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MIMO / ANTENNA SELECTION / RECIPROCITY

A Multiple-Input-Multiple-Output (MIMO) system ishie system with antenna
arrays at both transmitter and receividre channel capacity of MIMO system can
grow linearly as the number of antenna pairs batwteansmitter and receiver but
suffer from multiple expensive RF chaidsitenna Selection (AS) method can offer a
good tradeoff between expense and performanceraismit AS system, Channel
State Information (CSI) feedback is necessary tinsh the best subset of antennas in
which effects of delay and error occurred in fe@ttbehannel are the most dominant
factors to degrade the performance of AS method paper presents the concept of
AS using CSI from reciprocity theorem instead oédieack method. Reciprocity
technique can easily archive channel informatiorutiyzing reverse channel where
the forward and reverse channels are symmetricalhgidered in time, frequency and
location. In this work, the performance of capactyMIMO system when using AS
at transmitter with Reciprocity channels is invgated by own developing testbed.
The results show that Reciprocity technique offeapacity performance equal to
system with perfect C&nd it gives better performance than system witlaoienna

selection.
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o H 1fuunindyoad gy avina NxN, Ry Aommninsanuilslsiusiy (Covariance
. 4 = a Jd o =) a 4
Matrix) ¥940A1905 s H' wingdaminsua Ingnougunamningyosdyaia I Aomning
% 4 Ia I a 4 ' o W 1
PAANNAIYUIN NxN, det() WHI0DIAMBIULUUNVOUNNTNFUAL p AOAIYDINIAIAN
o A 3| AqQ Yo [ [ a =
doyow nnaumsh 2.5 uaumsilddruiunnuggesdyanaluszuylu TudFangui)
] I 9 a Y . . A 3 1 [ A
pg19 lsnausamnsalgnsudausudu (Linear Transformation) ANINIATILAZNIATUIND
] o I ] o ] o . '
nilasgesdyraluTnidusesdyaudosvosszunlaTe ldd1uau m=min(v,N,) ¥4
doynuasaznanludiuda’lyl
222 aswlasvesduanaduszunluluiluresduanadosszunlals
a J 1 [ [~ 1 ] 1
NN 9 WNnFrosdayyuavsonensendudiudos lanuaneng

(Singular Value) M3tasaunsouaasasqunisi 2.6

H=uUDVv" (2.6)

A S a od oa o H H o w = 5
1o U tag V AuumInsgiun3vug Nxn, ag NxN, (UU=VV =) mud1ay Tagh D il
a Ja . . A a s A 1 a A 1
WATNYIRYY (Diagonal Matrix) TI?(EJ”IGHﬂ"liJiJﬂW]ﬂa‘LI"IJHWﬂ N XN, M luunsnes D AvALon

a 4 ~ I ax ~A A . ..
FIUVDIUNTNY H Tagngumsan 2.6 . WuIsMsveveain (Singular Value De-composition)
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A . [ s Y ! a
14D diag(A) Lﬂul’)ﬂlﬂﬂi‘ﬂ1J§$ﬂfJ‘Uﬂ’JElﬂﬂul!ﬂu“m!ﬁlﬁigh‘ll@\‘]mﬂiﬂ“])’ A oy

Ay Ay, .. A, A0 loIn1 (Eigen values) ¥09 W dsdpaiiguunaunsnlifisdaay Fedmnso

E4
v A

araan laaadl

D =diag(\/4\Z -+ 0,0 2.7)

HH", N_ <N
W 1HRH N <N 9
v Ny R

1 (% o J 4
uaagrianuoy U ﬁ’anﬂmai%mu (Eigen vector) UdN HHH uaguaaznluoy v ﬁ@&ﬁﬂl@l@i

lownuves H'H 18z m=min (V,, N,)

a 9 1

9 v
dmsuduaeuii ldgmsmlawvuraduvesresdgyaialuszuuluTy

Y
v % 1

Tdsrosdynmdosszunleleaunsoofurelddel duusn andeimsguiuves

De

o { o 1 a J @ o @ @ { o
dyufegiimsde x_Aremning v masuiimsquiuvesdygiunivld ruaz
(% a J 09; { 1
ﬁﬂgﬂﬁmﬁumuﬁ}wmmﬁiw’dﬂ’auﬂqmmmmmﬂ% U %Wﬂﬂluﬂ@uﬁﬂaWUNW{h\‘léfH 131

ansonaasgluuvvesmsutasszunly Ty Weglugdvesresdynndos Iddeaunish

29092.11
s. =V-x. (2.9
y,=U"r, (2.10)
n =U".u, (2.11)

Tagmsunuaums 2.4 Tuaums 2.10 2214

y,=U"r. >
(2.9),(2.12)
y.=U"Hs +U"u. =
(26)
y.=U"HVX_+n_=
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Y >VW>

n=min(N,,N,) J

y ——y

Tx Rx

[

{ [ 4 [~ [} o 1
17 2.2 sesdyanuszuy luTulewlauiluvesdyanmdooszuy lala
y.=U"UDV"Vx_+n_ (2.12)
A A a ¢ a A o oA H H o o
19 U tag V ABmmnInggiuns Hune UU=vVV =1 aaiiuy

y,=Dx_ +n, (2.13)

e

) o J Jd o [ @
T veenlsenouvoInaAnes mumu1ﬂ!ﬂ1ﬂiﬂﬁ1u15ﬂllﬁﬂ\1ul@g]}ﬂ\iﬁ

yE =2+t (2.14)

4 1 { <
e 4, Ao leinuves W luaums 2.8 minaumsmsudasi lduaaslu 2.13 lauaasldimiu
nszuvluTyldgnudaseglugluesvesdygimdosluszunle Ty $1uru m=min(v,N,)

] [ d! a 9 td'

Foedanw Feamisnesute lalugli 2.2
E2
uona 101y (Shiu D.S., Foschini J., Gans J., and Kahn J.M., 2000) lduaasld

<] 1 1 o 1 o (] 1

WAUNANUYTOIT Y IMIINVRITO Ty MEesTz UL la Ty m Fo9 ABKATINYDIAIINY

9
sosdanaluuaresdyaiudos aaiwsigunioudasnnuresdyaia luszoy lulu'la

e

=,

N

C =) log,(1+ p) (2.15)
k=1

o

1o p, Aomasdsdyana lundazvosdaanudos & uaz 4, Aoons1vereiaivessesdynal
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Y 9 ] v
001l 9 UONIINI p, IzdesdoandosnuauMIAILAN e nANUdoINTNIziInaME

nulumsasdyana

> p<p (2.16)
k=1

dyd A A [ A 1 9
U AUl 2 ﬂiﬂl“ﬂuWﬁuﬁl‘ﬂﬂ@ NIITUNIIY (ma”lumm) VNUBYATDIULS
[] (Y d' 1 d! Yy Aa 1 [
Fosdanannndedsldesueludiuda’lyl

2 9y v U Ad' 1
223 "lummglaamuwmamumgmﬂmﬂm
] P
a = =3 a

<3 1 ] [ [IEY] {
WsaNaUMIN 2.14 miunanuresdyanauiuegiuIsnmsnldlums

9

[ i [ ] [

taassmiasdsdynralundazsosdynyindos Tuntanguidimualddeyadoius

D]

