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Terminal 

Hiroyuki ARAlta)， Fellow and Daisuke UCHIDA t， Student Member 

SUMMARY Two design paramelers， SNR and cor陀lation，are key f注c-
tors for enhancing channel伺 pacityin MIMO systems. Achieving high 
SNR and Jow correJalIon is desirable in antenna design. This pa戸rdis-
cusses the relation betw館 nchannel capacity and lhese two paramete民 and
pre田附simplefor百lulasof this relalion for propagation channels and an-
tenna coupling of mobile terminals. According to these guidelines， ind∞r 
base station antennas are designed and examined using propagation m伺-

sure町lents.We also p陀senta suitable antenna design for mobi1e terminal 
antennas and based on a realistic propagation model， p問dictedthe channel 
capacity of the antenna. 
k8y words: MIMO， channel capacity. SNR. correlat;on. antenna 

1. lotroductioo 

Multiple-input multiple-output (MIMO) sys胞msare a key 
technology for the enhancement of communication capacity 
[1) and have been applied for WiMAX. LTE. and wireless 
LAN (IEEE 802.11 n). Particularly in indoor environments， 
channel capacity has been evaluated in [2). [3]. For wireless 
LAN，出eapplication of MIMO・orthogonalfrequency divi-
sion multiplexing (OFDM) was studied [4]， [5] and several 
capacity enhancement schemes using antennas were pro-
posed [6)， [7). Recently， femtocell networks have received 
considerable attention for facilitating very high-speed data 
transmission in indoor environments [8] and MIMO is ex・
戸C胞d鎚曲ekey technology [9]. 

In the design of MIMO antennas wi由enhancedchan-
nel capacity in indoor environments，出emain parame-
ters剖-epo加ization，radiation pattem， and array configu-
ration [10)-[12). To曲isend， MIMO antennas wi曲 multi-
pol訂ization[13)， [14)， di陀 ctiveradiation pattems [15]，加d
well-configured planar inverted-F antennas (PIFA) [16] have 
been proposed. Although directive radiation pattems have 
been confirmed to improve channel capacity in a few scenar-
ios [17)， [18)， the suitable design in antenna radiation pat-
tems is stillleft in order not to reduce mutual couplings but 
ωenhance signal to noise ratio (SNR). 

In this paper， two major parame旬rsin MIMO sys旬ms，
such錨 SNRand correlation， a問 evaluatedwith respect to 
enhancing channel capacity. To increase the SNR at問cep-
tion poin脂， we design two antennas: a patch antenna ar-
ray and a dual polarization antenna consisting of a slot and 
dipole. The舘初旬nn郎副芭 designedbased on the results of 

Manuscript向田ivedApril 11， 2011. 
Manuscript revised August 15，2011. 
tThe au由0四 arewith Graduate School of Engineering， Yoko-

hama National University， Yokohama-shi， 240-8501 Japan. 
a) E-mail: arai@ynu.ac.jp 
001: 1O.1587/transcom.E95.B.1O 

ray-tracing simulations for indoor base stations (BS)， which 
加古 typifiedby wireless LAN and femtocells. We also con-
firm the measured channel capacity of a BS equipped wi曲
the two antennas. The latter part of this paper is devoted to 
出edesign of mobi1e terminal (MT) antennas~ A key design 
parame隠れ thecorrelation between antennas， is' discussed 
using two simple dipoles as an example to show the rela-
tion wi出 antennaefficiency and pat隠rndistortion. We also 
demonstrate the enhancement of channel capacity， inc1uding 
the inftuence of phantom， for a suitable MT antenna. This 
paper concludes in Sect. 5. 

2. Channel Capacity 

MIMO performance is characterized by channel capacity C， 
which is represented as [19]， 

C=叫et(l+合HnH~)) 、‘，，tz
 

，，.、

The above equation is transformed as follows [2，0]. 

