range and throughput. What a great
problem to have! i¢
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A Dual-Band Dual-Feed Switched-Beam
Single Patch Antenna
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Abstract— With the demand of dual-band operation in modern
wireless communications, this paper proposes a low profile
switched-beam patch antenna. It is a patch antenna that operates
at 2.45 GHz and 5.8 GHz by designing microstrip transmission
lines to short the low frequency patch with the high frequency
patch for low-band operation. These transmission lines open
circuit to separate the two patches to allow the high frequency
patch operate solely. By selecting appropriate transmission line
width and length, the antenna provides switched-beam patterns
at the design frequencies. This antenna is significant in
developing a low profile dual-band phase array of switched-beam
elements.

Keywords — Dual-band antenna, switched-beam antenna, low
profile antenna

I. INTRODUCTION

A switched-beam patch antenna can improve diversity
gain [1] in wireless communications and was used as elements
of a circular array to provide a number of patterns [2]. The
antenna in [1] utilized eight PIN diodes embedded on edges of
the antenna resulting in fabrication difficulty. Tagapanij, et al,
[3] proposed the antenna that used an RF switch to select the
feeding probe instead of embedded PIN diodes. Nevertheless,
the antennas in [1] and [2] have narrow band characteristics.

Since modern wireless communication require dual-band,
tri-band and wide band operations, the development of
antennas to serve the above requirement is important. Dual-
band antennas have been widely developed [4]-[6] but they
have fixed beam patterns. Tagapanij, et al, [7] proposed a dual-
band dual-feed switched-beam patch antenna that can operate
in the 2.4 GHz and 5.2GHz bands. It is a stacked patch that is
combined by a dual-band Wilkinson power combiner. The
antenna provides good performance at the expense of thick
structure.

Recently, Jung and Flaviis [4] proposed a double
regtangular patch with 4-bridges that operated at 2.4GHz and
5.5GHz. It utilized bridge wires connecting between the two
patches with a common feeding probe that provides good
matching at both frequencies. Since the antenna was designed
in a fundamental mode, it radiated normal to the patch surface.

This paper proposes a dual-beam patch antenna that can
operate in a dual-band. By applying two appropriate microstrip
transmission lines on each side of the patch for connecting the
high frequency patch to the low frequency one, a dual-band

1-4244-0749-4/07/$20.00 @2007 IEEE.
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switch-beam antenna can be accomplished on a single layer
patch antenna.

A principle of the proposed antenna will be described in
section 2. Simulation results and experimental results for
2.45GHz and 5.8GHz bands will be illustrated in section 3 and
4, respectively. This paper will be concluded in section 5.

II.  PRINCIPLE OF A DUAL-BAND DUAL-FEED SWITCHED-
BEAM SINGLE PATCH ANTENNA

A single frequency dual-feed switched-beam patch antenna
is a square patch with width of each side w. The patch height is

h with dielectric constant of the substrate £,. The patch is
located on xy plane and is fed by a probe located either at
(xf,0,0) or (:),yj,O). The pattern can be switched by a

single pole double throw (SPDT) switch located on the bottom
side of the antenna. The antenna width along the x and y axes

are one wavelength in dielectric substrate (ﬂd). Therefore,
electric field £, on the aperture are in phase. The electric

field distribution is either TM ,, or TM ,;,, mode depending
on the feeding probe position [3].

Figure 1. Geometry of a single-layer dual-band dual-feed switched-beam

single patch antenna



Fig.l shows a geometry of a dual-band dual-feed
switched-beam single patch antenna. A patch working at high

frequency has width w, and a patch working at low frequency

has width w, are etched on a dielectric substrate. On each side

of the patches, there are two microstrip transmission lines
shorting between these two patches. The length and width of

the lines are @ and b, respectively. The feed probes are
located at x, and .. The function of these transmission
lines are to short the two patches at low frequency to operate at

low frequency band and open circuit at high frequency to
operate at high frequency band.