] ] v Yy YA o a dy I Aa Y A [ ya 1 A A Y
%ﬂﬂﬁiyﬂﬁmiﬂgqﬂ‘ﬂﬂ”lﬂiﬂ ﬁllll@]j@”luulﬂu%ix‘]"lﬂ@]’E)Lll’Oﬂ”lﬂi‘]_l(l%]‘ﬁﬂ15‘]JNi’JfJNLW’E)‘VIGLW
9 £ 9 1 o a o = v Aax dy ] o ald' I
"lﬂmcﬁwayjaﬁmuz%maaumpm ‘W%15m11u%1uﬂﬂlﬂEJ’Jﬂu’J‘ﬁﬂ”liu]liJﬁﬁJﬁm/l1l1ﬂ1flﬂ1ﬂﬁ\1
& . v Yy ' o = T Y Y o
mallummsasugmagaﬁmuwmatgaunmwmﬂm"lﬂ VoYAVUDIT YY1
1 1 a A o v s [ 1
ﬂ”lﬂﬁ\ﬁ]%QﬂlaﬂﬂiﬂﬂqmﬁmﬂUﬂWLﬂB‘lﬂ 9 uuwmammmmﬂﬂszﬂammaigaunmmﬂm
o I a 1w Y o v 1 o 1 v
NUIUN, ﬁﬂ]”liJLﬂLli’]ﬁSﬁﬁ@]@ﬂu Lmzﬁﬂﬁﬂﬂﬁiiﬂ”laﬂﬁﬂﬁﬂ),il),”lmm”lﬂu (Equal Power : EP)
% ' @ o v 1 o 1 1 IS
Cd]ﬁ‘ﬁiﬂﬂﬂ’ﬂll’.l”l ﬂ”liilﬂﬁ§§ﬂ1a\1ﬁ\‘]ﬁilluillu”lmel]’ENE‘T”IEJ’E)”IfﬂﬁﬂWﬂﬁﬂ!,Lﬁazﬁgl}uﬁﬁ\lﬁﬂuﬁ@]ﬂ]lﬁlﬂ‘L!

p. = p/ N, fafu nnaumsi 2.5 awnsouaas iaiu

C,, =log, de(l +N—pHH”j (2.17)

T

Cer = 100, (1+ P ) (2.18)

M=

=
I

1

IS’ A v d' U
224 NUIYAADIUSHIIAYYIUNN AT

]
1 ] [

Tunsainnindesuidoyavosresdygra madedwnsaliismsiadss

' '
= a ] [

sasnunmzaylumsdsdygruinings Feemsomuanuyvesdygiu 1d laonis

o a o v 1 o 1 1 o 1 A Y 1 o dg’
Ysunlasumasdsdyaa luudazsosdyanadesie Iianuyresdyaamniy

9 9

1T @ a

BasnlFlumsieassddedidyana iz aundenldluileniudens

g 9

1¥vdnms Waterfilling (Telatar L.E., 1995)
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717 2.3 1ANMIVOININUYDI Waterfilling

[

4 1 v o d a
iomadeiuivoyaadnuzvesdyy i Inogndosauiysel 35 Waterfilling gn

a
[

o o ' Y A I ¥ 1 o Ao A
TE,L!’d'l‘Vii‘]Jf‘ﬂﬂﬁ]'lﬂWflmazﬁul‘wﬂiﬁvlﬂﬂJWNi!%@QﬁﬂJﬂJquﬂﬂﬂﬁﬂ

q

THinesaassiiaedadny

g

9
9 2 1 Y o 7 v

dmsuresdaanatiu q dmSundnmitiauues Waterfilling @115003010 14 Tas 520U

4 Y
o v v o % o w 1 o =2 9

wwihmsuishdedsdyanuiua Taomuldisdedsdygrannniudmiuvesdyaio

o9

v ]
U aA v ~

= ) A 9 =) A o o 1 [ AA o A 1
YDYNUDATIVYIYNA ng‘VI'Iﬂ'lil,WiJ‘LlE]ﬂﬂi’ﬂ]llll,‘]/‘mmfJﬁ'lWi‘]J“]fﬁNﬁiUuiUu'lmﬂiJ’ﬂﬁi'ﬁlEJ'IEJ‘VIUhJﬂ

1 I a o v 1 1 [ o 1 qs;l
(317 2.3) ed1alsAaumsiiunTeanasvesiidsdedyiu Tundazsosdygrudosiiu

v 4
pasmvesiaeadsdaana lundasseosdyaiudosazdod lumudunseanaslnnsideas

9

" A =

Y
doanunanua anuyvesdyanauiio 1935 Waterfilling @1unsoudas ldas

Coe = _log, (1+ p.A) (2.19)
k=1
P = (ﬂ—ﬂk_l)+ (2.20)

Taef u gnidon Tagaeandoany

p=z Px (2.21)

IS

A + = o JAn Yy < @
LD () WiJ’]fJﬂ\‘]NaaWﬁmllﬂﬂﬂquﬂ'llﬂuﬂ')ﬂlﬂ']uu
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225 mylszanamesdyananngs
¥ o ¥ !

Joyaanuzsosdynra liaunsosug )

D] U

[

anmnds ioszildmadesug

Aaam L] ad ax A A

Joyaauzresdyana luilpiuiidtmiedaeddt Busnaemsiloundy uazisndosdio

U

355% 15%a (Paulraj A., Nabar R., and Gore D., 2005)

9 v ad [ Il o 9 A Y g Y
ﬁ”l‘ﬁiﬂi]‘ﬁﬂ”lﬁajﬂlmﬂﬂ Gymﬁigigm“hJm!mﬂﬂszmm%mmumﬂumam

U

E4
a

Yourosdyanuzgnilounduindimadeiiunresdyanudoundn A Hdllseansa

=

9y ' o

] @ [ o = A ] < Y 3 A I ¢
nl,llll”lﬂuﬂﬁ1ﬂ‘]ﬁ’]\1ﬁﬂe}iy1m3~lﬂﬁtﬂaEJHLL’]JEN’E)EJNTJ@]LTJ ﬂ\‘]‘L!LlL‘W@GLW"I,WIJBNEIGIJBQGH@Q?T‘EIJEIJ”IQ!

U
]

A Yy =2 Y A T Y o A £ ' o P o & o o g
‘VIQﬂ@]i’Nﬂ\W\'ﬂ\‘]llﬂ1§ﬁ\‘lelli’]3;|jﬂﬂ@uﬂaUTINTﬂGUUGlHGH@QﬁEIJﬂJTquJBUﬂaU %Qﬂﬂﬂﬂuﬂﬂﬂﬂlﬂu

A ya

a % ) v A { ] ] 1A a a I
Hamveaistloundu dmsuisnaed hififlywiedrusuisusn mnnquisdldsgaidunia

U

1 FosdyaIuIngszriIndweImagesdulounwloNnsaninaazanudi@eanu

[ 9/

lugaundrzauudlisesdyana lUviuazsesdyanadoundumiloun uruionnun

luszuumsdoasuuy TDD madsausaiuidoyaaniuzsosdyann 1dlaonsdszanm

u U

1A

[ o [ o @ : < < 1A ]
%@Qﬁiﬂunﬁm%m%mﬁmmmglj’e)uﬂa‘u ‘g\‘]%3l‘ﬁu'J'lllﬂ'J'lllﬁ$ﬂ3ﬂllﬁ$i’]ﬂlﬁﬁﬂ3’l’3%u3ﬂ @Eﬂ\‘]ulﬁ