I 0 ¥ _ I _ I _ N， __ __u ¥ ¥ 

C = Nr log21 ~， l+log2Idet( 1. ーニ +HnH~11 (2) 
¥N， J --¥ ¥ P .. JJ 

忽叫州叫州l均叫句喝2(段ゑ紛朴抄)トい+吋叫10均o句崎g2(仰必似州t(肌払M可附刷))=c.ωS訓釧WR〆R

where p i恒sthe averaged SNR a剖teach 1陀湾切cαeivi吋ingantenna， N， 
叩 dNr denote the number of the transmitting and receiving 
antenn邸， and I is a unit matrix. Hn is a normalized chan-
nel matrix and (.}H represen臼 acomplex conjugate trans-
pose. The approximation of Eq. (3) is satisfied when Nr is 
greater than N" the channel is not i11-conditioned and p is 
large. Equation (3) indicates由atchannel capacity cOfl~ins 
elements depending on SNR (CSNR) and correlation (CCOR). 

Figure 1 shows the channel capacity as a function of 
SNR for four con自gurationsof antenna elements， where 

10 20 30 
SNR IdBI 

Fig. 1 Channel capacity田 afunction of SNR. 
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Fig.2 Pcrfonnancc of 11陀 cornponClI1討 dcpcnding011 (a) SNR and (b) 
'"π.clalion in 2 x 2 MIMO channcl cllpacily 

1，000 putlcrns of channcl malriccs arc cxamincd In cach 

SNR and Ihc avcragc is uscd 10 cvaluatc thc channcl ca 

pacity. This rcsult indicatcs thal thc channcl capaciry IS In-

crcascd with incrcasc In SNR for antCJ1naS with a fixcd elc-

mcnt numbcr. 11 should bc notcd that Eq. (3) is cffcctivc in 

high SNR rcgilllcs wi【ha small nUl11bcr 01' clcl11cnts 

To scparatcly cvaluatc thc contribution 01' SNR and cor 

rclation to channcl capacIty using Eq. (3)， wc focus 011 2 X 2 

MIMO systcl11s. CSNR and CCOR arc shown in Fig. 2， whcrc 
channcl capacily is cvaluat目1nol bl.lscd 011 dct(I-IIIHt;')， but 
rathcr thc spatial corrcl川ioncocfficicntγs， which is dcf1ned 

by， 

Rれ12

Y$ =事ラ百

whcrc Rr.ii is thc componcnts of Rr = HHH. Bascd on thc 

modificd Eq. (3)， thc rclationship bctwccn SNR and channcl 

capacity is c1car， as shown in Fiι2(a); a high SNR incrcascs 

thc channcl capacily. CCOR valucs arc scaltercd bclow the 

upper bound in Fig. 2(b)， sincc powcr distribution 10 thc firsl 

and sccond cigenvalucs is 1101 optin、izcd.Thc obtained up 

pcr bound curve indicates that low correlalion providcs high 

channcl capacity， wilh thc incrcasing ratio reaching satura-

tion at Ys < 0.5. Notably， thc upper bound is given by Ihc 

idcal propagmion channcl. Particularly in low SNR rcgil11c， 

thc improvclllc川 r;.!tcof thc ch;'lI1ncl cap‘lcily by the sccond 

'erm in Eq. (3) is high 

Thc abovc conclusions <lrc bascd on thc assumption of 

Raylcigh distributioll in thc propl.lgalioll cnvirolll11cnt. Wc 

al50 examincd thc influcncc ofSNR and cor同 latioll011 chan-

nel capacity for Rician distribulIon. Thc avcragcd spatial 

corrclation cocfficicntお hasa onc-{Q-onc corrcspondcncc 

with Rician factorK， and it is givcn by [21]， 

K 
γ~ KτT 

whcrc ÿ~. is a monotonc inc陀 asingfunclion of K. Figurc 3 

shows thc channcl capacity in Eq.(I) as a functIol1 of y.，. 