I1I.  SIMULATION RESULTS
To investigate this antenna for operating at 2.45GHz and
5.8GHz, a FR-4 substrate with /1, £, and loss tangent of
0.6522 mm, 4.36 and 0.012, respectively, was used. The patch
width w, and w, were fixed to 20.92 mm and 57.34 mm,
respectively [3]. They correspond to the one wavelength in
dielectric substrate at 5.8GHz and 2.45GHz. Radiation and

impedance characteristics were investigated by using cst®
electromagnetic simulator [8]. The probe position was fixed to
5.23 mm.

Impedance characteristic was investigated in term of
return loss versus frequency. Fig.2 illustrates return loss versus
frequency when b was fixed to 4 mm. By varying a from
2.09 mm to 18.8 mm, we can see that a equals 2.09 mm
provides the interesting result. Return loss at 2.8GHz and
4.9GHz are -23dB and -25dB, respectively. The microstrip
transmission line width b was varied to obtain low return loss
at 2.45GHz and 5.8GHz. Fig.3 shows the return loss versus
frequency at different b . It is obvious that b equals 4 mm
provides low return loss of -15dB at 2.42GHz and 5.8 GHz. It
is evident that we can select transmission line length a to
coarsely tune the return loss response, and then fine tune can be
accomplished by selecting appropriate transmission line width

b.

Fig. 4 shows vertical patterns of the antenna at 2.45GHz
and 5.8GHz. At 2.45GHz, the antenna provides bidirectional
pattern as expected. On the other hand, the pattern at 5.8GHz
has directional pattern normal to the patch. Nevertheless, by

observing at ® = 35°, the horizontal pattern are bidirectional
patterns at both 2.45GHz and 5.8GHz. Hence, we will focus

our attention on radiation pattern at 6 = 35°.

Radiation pattern in horizontal plane of the antenna at
2.45GHz and 5.8GHz are show in Fig. 5(a) and 5(b),

respectively. Feeding the patch at x ., the maximum radiation

takes place in the direction of ¢ = 90° and 270°. The maximum
radiation is in the direction ¢ = 0° and 180° by feeding at y , .

It is obvious that b has significant effect on radiation patterns.
The pattern has deep null when b is 4 mm. The results show
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that @ should be 2.1 mm and b should be 4 mm. This
information is selected as design parameters. It should be noted

that varying the probe position from x, =y, =523 mm,

radiation patterns and return loss are worse than the result
presented above.
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Figure 6. Photograph of the prototype antenna
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IV. EXPERIMENTAL RESULTS
A prototype antenna was designed based on the results in the

previous section. By using a FR-4 substrate with h, € and

loss tangent of 0.6522 mm, 4.36 and 0.012, respectively,
parameters of the antenna are listed in Table I. A photograph of
the antenna is shown in Fig.6. Two SMA connectors were

mounted on a ground plane side to feed the patches at x , and

¥, equal 5.23 mm.

TABLEL PARAMETERS OF THE ANTENNA
Parameter Dimension (mm)
W, 2092
w, 57.34
a 2.09
b 4.00
X 1o y 7 523

Measurement were set up in an anechoic chamber to
measure return loss and radiation patterns. Fig.7 (a) shows
comparison of simulated and measured return loss of the
antenna that agree well with slightly shift of the response to
high frequency due to manufacturing error. It can be improved
by using tolerated milling machine. Fig.7 (b) and (c) illustrate
radiation patterns in horizontal plane at 6 = 35° at the
frequencies of 2.45 GHz and 5.8 GHz, respectively. They
confirm that the antenna can provide switched-beam patterns at
both designed frequencies.

V. CONCLUSION

This paper presents the design and characteristics of a
single patch antenna that provides switched-beam patterns by
using dual-probe feeds. The antenna was designed based on a
one wavelength (in a substrate) patch to provide bidirectional
patterns. Appropriate microstrip transmission lines were
selected to properly short and open circuit at the design
frequencies. The antenna can operate in dual-band at 2.45 GHz
and 5.8 GHz with low profile structure. The future work will
concern the design and characterization of a dual-band phase
array of switched-beam elements.
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