<3 ax dyd a d?’ A 9 A e e .
ﬂmin‘ﬁﬂ1imJ‘ﬂﬂJuﬁnﬂﬂsumﬂe)cl%ﬂﬁﬁ@ﬁﬁlmu FDD (Frequency-Division-Duplex)

\l v
23 anugvesdaanuszulelumaslale
luganiinandsaumsanuyvesdyaudimsuszun la Ty (Single-Input-Multiple-
Output : SIMO) taz32Uv luTe (Multiple-Input-Single-Output : MISO) #453u99m1311380

= 1 U 7
euanuyrosdyanunuszunluTuwag la Tay

9

anuyrosdnana luszu les Teaunsonaas 1dasil
Cas =109, (1+ p [N f) bpsimz (2.22)

o h APOAIIVEIBVYDITOITYQ Y 1AZ p ABAIOATIAINVDIRIAId Ty IUA TR

o dAa &4 o
FUNIUMIRUANNAVUNNIATL

v
(% 1 Y]

dsuresdyamszuulely e N, = 1 dunwieanuimsiuivoyaaniue

sosdanannnds hidiwaniznula q aeanuyvesdynnaluszoy sy

[T ey

Ng
Cavo = Iogz(1+ >N Fj bps/Hz (2.23)

k=1
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— 4x4 MIMO

1x1 3150

—F— 4z BIMO

—O— 1x4 MISO

H
o]
g,
=
2
=
E 1
P
5 e 4
e p
—*""P*FF_ e,——”"egf
g ‘__ed__ﬁ—{}“"#@df
B
P -
G
D | | | | 1 | | | |
0 1 2 3 4 5 = 7 g g 10
SNE(AB)

17 2.4 manlSeuisuanuyresdyanavoaszun Ty laly Tuly wagluTy

[ 9

1o h AvdasvesveIreIdan M MM IMAMATIS U k

g

g

disuanuysesdgyanauszoululmio v, = 1 le'lulimssuidoyaaniug
E4

[

Fosdaaunnnds aumsanuyyesdyanaluszunlulsaunsonaaslddai

g 9

Nr
Ciio = Iogz(1+iz Ih, f} bps/Hz (2.24)
NT k=1

1o h APOATIVeEUDITRIT Y dIMFUaeeIMANAdIRIAUT
1ngU7 2.4 TduaaenisnlSeniouszniessunlale Taly Tule vazluly dae

MINTAANVYFoIdYaTouMeuiua1 SNR

vingdwun lady lule vagluly Iddse@ninmanuyvesdygiu lddniuile

[

eutuszunlely Taodszuululnlddse@ninmnanga ﬁuuamlﬁﬁﬁuiw Arom3 1%

[ [ a

ﬁ18®1ﬂ1ﬁﬁ\1ﬁﬁﬂiﬂﬁmm1ﬂ!‘ﬁﬁ18 il WL! G]fx‘llﬂl!ﬂﬁfﬂﬁﬁla HL‘HHQHH “If’)EJLW?J“IJi ansnin

de

mmayﬁmﬁtytym;"l@ﬂtlwumamwﬂm ﬁu°.UmJﬂ15“lﬁvmElmmﬁdmaﬁuﬁ’ngmumlﬁmc?fu

9
= =)

=S = a =\ 1 ] [ 9
1987 UBNIINY mawmmuﬂﬁaumtlmzmwmmwmangmum"lcﬂmgazlluicv wld

A 1 1= v Y9
Cawo > Cuieo Homads lifimssuidoyaaniuzsosdayno
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\ %) U
24 vosdayanamuuiugy

A A ° 1 ] o Y o

onszansodummanuyresdyn i luszuy luTulaeldgasduraniy

(] o A ¥ [ Y dy 1 a 1 o I A Ao & Y A 9
yrodyaui Idudasneuniil Aveuwningwesdygrantudaniniudesnsiuive 14
Auruanuyresdyna Jegiulatuuuiaesvesdygmuinueie 14 lunmsdiuin
ANVIreIT Nl U USIaesresdaanau s fatazuuUias Wy anaUTIFeu
Tumsinsanyosdyaauuudugy (Stochastic Channel) A1ANUYBITYyn U Idoglu
[ 1 . d’ = = a 1 d" Ja o
situvvediuilagy (Random Variable) 1WaANEIDINGANTINIMNAIH 1511HITMITAIUIN
Ysmamuuuguasiaznainae i
v d da
241 ANNYVOITYAYIMMVUIBBINDIAN (Ergodic)

1 [

4 Ja o o ' o
ﬂ’J”IlIi]flf@QﬁilJilﬂﬂlLL‘]J‘]JL’f)’f)iﬂ’f)iﬂﬂﬁ”lﬁ'iﬂslf’f)\iﬁigillﬂm‘luigﬂﬂllﬂill ﬁ@

D]

1 { o 1 ] o { J a 4
ﬂuﬂaﬂﬂlﬂﬂﬂﬁﬁﬂﬁﬁﬂﬂ’]}@yjaﬂH‘B@Qﬁﬂgﬂﬁm%ﬁﬂ”liﬂ”liﬂi%"l]”lﬂ%@ﬂ@ﬂﬂﬂi%ﬂi’]iJﬂ”IEJQlum‘ﬂiﬂG]f

A

Fosdayna H awnal Fsannsonaas dail
C=E{C} (2.25)

dﬁ a9 1 [ d' 1
ma"lummgamawmaagmﬂmmmﬂfm FIETNUTNNT  (2.17) aqlu

qu’ 1 [ 4 Ia [ J
quUNT (2.25) ANUUTUNITANNUYTD ﬂJUQJ,TmLLUTJLﬂﬂiﬂﬂiﬂﬂﬁiuﬁﬂuﬁﬂﬂqé}ﬂﬂﬁ

C=E!log, de{|+N£HHHj bps/Hz (2.26)

T

Tunsdinmadalinissug cst mnaumsanuyresdyanalu (2.18) Taon

Ja Y

1 o J @
ﬁ13J'lﬁﬂl!ﬁﬂ\‘]ﬁilﬂ'lﬁﬂ'JuJﬂ“ﬁﬂﬂﬁmuiUUWﬂ!L!UUlﬂﬂﬁﬂﬂﬁﬂﬂul@g]} I

C= E{ZIogz(H pk/lk)} bps/Hz (2.27)
k=1

A ' o s sa A AQ Yo
5']J1/] 2.5 uﬁmmmwmatytymlmmaasﬂamﬂmmﬂ%mmumammﬁ

uanaRAMuReuiy SNR e lifimssuideyadniuzsosdyaaiaiads anglwudi any

o 4

' a A 4 4 J 4 Y ] v ] @
PWOIF YRV DIODS N AMINLAUIDAT SNR g931 uenvIniagiiuiinnuysesdyaa
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Ergodic Capacity(bps/Hz)

SNROAE)

{ ' @ 7 Isa
51U 2.5 AnugFeIdyIaUVeDINOIAN

v
=\

TuszuuluTy nsainisviveagemanasuNInn NN g IMIANAa I aNT T UL

IS 1 J

ANUYFRITYAIUNNINNINTANNTIUIUAIDINANIATININATTIUIUAIEDIMANIATY

£ a A dy Y A 1 = o Y9 o Y 1 1
G]f\ilﬁﬁﬁJﬁﬂ@ﬁ‘iJWElﬁ\iullﬂ’N Gll!ﬂiﬂmﬂ1ﬂﬁ'ﬁuliJﬂJﬂﬁi‘UgﬂJ@Hﬁ“ﬁ@QﬁiyiUﬂm “lflﬂ‘ﬁﬂ1ﬂﬁ'\1tlu