Hcrc， HII is dcrivcd I'rom thc channcJ matrix H， which is 

givcn by thc following cqualion [22]， 

H~冊。+広Hu(/
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cocilicicnt 

whcrc H，"itI is a malrix with complex Gaussian distribution 

The channel matriccs including K arc evaluated lIsing the 

simiJar proccdurc as for Fig. J. As shown in Fig. 3， the chan 

ncl capacity increascs in thc low correlation rcgimc， that is 

close to Raylcigh distribution. Thc incrcasc of clcmcnts (Nt， 
Nr) and a high SNR arc c仔'cclivcto cnhancc channcl capac-

ity undcr a Rician environmcnt. Howevcr， thc capacity is 

not increased for largc K regimcs in MIMO systcl11s 

3. Antenna Dcsign for 8S 

(4) Channcl capacity in MlMO systcms is increased by high 

SNR and low spatial corrclation in Ihc propagation channcl 

To satisfy this requirement， high gains with 10¥V corrclaled 

radiation pattcrns are rcquircd in BS <1ntcnna dcsigns. BSs 

are oftcn placed ncar thc ceiling to rcalizc a line-of-sight 

(LOS) environn】cntfor mobile lerminals (MT). Hcrc， wc 

evaluate thc dcsign rcquircl11cllts for obtaining large chan 

nel capacity in a BS antcnna for downlink transmissions and 

measure the channel capacity pcrformancc of thc fabricatcd 

antcnna. ln【hisscction，“corrclation" indicatcs spatial cor 

rclalion incJuding thc c(rect of the angular sprcad sincc thc 

cft"ects of thc propagation channcl arc considercd 

3.1 BS Placed in ，he Vicini1y of Walls 

(5) 

To detemline thc suitablc design guidclincs for thc MIMO 

antenna radiation pattcrns， paramctcr studics are conduclcd 

using ray-tracing propagation analysis bascd on Ihe sccnario 

prescntcd in Fig.4， wherc thc variablc I dcnotcs thc aspcct 

ratio of the rool11. In this scenario， thc BS is placed ncar a 

waJl， and thc channcl matrices are calcuJated in sevcral MT 

positions. Thc environmcnts bctwcen thc BS and all MT 

positions arc LOS without obstaclcs. Thc tr‘IIlsmIuing and 

n01Sc powers a町一5dBm/ch and -85 dBIll，同spcctivcly，

and 2 x 2 MIMO communication is assumcd. In [23]， wc 

c1arified that thc channcl capacity 01' antcnnas adopting di-

rcctive pattcrns was larger than thal of anlelllli.lS witl、0111n1-
dircctionaJ pancrns. Hcrc， thc radiation pattcrns of thc BS 

are assumed 10 bc pCllcil bcam wilh an in白nitefront-to-back 

(FB) ratio [23]， as shoWI1 il1 Fig. 4 

The half-power bcam width (HPBW) (81，) is fixcd to 

600， and space-avcragcd channcl capacilics arc thcn cal 

culatcd for cach angle bclwccn two bc山11S((;九). Figurc 5 

(6) 

(7) 
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 Fig.6 (3) Fabricatcd p:l.tch 3rr.:l)'. (b) Oircclions of thc main bc:nns 

shows the relationship bClwecn 8$ with thc maxIl11ul11 spacc-
averaged channcl capacity and thc aspcct ralio. Thc仁lislrI-
bution following thc dottcd linc indicatcs Ihal thc maIn beam 

ofthe BS should bcdircclcd towards Ihe roOJ11 corners to in 
crcasc thc channcl capacily. This improvcmcnt c汀cctIS not 
limited to 2 x 2 MIMO syslems， as il was a1so confinTIcd for 
four streams. In [24]， wc demonstralcd thal a HPsW of 80。
and tilt angle of 300 enhanccd channcl capacity. Hcrc， wc 
assumed 4 x 4 MIMO transmission by vcrtical and horizon-
1411 polarizations 10 rcducc the correlation bctwccn antennas 
[25J. In add山 on，wc showed that the capacity cnhanccmcnt 

