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Abstract

With the rapid growth of mobile communications, the new services are driven by users’ demand
requiring more and more data rate In this research project, the use of Multiple Input Multiple Output
(MIMO) has promisingly supported such a requirement by providing enormous capacity as well as
maintaining spectrum efficiency. The concept of MIMO systems is to apply multiple antennas on both
transmitter and receiver A greater number of antennas used, the more benefits are obtained. Since it
requires multiple antenna elements to be closely spaced on a specific area of mobile terminal, this leads to
both high correlation between received signals and high mutual coupling among antenna elements. Mutual
coupling becomes a key design for multiple antenna systems because a strong coupling results in a loss of
efficiency of the antenna systems. For mobile terminal, its dimension trends to be smaller. As a result, In
this research project, the optimal antenna positions specified by a use of genetic algorithms are determined
by considering mutual coupling effect based on Z-parameter matching on all possible positions of a
mobile terminal. The simulation and measument results confirm that the proposed solution can providethe

best channel capacity.
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Vi
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232 yesduaunimsia(Fading channel)
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3. e lidFesdyanuiniadaien1nsy (No CSI at transmitter or receiver)
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le = I—: DUNHLAUKITIUNNILUT 1 MUAAVNNTSUFANNINUT 1 LUDNIAUUT 1 L‘]J?I'N{l]i
2
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V2 a A 4 A 9 A a A 9 A Y a
Z21 = I—: DUNLUAULTIUNNIULUT 2 MAAINNTSLUANNINUT 1 LU NNV 2 L]Jﬂ’)\?ﬁ]ﬁ
1
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222 =—== @u%!@]ﬂ']u&su'wwnqmn 2 BN 1 lﬂﬂ'N 7
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X + —2c08| — dz
R R, 2 ) r

R, = X'+ +(z—112) = [y’ +(z=112)

r= X+y+z =y +7

R,= \/x2+y2+(z+l/2)2 = \/P2+(z—l/2)2
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M3daNeaee1Ne lusEUIL419D9914 (side by side configuration )

n . .
Re,,, = 5[26,.(%)—Cz(uo—Cz(uz)],

Im, = 4’7 [25,(uy) — Siu,) — Siuy)],

4

u = k(\Jd; +1° +1),
u, =k(Jd: +1* =D), (2-44)

N13IANIAIGINA TUTLUIVT VLU (Collinear configuration)

Re,, = —Slcos(vo) [<2C,(2v,) + C,(v,) + Ci(v,) = In(v;)]
T
+ L sin(vy)[25,(2) = 5,(v,) =i ()]
8
Im,,, = —=-cos(v,)[25,2vy) = S,(v,) = S,(m)]
87

+ Slsin(vo) [2Ci 2v,)—C.(v,)=Ci(v,)— ln(v3)]
T

w, = k(\/dz e —h)

v, =2k(h+1)
v, =2k(h—1)
v, = =11’ (2-45)

15RO INIALVUYUIY (Parallel in echelon configuration)
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Re,,, = —8lcos(w0) [—2Ci(w1) =2C,(w)+C;(w,)+C (W) + C,(wy) + Ci(w3.)]
T
—Slcos(w(,)[ZSi(wl )+28,(m) = S, (w;) = S, (wy.) = S, (wy) = S,(w,.)]
T
Im,, :—Slcos(wo)[ZSi(wl )+25,(m) = S, (w;) = S, (wy) = S, (wy) = S,(w,.)]
T

+%sin(w0)[2Ci(wl) ~2C, (W)~ C,(w,) + C,(w,) = C,(wy) + C, ()]
Wy = kh

W =k(Va? 1+ h)

Wi = k(a1 =)

wy =k[ &+ (=17 + (-1 |

wy K[+ =D~ -1 |

wy = k[ @D+ (4 |

W, :k[«/dz A1 —(h+D) | (2-46)
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a dy a [ Y =2 9 . . o & =)
Tunuinsant 1NMTUINITIAINE 1WA TUUUITTUILUI9DIV (side by side) ANUYU Zi]. WY

AUNINY

Re(Z,) = -[2C,(u,) ~ Ci(u) ~ Ci(uy)],
4
Im(Z,) = —~L-[25, (uy) — SiCu,) — SiCu )],
4
u, =kd,;
u, =k(Jd; +1* +1),
u, = k(Jd2 +1* -1), (2-47)

° a a

A A ' = J o v,
NN Re(Zij) o mmmumwmaummum“lumuwmg

A 1 o a a a o o ]
Im(Z,) Ao MIMIMIUANNVRIDNAUALS Tud LM i

n flo Mgaydovesduiiuaudlueiniag

N Ao sTezveseeago AU i
I v AUEIE O INA
k Ao Mneiauna

v Y
C,(u) uaz S,(u) AomunfSiusveslniuag Inlmimui lduaaduaumsae 'l

C.(u) = J‘&(x)dx; (2-48)
- X
5,0) = [ 20 (2-49)
X

0
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psuredeszuy luTunugunazesuredwuudiasssosdyyranldluiteldunuuniiaes
FoadyauuuulaNuddszaenurazlinsuanuulounuuazuuao o dyqIa “Two-

Ring” ag Idnandsaumssamannupessesdyanaszuy luTunaze Suedunaiia N-port
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AN 42 uaae MU amIsaeasaImaluszun lu Ty 3x3

MIMO AUNUINTIAINT WO INMAVUNNA x y (Haaiuasg)
3x3 Case Antenna (1) Antenna (2) Antenna (3)
(a) corner 5,5 55,60 5,115
(b) GA 56,8 19,59 3,117
(c) linear 30,5 30,31.2 30,57.4
(d) random 17,35 34,48 15,62