4 o w 4 A 1 o
aunsnldilse Teminnaeoimauniddueiuanssouzauvosdna 1d

v v v (Y] = Aa
25 anugresdyanaszuylululuresdyanausdanaz3imau

[

1 dy U =2 1 1 @ IS
Tudaudisznandsanuyresdyaaluszuu lu Tnluvesdyaruuvuisdanas
v Y

SiTFou wAsfumsinasladsanduiusde dyanaunIuegiuszer1es eI NaoeInA

o @ 1 Y 1 dyd a A 1 1 9
pordrdunaazdu udruiiifunmsionsanszuuluTudeoniadelifiaoiuzdoya

FOITYY D)
lunsainanmnadeuluszuudomsawmalnvesdyana ldsuransznunnaau
a o @ { o < 4 .

vatrednsuaunn gdsvudyarunsul&iduldawnisuanuaauunisda (Rayleigh
. . . 1 I AAAA [ Y o ] 3 A ~ (] Y
Distribution) 081415010 Tunsdinddsneaireduiuliuin uaziumsdoaisieglnd
~ & o Y . . aa A 1 A axn & =
a0111911 39911 11Waved Line-of-Sight (LOS) NaNTwaunnIwaInaaunaledn salunsal

k4 1
1 mssanuauuTFeulinnumuzaunnd lumsdoa1sdya unan (Dominant Signal)
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Y]

d’ = [ ] 1 cu 1 1 % 9 U ti‘ Lﬂ'
ﬂNWﬂ\iﬂWﬂiUfﬂ‘ﬂVlhﬁl“}SW'ﬂﬂJﬂ\? LOS Lﬁll’f)llﬂ AIDYNLYU ’c’fi‘llﬂﬂfl‘lﬁaﬂhlﬂ%1ﬂﬂ1lﬂﬁilsll@\‘lﬂﬁu

g 9

'
AA o

Na1IDTIUIUNINANADINNITATLIANTZDIBVOIT YN UNUTIUIUNIN FIMTUAT K-factor
1 [ a a 1 I~ [ 1 1 o w ] Y] 1
GUENGISENﬁﬂejmﬂﬂ‘lll’ﬂ‘ﬂ3L%ﬂuﬁ11l15ﬂ@‘ﬁﬂ1ﬂtlﬁj31 Lﬂuammauizmwmawmﬁm}m}mwame

J A ax
p3AdsznoVVBIAAUNAIEID

A2

K =
20?2

(2.28)

A =3 a 1 [ = ~ 9 =3 [] [
o K =0 naasnuladsvosresdaanauusdd Tuyuzion K — o nunedesosdyia
d' = a A 1 o U =~ U =
nlifivladsliuadynundn LOS iiesdyanafod
v v =
251 vosdayanamuusdaluszuulalay

a G o 3 B o ] [
wnsndvesdyaa H Tuaums (2.26) Yuediuuuuiiaesrosdyaaly

]
1 [ a

A A I I a o w (=
nsalnFesduIngn s udusuuisdatlang uazmammmgmmﬂu”luuwasum

99 L1

anduiusszniaeomaiiaedyanamaiursedaanamads

A resdanauuuensnesanmeldauudgiuvesresdyanausia

g 9

[ (%

4
uazlimitaassiasdsdyanaunniu aunsoudas laasd

C=E{log, de{|+N£HWHWHj bps/Hz (2.29)

T

moeldauuagiu N, = N, = Ngansdainiauleie N — oo Taeldng Large Number (Papoulis

E4
[ [

A., 1984) 15719¢ | @9 aduanaaail

g 9

2
=
21
o
Z
S
8

1
NHW(HW H (2.30)

2

[ L Yo A
(NG| ilJ”Iil!LHJTJLSElaﬁ”lll”limlﬁﬂﬂhlﬂﬂﬂu

g

p)" [=N- log( % p)=

v
Y [

HUKHNIBANNI VOUUAANNYBDIT QYR 194

C—="log, | det(l,, + pl ) |= Iog[(

=)
=
=

e

C—>N -Iogz(1+ p) do N> w (2.31)
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2 <<

317 2.6 gluvusVIRdlad IS UTT VUM TR IMALA TG

U

A = a S A o
WANTHUINNANUNITN (2.31) HTINAINAITAUNA

[l 4 <3|

] @ ' Qldg’ 1 v o o Ao =1 a
- anwyvesdyana i lAduegnuvesdyanu ausuidumuduilug

U

9 A ~
tdua N Tunsaiil SNR A9
A A dg’ i Y 1 [ A dg’
- 3dB IMNAUY09 SNR danalinnugresdyainuiu N bps/Hz
252 vesdanamuudiFeuluszuululy
lunsalnlidyaauvanszrniumasutaznnds FoedyIuUeINITaoals

amnsouaas lddawasivvesdyanuasiuazdaaruguiinannmnizianiziovesnau

K [ 1
Hce = K +1ej Hios+ mH Rayleight (2.32)

N a
ABDINNTNY

a

Tuaumsf (2.32) H,, AewnIndresdyanuszuylyly H

Rayleigh
1 4

o ¢ A [ 1 a J 1 [ X a
FosdyanuFUNANIHaveITY AU H, MINIDUNNT T Yo dyIuFuna Ty

o 9

D.

[

d‘ [ (% A 1 a A A U d‘
AN (dyaunan) K A1 K-factor Y931 F8U 1A ¢ AvAIMTas Uil aveadyy i
A4 D e o
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A = s a (% J @ a 4 A a 4
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R= E{vec(H)vec(H)H} (2.36)

“luﬂﬁﬁmiwﬁmmsaﬁﬂﬁ’aiwﬁuTﬂﬂ“l%'mﬁﬂcﬁcﬁm fyaannaumsi (2.31)
H=RY?H,R}? (2.37)

4 a o ] @ 4 ] a 4
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[ v 4 1 ]
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aqg Y a 4 @ L] [} A To ! R o i
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SUMUAIAY
A < v o & ° o { o
wnsnganduius R, uag R awisoniuim ldaindesnannisiiaiaiu
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a d

SN R, uaz R, 1aaq

£4
~

. -
1 o KN
1 r 5
R _ 4 4
=l o1 I (2.38)
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1 0 0
r 1
R,=/0 r 1 . 0 (2.42)
Lo
0 0 r 1]

=

dmsunvuiiaesiaeeldeiurelu (Loyka S., and Tsoulos G.V., 2002) Tag
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Y
fuaunsae 111l

R =3[ 2(i-K)] (2.43)

4 o v W 4
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@ J o 1
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Q
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Fuyruisu1diaeeimanafudidui j vesdessraaiie rinazr?
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. . (2.47)
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A 14 [ I A = Y A A
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X =X =X Xy X =X, =Xy =Xy
X=X X Xy X3 Xy Xy s X3 (2.50)
X%, Xy X, 3 Xg X X,
X =X =X =X, X =X, X5 =Xy
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Abstract