did nol depend on thc aπay arrangcmcnt of thc MT [26J 
The antenna bascd on thc abovc dcsign guidclincs con 

sislS of 41 two-clcJ11cnt patch antcnna array with dual fccds， 

as illustr41ted in Fig. 6(a). Two bcarns with orthogonal polar-

izations 41rc radiatcd froI11 cach pmch antcnna， and those <lrc 
tiltcd downward， as shown in Fig. 6(b). Figure 7 shows Ihc 
radiation pattcrns， and thc HPBWs in thc ljl. and l.X plancs 
41rc 41pproxirnatcly 800 and 900， rcspcctivcly， and Ihe antcnn<l 
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Fig.9 (a)， (b). and (c) Channcl capacitics al MT pos山 OIlS1，2， and 3. 
rcspcCll叫 ly，for palch and slcc¥'c anlcnna arrays. (d). (c). and (円rcspcCll¥'C
SNRs:u thc Ihrcc pos山 011S

gain is 7.0dBi 
Wc I11casurc thc channcl c.lpacity of thc BS adopling 

a patch array undcr thc cnvironmcnt shown in Fig. 8. As a 
rcfcrcncc， a slccve aπay is also uscd for a dual-polarizalion 
BS amcnna， with Ihe spacing bctwccn thc vcrtical and hor-
izontal oricntcd slccves is cqual to U. For MT antcnnas， 41 
singlc dipolc antcnna is 1110vcd 10 cvaluatc sixtccn channcls' 

impulsc rcsponscs by four channcls bccausc thc mcasured 
cnvlronmcnt IS quasl・stalicand Ihc timc variation is all110sl 

ncgligiblc. Undcr this mcasurcmcnl condition， thc CICI11Cnl 
spacing bctwccn MT antcnnns is 0.5 ，.1， Thc BS antenna is 
placcd 011 thc ceiling ncar a wall and thc channcl matrICcs 
o1rc mcasurcd at thc thrcc typical positions (1-3) for thc MT， 
as shown in Fig. 8. At positions 1 and 3， thc signals from the 
four bcams of thc BS arc rcccivcd at nearly thc samc Icvcl， 

and thc SNR at position 1 is highcr Ihan Ihm at position 3. AI 
position 2， thc signnls from the Icft patch arc dominant. ln 
this I1lcasurcmcnt， thc frcqucncy is 2.45 GHz， and thc mca 
suremcnt sySICI1lS arc dcscribcd in detail in [25J. [27] 

Figurc 9 shows thc I11C出 urcdchanncl capacily and 
SNR for thc thrcc MT positiolls. At all positions， thc SNRs 
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for thc p:lIch :Irray-bascd anlcnna arc highcr Ihan thosc for 

thc rcfcrcncc antenna bascd on thc slccvc array. Thc channcl 
capacitics arc cnhanccd by Ihc patch array， with improvc-
mcnts of 20% at positions I and 2. The channcl capacity for 
thc palch array is slightly smaller than Ihat for thc slccvc ar-
ray al posilion 3. This is causcd by dcgradalion of Ihc fourlh 
cigcnvaluc， which is minimum eigenvaluc， in thc spatial cor-
rclarion matrix. Howcvcr. thc patch al1lcnna arri.ly cnhanccs 
thc channcl capacity by having a high SNR at thc MT p05i 
tlons 

3.2 BS Placcd at lhc Cclltcr of a Cciling 

In {24]， wc <1IS0 dcmonstratcd thc cnhanccmcnt of channel 
capacity for a BS placcd al the center of a ceiling. Undcr 
【hiscondilion. thc suitablc radiation pancrn for 4 x4 MIMO 
syslcms has a HPBW of 800 and downward tiil anglc of 
300， with vcrtical and horizonlal polarizmions 10 incrcasc 
thc channcl capacity， as shown in Fig. 10. RaY-IJ3cing anal 
ysis rcvcalcd thm this antcnna de引gnlcdto‘111 111lprovcl11Cnl 
of 10% in cnpa口tycomparcd 10 an isotropic i1ntcnnil [241 
Wc also cvaluatcd thc capa口lypcrformancc in a 2x2 MIMO 
sySICI1l consisting of a small numbcr of tcrminal antcnnas 
Thc simulation sccnarios uscd for Ihc cvaluation is iIIus 
tratcd in Fig. I1 (a)， and thc channcl capacity is shown in 
Fig. 11 (b). ln [28J， we confirmed that thc channel capacily 
for thc dircctivc radiation pancrns in Fig. 10 is largcr than 
【h:ltfor dipoJc radiation pancrns 

sascd on thc abovc-describcd design guidclincs. wc 

fabricalcd 311 MIMO anlcl1na construclcd lIsing four dipolc 

日 』ー一ーー us 

1-lorIzonlnl polari.mlion山口氏川 polariznlion

Fig.IO Simul:nion model and radiation pauems Icading 10 large chnnncl 
capacil)'. which a陀 dcri町 dfrom raY-lracing propagution nnal)'sis 
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日g.11 (a) Simulntion scen3rio. (b) 2 x 2 MIMO capacity f，町 Ihc
r3dintion pallerns in Fig. 10 

t3 

al1d four slot antcnn出 (Fig.12) [281. 111 thc radiatiol1 pat-

tem5 of Fig. 13(a)， thc xy (horizontal) planc is thc cciling 
and the z-axis is in thc dircctiol1 (vcrtical plane) tow~lrds 
lhe Ooor. 111 thc vcrtical planc， lhe HPBWs for thc S101 and 
dipoJe antcnnas arc 840 and 85.50， respcctively. In the hor-
izontal planc， thc antcnna bc山115arc tiltcd， and thc HPBWs 
川 600from Ihc z-axis t1TC 610 and 530， rcspectivcly. Wc 
conduclcd 2 x 2 MIMO channel mcasurements using this 

al1lenna in the scenario dcpicted in Fig. 14 [28}. As for thc 
BS， thc antcnna is fixed 10 Ihc ccnter of the cei1ing， and IWO 
slreams arc radiated from one slot and one dipole. The chan-

nc1 measurcmcnts Hre a1so conduclcd using slcevc arrays in 
the BS as Ihc rcfcrcncc. Herc， slccvc antcnnas are uscd for 
vcrtical and horizontal pol.ariz.ation. For the MT. thc slccvc 
antcnna array with elcl11cnts inclincd paral1cl and arrangcd 
pcrpendicular to the ground is used [28}. The channc1matri-
ces arc obtaincd at scvcn rOOI11 positions whcre no obstruc-
tions exist bClwccn thc BS and MT， and all of thc MT pos卜

tions arc in LOS. Thc mcasurcment frequcncy is 2.45 GHz， 
and the dctailcd par;'llllctcrs are dcscribcd in [25]， [27] 

Fig.12 Pholos of thc MIMO 3nlcnna conslruclcd using four slol and 
dipole a!l(cnn:ls 

2700 

/ 'l 

r L4j 
一-Slol

270・

ー.Dipolc 

180。
(b) 

Fig.13 Radi;lIion patlems for slOl .111d di凹Icalllenna elemenls in thc (a) 
venical planc :md (b) horizonlal planc lillcd 300 lowards the z.-axis 