Multple Input Multple Ouipur (MIMO) voems can
provide great capacity muprovemsent bus nuffer Som pnltpls sxpensive
BF chain:. Antenme Selsction (43) method can offers a pood madecdf
tefwesn expense and perfonmance. In framsemt AS sysiem, Chammed
Srate Information {C50) feedback = nacesiany to chooss she bect subzet
of apteomaz ie whick effects of delay and emor cocumed o feedback
chanre] are the most domiment factors o degrade the perfoomance of
AS method. This paper presepiz the concept of AS usimng CSI fom
reciprocity theorsm instead of feedback method. Reciprocity tecknigue
can eazily archive chamme! informastion by wdlining revesze charmed

where the foraard and reverse chanpslc are symmerrically corzidesed i
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tirne, Frequency and location. The capacity performance: of A% method
using chapmed reciprocity bazed om measured data are mvestigarsd. The
resules reveal thar the capacity of meazured chaened recsprocity it bamer
than feedback meshod

Ervwords: meimnn system, capacity performiance, reciprocity, ampesma

selaction, channel ny=anmreniens
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Feasibility of Adaptive 4x4 MIMO System using

Channel Reciproc

ity in FDD mode
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Absmracs- The knowledze of state information (C5I) is
necessary to be known at transmitter in a Multiple Input
Multiple Output (AMIMO) system in order fo improve the
capacity performance. Among methods fo realize CSI at
transmitter, the use of reciprocity principle iz the most
attractive techuique for implementation. This is becaunse C5I
at transmitter is eazily estimated by the rever:e channel
where the forward and reverse channels are symmetrically
considered in time, frequency and location. In Frequency
Division Duplex (FDD) mode, forward and reverse link: are
allocated by different frequency thus channel reciprocity
fails under thiz condition. In this paper, the capacity
performances of adaptive d4xd AMIMO system based on
measured data are presented. Also the feasible method to
compensate the differences between TDD and FDD channels
it studied. The results reveal that the capacity of adaptive

MIMO system in FDD' mode can be improved by
compensation technique.
Eoowords:  MIMO; FDD; Peformance; Compensarion

Measuramant

[ DINTRODUCTION

A Multiple-Input-Multiple-Cratput (MIMO) system i3
the system with antenna mrays at both transmutter and
receiver [1]. It propeses an extensive improvement over
conventional smart antenna systems m both Cuahlity of
Service (QoS) and the transfer rate. The channel capacity
of MIMO system can grow lmearly as the number of
antenna pairs between ransmitter and receiver. In addifion,
several works have shown that the capacity can be further
mproved if the forward Channel State nformation (CSI)
13 kmown at the tansmitter [2-4]. When forward C3I 13
known at ransmutter, the ransmitted sigals are able to be
adjusted according to the known CSI m order to aclieve
the maxmmm capacity. This system 13 called as the
adaptive system and the algerithm to adjust ransmtted
sigmal is wellkmeown as Water-Fillme (WF) algonthm.
However, the transmmfter 13 not able to know forward CSI
unless the recerver sends it back via reverse chammel The
cost of feedback CSI and huge cverhead i fransnmssion
make the adaptive system far away from implementation.

In gemeral, the CS5I is not usually available at the
transnutter. From literanires, there are two approaches in
order for the mansmitter to obtam the CSL The first
approach utilizes CSI from feedback chammel and the
second approach is based on the reciprocity principle. In
the first method, the forward chamnel 15 estimated at
receiver and then it 15 sent back to the ransnutter through
the reverse channel This method does not fimection
properly if the chammel 13 rapidly changed In crder to
reglize the comect CS5I at tensnutter, more frequent

estimations and feedbacks are needed As a resul: the
overheads for the reverse chamne] become prolubutive. In
turn, the second approach based on reciprocity does not
have such a problem. Due to the reciprocity principls, it is
well known that the radio propagation chammel is
reciprocal between two antennas. Ideally, the forward and
reverse chammels are assumed fo be the same. Thersfore,
the tranamitter can realize the forward CSI by estimating
the reverse CSI imstead This assumption can be
acceptable for system operatmg in Time Divizion Thiplex
(TDDY) mode becanse both forward and reverse chanmels
are on the same frequency. In Frequency Division Duplex
(FDD) mode, the forward and reverse channels are
allocated by different camer frequency at the same time.
Therefore, 1t 15 obvious that the reciprocity approach fails
cit FDD mode which Tansmitter 15 not able to directly
realize C5I from reverse channe]

Most works in the area of chammel reciprocity for
WO system [5-6] are based on TDD mede by assuming
the reciprocity between forward and reverse chammels.
Although there are many factors m TDD mode such as
nterferences along with ransmission and imperfection of
Badio Frequency (EF) components, wiich cause the
defictent reciprocity. But it has been 1mnored and accepted
for practical use. So far in literatures, there has not been
any research which concems the problem in FDD mode.
Becausze there are many tradeoffs between TDD and FDD
mode, 1t i3 mteresting to realize the performance of
reciprocity approach when applying in FDD mode mstead
of TDD moede. In this paper, the performances of adaptive
IO system based on channel reciprocity in FDD mode
are investigated. The deviaton of forward and reverse
channels 15 exammed to justify the use of reciprocity by
measured data and the way to compensate the deviation of
forward and reverse channel 13 also nvestigated m order
to improve capacity of system. The 4x4 MIMO chanmels
are measured and then the chamel capacity is caleulated
by smmlations. In addifion, the comparnison befwesn
feedback appreach and reciprocity approach are also
undertaken to provide the fair judsment with measured
data. The results m this paper are helpfil to realize the
feasibality of channel reciprocity for MIMO system m
FDD mode.

The remamder of this paper 15 organized as follows. In
Section I1 the system model and the concept of channel
estimation  are presented. Section IO, the chammel
measurement s described. The sinmlation results are
presented i Secticn IV, Finally, the paper conclusion iz
given m Section V.
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I SvsTEM MoODEL

A MIMO sysrem model

Conmdﬁme the MO system which has NT transnmt
antennas and NR. receive antennas, the formmla of MIMO
chammel capacity 15 given in (1) [7]. This expression
presents the averagmg capacity in bpsHz by assummg the
ergodic process for channel mammx H

Y
5 HH ]>

1
! W

C=E," { g:der| I, +—1—

Where L is the Ny =N, identity mamix, Py is the total
tranamut power, Py, 15 the noise power, N 15 the munber
of trapsmit antenmas, Np 15 the mumber of receive
antennas, En{ } 13 the expectation cver H and *
denotes the conjugate and transposs operation.

The channel matrix H is performed by Singular Value
Decomposition (SVI) technigue given m (2)

H=TUDV )

Where the mamices U, V are mmtary of dimensions
N =N and Np=Nr accordingly, while D is non-negative
and diagonal with diagonal elements ﬁz =1_.1, ae
the  smgular  values of mamx H  md
I=rank(H) << numi e, N5) is the rank of H . Then (1) can be

expressed as
e .
N,

Where n = mn(W;, Ny). Hence, the MIMO channe] 1=
sguivalent to L mdependent Single-Input-Smgle-Crutpus
(SIS0 sub channels m parallel.

For adaptive MIMO systemy 1t iz well known that the
WF algerithm [9] can be used to optimally allocate the
transnutted powsr. It improves the sum capacity when
perfect C51 15 available at the wansmitter. By using WE,
(3) can be expressed as

(3)

C= ilng; {1
£=1

C=) log,(1+R)) @
il

B=(u+X\")

Where pi1s chosen to satisfy

SR-R
k=l

Py 15 the power that is asilgled to the i th sub channel
and M, are the elgenvalue of HH' .