(ぉy.1.02) 
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Fig.14 Mcasurcment cnvironlllcnt 
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Figure 15 shows the measured SNR and channel ca-
pacities for the two antenna types. At five out of the seven 
examined positions，由eSNR is enhanced by the slot and 

dipole antenna， and then the channel capacity is enhanced 
at four positions. The place-averaged SNR of the slot and 
dipole antenna is enhanced by 2.6 dB and exhibited an im-
provement in channel capacity of 16.2% over the sleeve an-
tenna. A high channel capacity is obtained at positions with 
high SNR. Position 4 is an exception to this rule because 

of the degradation of the second eigenvalue， which is mini-
mum eigenvalue， in出espatial correlation matrix. Taken to・
ge由民 theseresults indicate出atdi問ctiveantennas enhance 
not only the high-order (maximum)， but also the low-order 
(minimum)， eigenvalues in the correlation matrix. 

As discussed in Sect. 2， high SNR and low spatial cor-
relation are e仔ectivefor enhancing channel capacity， which 
is verified by the results obtained for the directive and dual 
polarization antenna. 

4. Anlenna Design for MT  

This section describes the mutual coupling between anten-
nas installed in MT for enhancing the channel capacity to・

gether with the inftuence of radiation efficiency and pattem 
distortion. Mutual coupling and radiation e而ciencyare re-

lated to出eparameters of correlation and SNR to estimate 
channel capacity. We also discuss the optimization of an-
tenna radiation pattem under a realistic propagation model 
for MT and the e仔ectsof the head， hands， and body of users 
by numerical simulations with a phantom. In this section， 
“correlation" indicates antenna correlation since the equa-
tion of correlation assumes出atdistribution of incoming 
wave is uniform， and correlation is derived from only an-
tenna characteristics. 

4.1 Antenna Mutual Coupling in MT 

Two major parameters， SNR and correlation， are critical to 
enhance channel capacity in BS antenna design. High SNR 
by incrl飽 singantenna gain is not eぉyfor MT an旬nnas，
because available space in出eMT is limited. The latest 
“smart phones" are only 55-62 mm in wid由， 110-126mm 
in length， and 9.8-15.3 mm in thickness. Most built-in an-
tennas are installed at the bottom of白eMT to reduce the 
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specific abso叩lionratio (SAR) when phones are held in the 

talking position. This placement location also restricts曲e
spacing between antennas， which is necessary to obtain low 
correlation. For MT antennas， we focus on radiation effi-
ciency， instead of SNR and correlation， of an記nnaarrays 
with close distance. He陀， a simple simulation model based 
on two half wavelength dipoles is considered as an example 
of MT antennas， and the effects of the chassis and human 
body on MT antennas is discussed in Sect. 4.2. 

Thee百ectsof array spacing on MIMO channel capac・
ity were examined for an array with/without mutual cou-
pling [29]， [30]. Spatial correlation by an array factor under 
random incoming waves at the MT is given as， 

)'p(の=IJo(kd)12 (8) 

whe問 kis the vacuum wave number， Jo is出eOth order 
Bessel function， and d is the spacing of the two-element ar-
ray. A reduction in the correlation due to mutual coupling is 
advantageous for small built-in antennas， however， a draw-
back is small radiation efficiency.τb detennine the rela-
tionship between correlation and e侃ciency，two half wave-
length dipole antennas are used in this simulation， where 
two dipoles are parallel in the z-axis direction and the center 
of one dipole is at the origin and the other dipole cen胞ris 
on the x axis at position x = d. The correlation between the 
two dipoles is given by the scattering p副司ne低 四 郎 [31]，

ねー |SiISI2+S;山21
2

ー
(1 -IS 111

2 
-IS 2t12)( 1 -IS 121

2 
-IS 2212) 

(9) 

Assuming no losses in antenna elements， the radiation 
efficiency of antenna 1 is given by SII and S21・

'1r = 1 -IS 1112 -IS2t12 (10) 

Mutual coupling also causes a distortion in the radiation pat-
tem， which is defincd by thc ratio bctween the maximum 
and minimum gains in the xy (E) plane as Ag = Gmax/Gmin・

'The evaluation factors for array spacing are shown in 

Fig. 16. The correlation ofγ'd is decreased by mutual cou-
pling， which is also explained by the observed pattem dis-
tortion at values greater than 3 dB in the xy plane. It should 
be noted出atthe efficiency，ηr， is decreased by small ar-
ray spacing. The reduction of efficiency reduces the channel 
capacity. As discussed in Sect. 2， the channel capacity is 
approximated by Eq. (3). In the case of 2 x 2 MIMO sys-

tems， the ergodic channel capacity is approximated by the 
first lerm of向.(3) in high SNR regime. Thus， the channel 
capacity， including the efficiency， is approximated as 

c ('1)勾州o沖合) 、‘，
F---a 

・・且，e
也、

The channel capacity normalized by '1r= 1， as shown in 
Fig. 17， is reduced by small efficiency. In small-spacing ar-
rays， the radiation efficiency should be careful1y considered 
in the design of MT antennas [32]. The saturation in ca-
pacity increase for '1r < 0.5 in Fig. 2(b) and the discussion 
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Fig.17 Normalized channel capacity as a function of radiation 
efficiency. 

about efficiency result in由athigh radiation efficiency is a 
key param胞rfor MT antenna design. 

4.2 E仔ectof the Human Body in MT Antenna Design 

The preceding discussions did not consider the direction of 
incoming waves and the e仔ectsof chassis and human body. 
As these factors can dramatically alter the radiation pattern 
of MT antennas， the direction of incoming waves should 
be inc1uded to more accurately evaluate channel capacity. 
The results shown in Fig. 3 indicate由atsmall spatia1 cor-
relation of channels does not improve the channel capacity 
in Rician distributions; however， we demonstrate here that 
MT antennas with low correlation display channel capac・
ity enhancement under Rici30 propagation environment. A 
propagation model由atinc1udes the direction of incoming 
waves is given by a model that assumes Kronecker scatter-
ing [33]， where the scattering waves are not correlated with 
the incoming waves. A correlated scattered-wave model 30d 
a model of incoming wave with angular sp問 adare other 
models for MIMO channel capacity estimation [34]， how-
eve巳 thesemodels reduce the absolute value of capacity 
and do not depend on the radiation pattern of MT anten-
nas [35]. Thus， in the following discussion， we use only the 
Kronecker model. 

An副Tayof pairs of folded inverted-F antennas (lFA) 
mounted on a chassis top is used in the following simulation 
[36]. This array is introduced to determine the suitable ra-
diation pattern for a MT. The antenna parameters訂'eshown
in Fig.18.τ'he array element consists of two identical IFAs 
with c10se spacing， which are connected through a phase 
shifter with a phase di仔erenceof d. The phase difference is 

/縄ヨレどっd勿~~
MTア V"I; nv 

Lh  L-h  

叩 E叶 | 山口iHEEl

"ld :!I~iR11kJt l6 
Fig.18 Geometry of the MT antenna. H=IIO， W=50， D=20， h=7， 
d=IO， a=8， b=3， c=7， 11=3，12=5， 13=1， 14=2.9，IS=3， and 16=2 (mm). 
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Fig.19 Channel伺 pacityas a function of incoming wave direction. The 
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• 

adjusted to minimize恥 correlationbetween arrays 1 30d 2. 
The correlation is calculated based on a complex radiation 
pattern. 

ln the propagation model， the number of transmission 
antennas is 2， and no correlation exists between the trans-
mission 3Otennas. The SNRs are 10 and 20 dB， the XPR is 
o dB， and the Rician factor is 3 dB. The details of the channel 
capacity estimation under the conditions of this propagation 
model are described in [34]. For simp1icity， we assume that 
all incoming waves are concentrated in the xy plane， and the 
30gle of incoming waves is given by tt. 