B Least Squares Channel Extimarion

The success of adaptive systemn depends on how perfect
CEI estimated at ransmutter and recelver. However, m a
practical system, the realization of perfect CSI is not

3

(6)

Jrf—ﬂ[_WE@;F

: By c'srrel I
Fs— ELTL ] I L Chennel Felmafim

I— Rieverse hamrdd Jo

Fimme 1. MIMO modal with feedback channel
possible. The guality of CSI achieved at ransmitter and
receiver relies on the efficiency of estimation algorithm
In practice, there are a lot of methods to perform channel
estimation. Among those methods, the faining sequence
15 the smplest and lowest complexity. Least squares (LS)
chammel estimation [2] is one kmd of training ssquence
which the paper adopts this methed for simulations.
Considering NT transmit antennas and NE recerve
antenmas, the Tainmg sequence of n th transmit antenna i3
represented as

x,=[x,0) x@

Where n=1. 2, 3... Nrand L (= N7) is the length of the
raming sequence. Because the symbels are fransmitted
from N7 Tensmit antennas m parallel, the Ny = L raining
sequence mafmx is generated as follows

X, I:L_]'}]

The overall recerved signals can be represented as

y=Hx+n (M

Where v and n are Ny «L matrix of recerved signals and
noises, respectively. The chammel mamx H 15 estmated
by help of trammg sequences. It iz obvieus that the
maximum likebhood estimation of the channel matrrx i3
given by

A

H=vx'

el

@

Where ( )7 means pseudo-inverse and by substitute (7)
m (8) thus the channel estimation error mamx can be
denoted as

@

O Chawel State Information/CE) af ravsmiteer

As seen m Section A the system achieves the optimal
capacity when the tansmutter has knowledge of the
forward chammel To obtam the CSI at fransmtter, there
are two approaches explamed as follows.
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1} Feedback approach

For dus approach, the receiver realizes a current O8I by
LS chamne] estimation amd then feeds it back to the
transmutter through reverse chanmel. The configuration of
feedback approach 1z shown in Figure 1.

In Figure 1. the receiver uses the estimated chanme] to
exiract the data and to generate the feedback CSL The
feedback C5I i3 zent back to the transmmiter usmg the
feedback conmol channel. It 1s assumed that chamnel state
mformation 15 perfectly known at the wansnuter. The
frananuter, m mom, uses this mformuation to custonuze the
transmtted signal for the channel

In & practical system, errors from feedback link which
miuences to channel knmowledze camnot be neglectsd.
This effect can degrade the capacity performance and it 15
more pronounced when fesdback link confam errers
excessively, under this assuuption the available CSI at
transmitter can be expressed as

H =H+¢, +g, (109
Or
H, =H+g, (11}

Where H iz the forward channe] ande is the Np=N;
amor watrk fom feedback link assumed as complex
Gaussian dismiution with zero mean and vanance o .

2} Reciprocity Approach

According to prnciple of reciprocity. the forward and
reverse chamnels are identical when fime, frequency and
antenna locations are the same. Based on the principle, the
ransmutter may use the CSI obtamed by the reverse lmk
for the forward lmk. In practice, the forward and reverse
channels are not muly identical to each other because the
effect of chamme! fadings, neises and emvircnments. It 1s
ignored m literatures for TDD meode but i 15 not
applicable for FDD mode.

Considering MIVO system wath LS channel estimation,
the CSI kmown at ransmitter can be given by

H =H+:z, +g, (12)

H —H-+¢, {13)
Where£ , 1z the N, N chammel reciprocity ermor matrix

realized by the measurement.

D Propety of forward and reverse chiamels in FDD miods
Following the propagation model deseribed m [9-10],

the channel response is consisted of nmltipath signals. The

channel response of forward lnk can be modeled as

]

A
B o
; Z {(47d.)

(14)
Where
2mwd

Q=

R
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Where ¢ and o, are the phase and distance of the i th
multipath

In FDD mode, forward and reverse links are different m
frequency but both frequencies should be allocated in the
adjacent frequency band due to the limtanen of BF
hardware. Thersfore, 1 makes zense to asmmne that
reverse channel experiences the same nwmltipath as
ferward channel Then chamel response of reverse link m
FDD mode i3 modeled as

E AL AN
=370 i (13
=L ) )

Where

2d
o, = .
A+ A

Where g7, is the phase of the i th nudtipath m reverse
direction.

The difference between forward and reverse channel
can be formed m term of real and imagmary parts as
shovm m (16)

o e A Ay ]
Ah= izmms i, —chsmr]l +

1o
(L

) L _Q+AY

i sflg
N G@md) 1 (4nd)

{16)

S Q7

Because Adis very hittle due to the nearby frequencies
between forward and reverse lmks then (16} can be
reduced to

25 b
Z—[ Cos gy —coson ||+
A =l d,l |
A=

e |
: }HZ ﬂll—[r-'.ine:uI —singr)

(17
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In Figwe 2, it shows the difference between forward
and reverse chammels using (I7) where the camier
frequency of forward link 15 2.45GHz and then the camier
frequency of reverse link span from 2.1 t0 2.35 GHz. It is
assumed that there are 10 nmltipath signals. As seen in
Figure 2, Ay which is lower than 2 43GHz swings over a
constant value. It means that this constant value can be
used as the representative of a whole frequency band to
approximately adjust reverse chammel w0 be forward
channe] in FDD mode.

. MEASUREMENT

The configuration of measurement sefup for 4xd MIMO
system is shown i Figure 3.

Az seenm Figure3,  the Power Amplifier (PA) 15 used
at tranmitter to provide more ransmitted powsr. In fum,
Low Noize Amplifier (IINA) &5 used to mcrease the
recetved signal level The chanmel coefficients m both
magniiude and phase are directly measured by network
analyzer. To prowvide the reliability of measured data, the
chanme] mezsurements are mdertaken by five times in the
different days.

For the measurad area, we choose the large office reom
to provide meny scenanos of smdy. Figure £ shows the
map of office room. The circular markers are referred to

Rx
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Fizure 5. Measared data of Akatlocaton 4

the locations where the measurement 15 undertaken. There
are five measured locations. In each location wansmitter
and receiver are switched in order to measure the forward
and reverse channel. Althengh, it 15 easier to measure both
forward and reverse chamnels by switching ansmutted
port i network analyzer but the effect of non sinularity of
PA and INA mcludmg feeding cables might differ the
measured channel from the real results. Therefore, we
choose to switch all parts of mansmitter and receiver in
crder to avoid any fhlse outcomes. The measured results
achieved by switching are both forward and reverse
channels 3o these channels are directly nsed as a chammel
response in the following simulations.

IV, RESULTS AND DISCUSSIONS

The simmlations are mdertaken by MATLAB
programuuing and the capacity results are evaluated by
using (4). For the feedback appreach. the assumphions m
(9, (100 are used The authors also assumed thar the
mismatches among PBE cmeomis m TansmitTeceive
components and mutnal coupling effects are ignored and
the channel mamx H are normalized to provide a

-

comparable discussion by Hyl=NeV5.
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Figure §. Cumsnlative distibution fiunction of capacity comparison on different cammer fraquancy at location 4

Figure 5 shows the measured data of Ak at location 4
for forward Imk at 2 45 GHz and reverse link at 2427, 2.4,
2.3 GHz. As seen in Figure 3, the pattemns of three curves
are sinular and ther values are close to each other for both
real and megmary parts. Tlis result confimms the
conclusion which is made on Figure 2. For other locations,
the trend of three curves is 25 considerably same as shown
m Figure 5. Therefore, this paper uses the average value
of all fhree cwrves to be the specific wvalues for
compensating the reverse channel.

Figure & shows the Cummlative Dismibution Functien
(CDF) of capacity for forward link at 245 GHz and
reverse lmk at 2427, 23, 24 GHz. Both feedback and
reciprocity approaches are undertaken. For reciprocity
approach, the use of reverse chanmel as forward channe] is
applied to both TDD and FDD modes. For FDD mode, the
compensation nsing average values presented m Figure 3
15 also somlared As seen in Figure 6 the FDD with
compensation offers better performance than FDD without
compensation and feedback approach. This compensation
techmigue can mprove capacity sbout 13% at 2.4 GHz.

V. CowcLusions

This paper presents the performance of adaptive MIMO
system using CSI from reverse FDD chammel Also the
compensation techmigne based m measured data in FDD
mode is ifoduced  The results reveal that the
compensation can mmprove capactty for every location.
This feasibulity study 1z a gwmdelme to improve the
performance of MDVO system for FDD transmission in

practice.
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Abstract-1t is well known that Low MNoise Amplifier (LNA) is
the first part in KF receiver, The task of LNA is to provide a
reliable power gain, while maintain the desired Signal to Moise
Ratio (SNR). In wireless systemy, especially for Mulfiple-input—
multiphe-output (MIMO) system, The channel capacily senstively
grows as o function of SNR. Therefore, the clanges in SNR due
to LNA definitely alter the system capacity, In this paper, the
effect of LNA on MIMO channel capacity Is presenied. By using
the characteristic of LNA colleced from the commercial
products, the simulated capacity can be reasonably investigated.
The results indicate the serious consd deration on selecting LNA
as it may degrade the MINO capacity up to 26.4%.

I InTRODUCTION

Low MNoise Amplifier (LNA) is the special type of
electronic amphfier which 1s used In communication systems
to amphily & weak signal receved by antenna. Therefore, it is
always located afier antenna and considered as the first part in
the front-end of RF receiver circwit. By using LNA, the noise
of all subsequent stages s reduced by the gain of the LNA and
the noise of the LNA is mjected directly into the recemved
signal [1]. As & resull, it 1s necessary for LNA (o boost the
desired signal power while adding as little nonse and dhstortion
a5 possible so that the retrieval of this signal 15 possible in the
later stages of the system

Multiple input multple cutput (MIMO) system 15 wireless
technology using multiple element amtenna arrays at both
transmitter and recerver. It can offer substantial improvements
over conventional smart antenna systems in either the Cuality
of Service ((QoS) or the transfer rate. This is hecause MIMO
svslem  successfully employs the concepts of spatial
multiplexing and diversty. The infermation in spatial
dimension is exploited in addition to time and frequency
dimensions and thus chamnel capacity can be improved
significantly. In the initial stage. the demonstration of MIMO
systems has been presented through both theoretical and
practical works [2-3] In [2], the first expression of MIMO
channel capacity was addressed from the viewpoint of
information thecey by the closed-form expressien. In [3], the
practical performance of MIMO system was illustrated via the
pilot system so called Vertieal Bell Lab Layered Space Time
(V-BLAST]. Alter that, the development of MIMO system has
been continuously undertaken in varety of topics such as
channel modeling, capacity thecrem, space time coding
technique. adaptive technique, practical implementation, ete.

Recently, the issue of practical implementation, such as
MIMO testhed, has gamed a lot of attention from researchers
in heth academic and indusinal areas. The reasen 15 that

1-4244-0749-4/07/$20.00 @ 2007 TEEE,

MIMO testhed can examne the actual performance wnder real
seenarios. This is nacessary to confirm the proof of MIMO
theary before driving it to the commercial stage.

To build the testhed, all hardware parts have to be carefully
concerned. As mentioned earlier, LMA 15 also considered in
the practical implementation of MIMO systems and placed in
the first position of the receiver. Both received signals and
noises are amplified by different levels of amplitudes. The
changes in Signal to Noise Ratio (SHE) caused by LNA have
to alter the WIMO channel capacity. Therefore, 1t 1s necessary
for MIMO designer to realize this effect due to LNA. So far in
literatures, there is no published work dealing with this issue

In this paper, the aim is to investigate the charactenistic of
LMA at receiver and its impact on MIMO channel capacity. In
addition, the mvestigations are also underiaken for the case of
Fower Amplifier (PA). The result comparison between LNA
and PA is worth to he addressed because both electronic
devices have the similar function, The results in this paper are
helpful to avald the unecessary loss of channel capacity due
to misunderstanding of LMA selection.

The remamder of this paper is organized as follows. In
Section [1, the effect of signal and noise power on MIMO
channgel capacity s shortly explained to ground the concept of
achieving the capacity when signal and noise are amplified.
Section [IT provides the characteristic of LMA surveyed from
the commercial products. In Seetion TV, the effect of LNA on
MIM channel capacity is analyvzed in term of elesed-form
formula and its results are presented in Section V. Finally,
Seation VT concludes the paper.

[T, EFFECT SIGNAL AND NOISE POWERS ON MIMO CAPACITY

Before considenng the elfect of LNA, the first look is paid
to the effect of signal and noise power on channel capacity.
This is because the coneept of LNA 13 to amplify the power of
incoming signals whether desired signal or undesired signal
(noise). As a result, the mvestigation into MIMO capacity dug
to the amplification of signal end noise powers can be
performed

In general, the formula of MIMO channel capacity is given
in {1} [2]. This expression presents the averaging capacity in
bps/Hz by assuming the ergodic process for channel matrix L

¢ =8 diog. del 1. +—F_pH" )
R
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where Ly 18 the NV identity marix, P s the total transmit
power, Py is the noise power, Ny 15 the number of transmit
antennas, NV i5 the number of receive antennas, Byl 15 the
expectation over Flend ¥ dencies the conjugate and transpose
aperation,

Fig. 1 show the contour plot of average MIMO capacity for
Np=N; =3 The signal and noise powers are boosted 0 range
of O te 20 dB. It i noticed that the capacity 15 linearly
inereased when both sipnal and nose powers are equally
amplifiecd [n tum, 1f the noise power 18 more amphified than
the signal power, the capacity s exponentially decreased, In
Fig. 1, it con be included that the channel capaedy is
sigmificantly sensitive 1o noise power rather than signal power,
This leads to the important basis of INA effect which I
explained m Section IV

Ol CrARACTERISTIC 0F LINA

In practical consideration, the chyectives of designing LNA
are to provide the desired gain with sufficient linearity and o
minimize the addiional noise due to electronic device [3-6],
For LNA, the quantity to indicare a figwe of merdt is defined
ag Moise Figore (MF) which 15 the ratio of the cutput noise
poswer of 4 device to the potion thereof altnbutable o thermal
nonse 11 the npul termiration af sandand nose lemperature
fusnally 290 K} [6-8] As a result NF s the ratio of actual
output nesse to that which would reman if the deviee itself did
not miroduce notse. It 33 & major quantity by which the
performanee of & radio recetver can be specified Usually, NF
in B is given by

NF = SAR,, - SRy, @

Alternatively, the nowse fctor /18 mireduced mstead of NF.
1t 18 the numerical ratio form of MF which bs a straight mtio el
SNE ratics as iven i (3) and (41

TABLE [ Clearacteristac of LN Aand PA [4]