Figure 19 shows the channel capacity of the MT MIMO 
antenna with and without a phase difference between the ar-
ray elements. The MT is held by the left hand of a phan-
tom， as shown in Fig. 20. The characteristics of this model 
are calculated by FEKO [37]. The ch30nel capacity with 
suitable phase di仔erenceis larger than that without phase 
di仔erencefor all examined 30gles of incoming waves. The 
average improvement factor in channel capacity is 33% for 
a SNR of 20 dB and 68% for a SNR of 10 dB， using a phase 
di仔erenceof d= 1500

• As described in Sect.2， the improve-
ment factor of the channel capacity is high in low SNR 
regimes， which is also veri自edin Fig. 19. The radiation pat-
terns in由exy pl30e for d= 1500 are shown in Fig. 21. The 
vertical polarization patterns副-ealmost orthogonal， which 
reduces the correlation. For MT antennas， ideally， the 30-
tenna should be designed to achieve a small correlation be-
tween the antenna elements. 

ln practical antenna design， pattern optimization in the 
presence of a human body is a time-consuming step， and 
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Fig.20 Phantom model for vicwcr rnodc. Allunils arc in rmll. Head part 
(t:，=40， IT= 1.4 5/m); o(hcr parts (ι，=54. IT= 1.45 S/I11) 
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Fig.21 Radiation paltcrn of antcnna in vIcwcr modc. Thc solid ;md 
dOllcd lincs arc ¥'cnical and hori7.0rltnl polarizations， rcspcclivcly 
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Fig.22 Thrcc modcls for cvaluating pattcrn optimization in a MT an 
tcnna dcsign. (3) MT in frcc spacc， (b) MT in thc lalk position with hcad， 

and (c) MT in the talk戸5ilionwith hcad and hand 

is markedly ITIQfC difficult than considering only a MT. We 

also cvaluate thc channcl capacity of a MT for three cascs 

(Fig.22)， which consisted of a MT in frce space， a MT with 

a head， and a MT with a head and hand. For thc three con 

ditions， thc channcl capacities arc cnhanced by thc identical 

phase differcncc of O = 1500， and thc avcragc increases arc 
27%，26%， and 36%， respeclively， for a SNR of 20dB. This 

analysis indicatcs that the antenna dcsign in free space also 

providcs thc channcl capacity cnhancement in the prcscnce 

of a human body. Although various types of antcnna dcsigns 

should be evaluatcd by realistic phantom modeling 10 simu 

latc the human body， the optimization of antenna paramelcrs 

can be pcrformcd in frcc spacc 

5. Conclusion 

This papcr has cvaluatcd rwo dominant dcsign paramcters， 
SNR and corrclation， for enhancing channcl capacity in 
M1MO sysICJ1ls. In Ihe propagalion channel， high SNR and 
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low spatial correlation arc nccessary to enhance channel ca-

pa口ty，which has bccn dcscribed by simple formulas. We 

detemlined the suitable antcnna design undcr indoor pr叩-

agation models. The antcnnas charactcrized by HPBW and 

tilted beam anglcs werc prcsentcd by a patch antcnna in-
stalled at the ceilir、呂cdgcand a dipolc and slot antenna 10-

cated al the cciling center. The enhanccmcnt of channel ca-

pacity was verified by indoor propagation measuremenls 

ln the design of MT antcnnas， we demonstrated that 
the radiation efficiency and mutual coupling， which are de-

rivcd by a two-dipole array， havc an impacl on correlalion 

and SNR， and Ihcrefore channcl capacity. Thc mutual cou-

pling or corrclation bctwccn antcnnas in a MT was propcrly-

adjustcd undcr a Rician propagation modcl. Thc channel 

capacity cnhanccment was also vcrificd for a MT antcnna 

川 theprcscncc of a phantom. Notably， a suitablc anlenna 

dc剖gnin free spacc was also e仔'cctivcfor thc dcsign of an 

antcnna hcld by hand in front of a body phantom. 
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