T Frequency WF rnge Average Average
WE | e () (R} ain (dB) | NFGE)
077 0624 [5.18 1.9
LNA
E-30 1535 18.7 158
04-17 458 171 6,28
PA
18-30 5510 1.7 125
F=3\R, /SNR, (3)
NF=11ogi#) ()

In particular, the nose figure is e ratio of the newse
genersted by the actual receiver Lo the nosse outpul of an ideal
receiver with the same overall gain and bandwidih. As
abserved in (2) and (3), it reveals that NF is the key parameter
that affect to SNE of MIMO received signals. Accordingly, it
indirectly defines the relatonshup between NF and MIMD
chinnel capacity. The denvation of capacity formula affected
by LNA 13 presented in the next sechon:

Table I provides the nformation of amplifier charactersstics
collected from the commercial products [4] Actually, the
amplifier modules have 2 varety of specifications. The value
presented in Table I is evaluated by averaging the products
having a similar frequency range. As chaerved in Table L the
average pain of LMA and PA is not much different bt the
avernge MF 18 quite separated into fow and high region,
respectavely. As o resnlt the simulations in Section V are
performed in these regions

[V, EFFECT OF LA 0N MIMO CHANNEL CAPACITY

Tostudy the effect of LNA on MIMO channe] capacity, itis
necessary torevisit the capacity dervation from the heginnmg
The basic expression of MIMO svstem 15 given by

y=Hi+n (5

where v is the Nax/ received signal vector, x 1s the Nax]
transmitted signal veeter and m 15 the Nax noise vector
assumed as complex Gaussian distribution with zero mean and
variance Py

Then the receied signal vector ¥ s senl to LNA. The
output from LINA cn be expressed in [6).

yEgy+n,, i)
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where g is the LNA gain, np 15 the Ne=l additional noise
vector due to LNA
By applying (3] nto (6], yields

y=gHx+gndn,,, ]

In (7), the cutput sighals of LNA are still the complex
Gaussian parameter. As a result, the entropy of ¥ is given by

Oly')= log, detlmeiy v ) (8)
where -] s the entropy of () and E{:} is the expectation
operation of {+}.

Following the derwation in [2], the mutual information of
tramsmitted signal vector ¥ 15 given by

Bxy )= 0y )- 0] )

where € 15 the mutual information of () and n' denotes
the system noise after LMA stage which is expressed by

n=gn+n,, (1)
Similar to (8], the entrepy of n' is defined by
m(nlj= ll:gi da{ﬂ(gzpﬂ + P.'f._'.'(-‘] h.'-'n- 1 I:] I}

where Prpw 15 the additional noise power due to LNA
assumed as complex Gaussian distribution.

By replacng (3) and (117 into (%), the mutual information
can be expressed as

8 (02)

T
IF:.'-' + NINAFTT

By =log, det I, +—
Mote that (12} is assumed with an equal power transmission
for all antenna elements,
For ergodic process, the average capacity is gencrally
expressed as

F
€ =Ey{log, det T, +——"—

LI + P’:'”"‘ JR,N,.
g by

By reconsidering (3), the noise factor F can be derved and
given m (14).

H]_Il .{13)

_ B IR,
§'h 'rt?!"nn + Py }

(14)

Replacing (14) tno (13), yields

f

A
€ =By {log, det |,;3+F;;Nm1f o0
N b J

In (15 1t 13 obscrved that the capacity formula meludmg
LM effect 15 as simple as the original formula presented in
i 17 with anly one additional fsetor, F This reveals the effect
of LIA an MIMO channel capacity depending on only NF but
not LA gam, Tt makes a reasonable conclusion for a general
electronic device m which EF designers should concentrate on
not only power budget but also NF. In the next section, the
effects of LNA on MIMO capacity are investigated in many

aspects

V. SMULATION RESULTS

The mvestigations on LNA effect are mamly performed by
usmg (15). The simulations are underiaken by MATLABR
programming and the capacity results are evaluated [rom
ranclom 10,000 channel matrices. For NF, the information of
LMA charactenistic in Table 11z applied In order to examing
the effect of LHA, the resuls of PA are also performed to
provide the fair judpment ameng amplifier family.

To avord any confusien, the rano of total transmitted power
£ to recerved noise power at antennas Py 15 defined as SNE
50 heremafter, SNE does not inelude any noises due to
electrome devices, npy or npe. Inoall simulations, SNE 15
notmally set to 1045,

Fig.2 show the average capacity (bpsHz) versus NF (dB)
for SMR = 10dB, N7= Nz = 34, The choice of N7 and W is
due to the compact size of MO svstems, As seen m Fig. 2,
the capacity is decremsed as the exponential fimetion of NF
and all curves approach to the same value when NE 18 very
high (=200 dB). The results are separately considered into three
regions which are LA, PA and the worst regions
A, LNA Region

From the information in Table [, the NF of LMA region 15 in
the range of 1016 1o 3.5 dB. For 44 MIMO system, the criginal
capacity (NF = 0 dB) is 14.2 bps/Hz. The capacity is dropped
by 00,75 = 3,75 bpa/Hz in range of LMNA region, This is about
5.3%0-26.4% loss of capacity due 1o using LNA_ Tt reveals the
g ficant margin for MIMO designers to select any hardware
parts for mplementation.

f. P4 Region

For PA tegion, the range of WE 15 from 4.5 dbto 10 dB, It is
definitely expected with a worse performance than LNA's
result However, it is worth to see the disaster degree from FA
in comparing with LNA. As observed in Fig. 2, the capacity is
dropped by 33.9% - 63.9% due 1o using PA for 424 MIMO
system. This decrease is too much to be accepted for MIMD
implementation. As 8 result, the designer has to avond usng
P4 n the front-end recerver.
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i, The Worst Region (NF = 20 dR)

In this region, the results indicate that all curves converse to
a small capacity ne matter how many mumber of transmit-
receive antennas are used. B means that MIMO concept
utilizing anterna diversity foils under this region

Fig 3 shows the probubility density fimetion of MIMO
capacity for SNR = 10 dB, NF = 2 dB, Ny = Ny = 3.4 The
results confirm the property of average copacity after passing
LNA is still Gaussian distribution All curves have an equal
variance with the different mean valoes which depends on
total numther of antennas.

Fig. 4 shows the average capacity (bps/Hz) versus SNR
(dB) for Ny =Nz =3, NF = 0 B ([deal casze), 1.98 B [LNA
region), 6.63 B (PA region), The reason of selected WNF i on
the frequency operation. The devices are chosen n 245 GHz
(18M hands) which NF of LNA 15 1.98dB and NF of PA 15
6.63B. TnFig 4, the deal case is the case that LNA does not
produce any addiional noise 1o the ariginal signal. Hence, this
case normally provides the best capacity performance. Alsa
seen 0 this figure, the simulation results reveal that the
capacity of gystem using LA has better gam than using PA
and the gap between using LMA and PA 13 Jarger when ShE 12
higher

VI ConcLusion

This paper discusses the effect of LNA, considered as the
first part m RF receiver, on MIMO capacity, The new capacity
formula of system wang LNA s derwved here and presented n
the closed-form solution. The results show that the capacity i
deceased aa o function of only netse Agure but net LMA gain.
For example case, the capacity of 454 system can be lost up to
26,4% when wsing LWA, This paper offers the guideline for
MIMO  desiprier to spare 2 sionificent margin when
mmplementiing the practicol svstem

Froderu by chems fy hunctiom
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Figure 3, Probabn ity density function of MINMC capuaity For SN = 18,
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