TN 4-3 HEAIE YR IMIdaageInaluszuy lu Ty 4x4

MIMO AUNUINTIATNTWOIMAVUNNA x y (VaAINAT)
4x4 Case Antenna (1) Antenna (2) Antenna (3) Antenna (4)
(a) corner 5,5 55,5 5,115 55,115
(b) GA 4,7 48.25,15 13,97.75 45.5,118.5
(¢) linear 30,5 30,31.2 30,57.4 30,83.6
(d) random 17,35 34,48 15,62 50,76
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A o o ] [ Y S
:.l;lh/l 4-12 NTNANNAN UK UINITIAINT1YDINA 3 aulunsal (a)

A ' A A o 0 ~
AT NN 4-4 LLEANAT z ’E]lI’W!,l.ﬂL!“Bﬂl’ﬁ]\?ﬁ'lfl’ﬁ]'lﬂ'lﬁfiﬁualuﬂim (a)

1 a 4
A1z auﬁuﬂuwmawmmﬁ

82.9106 +19.15991

60.7859 +9.0942i

62.859 - 9.09421

61.4237 + 8.40301

87.3967 -10.36601

61.3426 -16.20451

61.4237 + 8.40301

61.3426 -16.20451

86.4104 -12.7832i
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A1319N 4-5MINaLINAGILINUINTIAINa8IMA 3 dulunsdl (b)

A ' A A o v ~
AT NN 4-5 BHEAIAT z DUWLAUBUDINTIYDINIA 3 ﬁuiuﬂiﬂl (b)

1 a 4
A1z E]?Jﬁllﬂu"]ﬂ]’ﬂ\?ﬁ'lﬂﬂ'lﬂ'lﬁ

67.1701 +7.9998i

24.7015 -16.69211

36.3233 - 3.2461i1

24.7015 -16.69211

79.3011 +32.9975i

21.1141 - 1.02181

36.3233 - 3.2461i

21.1141 - 1.0218i

44.6995 +2.52031
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A o o ] [ Y IS
:.l;lh/l 4-13 NTNANNAN UK UINITIAINT1DINIA 3 aulunsal (c)

A ' A A o v ~
AT NN 4-6LTAIAT Z DUNWLAUBUDINIYDINA 3 G]usluﬂiﬂ‘l (¢)

1 a 4
1z ﬂuﬁmuwmmammﬁ

35.7580 + 6.7937i

39.1246 + 4.1474i

49.6078 - 5.30331

39.1246 +4.1474i

34.1137 + 6.1019i1

32.5709 + 1.9579i

49.6078 - 5.30331

32.5709 + 1.9579i

33.9153 -20.2793i
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JUN 4-14 MmameawadmiiansInNeeee a3 Aulunsal (d)

A 1 a A 4 9 )
AT NN 4-7 UEAAIAT Z DUNLAUFUDITIYDINIA 3 mu“lunam (d)

1 a 4
1z auﬁuﬂuwmmammﬁ

35.7580 + 6.7937i 39.1246 + 4.1474i 49.6078 - 5.30331

39.1246 +4.1474i 34.1137 + 6.1019i 32.5709 + 1.9579i

49.6078 - 5.30331 32.5709 + 1.95791 33.9153 -20.2793i
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A o o ] o Y IS
ETJVI 4-15 N1TADINAA LW UINITIAINT1YDINIA 4 aulunsal (a)

A ' A A s P ~
AT NN 4-8 LEHANAT Z DUNLUAUFUDIF1IDINA 4 Glualuﬂim (a)

1 a 4
1z @Mﬁuﬂu*ﬁ]@ﬂﬁ'lﬂ@'lﬂ1ﬁ

32.315-7.0511 49.277 - 1.027 48.815 + 0.1631 50.976 + 1.177i
49.277 - 1.0271 35.860 -62.3751 50.532 +0.836i 49.070 - 0.0061
48.815 +0.1631 50.532 +0.8361 33.204 -39.1471 48.596 - 1.0801
50.976 + 1.1771 49.079 - 0.006i 48.596 - 1.0801 31.056 -16.7241
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JUN 4-16 MsTimeawadMIiaNITIANeEIR N 4 Aulunsdl (b)

A ' A A o v ~
AT NN 4-9 UFAIAT Z DUNWLAUTUDINIYDINA 4 ﬁusluﬂiill (b)

1 a 4
1z E]iJﬁLLﬂu“li"U’ENﬁﬁlﬂ'lﬂ'lﬁ

28.718 -12.4261 49.675 +0.278i 50.379 - 0.4691 49.632 - 0.1731
49.675 +0.2781 35.627 - 7.6591 50.957 + 1.0771 51.131-0.3851
50.379 - 0.4691 50.957 +1.077 27.971 - 6.8771 49.078 - 2.2591
49.632 - 0.1731 55.357-4.0011 49.078 - 2.2591 30.138 - 8.1371
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A o o ] [ Y S
:.l;lh/l 4-17 NTNANNAA UL UINITIAINT 1D INIA 4 aulunsal (c)

A 1 a A 4 Y )
AITNNN 4-10 LFAAINT z DUNUAUEUDIT1IDINIA 4 aulunsal (c)

1 a 4
1z auﬁgmu%mmﬂmmﬁ

47.274 + 7.2431

52.639 - 1.831i

49.669 - 0.6811

48.719 +0.0191

52.639 - 1.8311

80.427 - 1.9411

53.068 - 2.1701

48.862 + 0.543i

50.646 - 0.4231

53.068 - 2.1701

71.0518-37.8681

50.964 - 1.8331

47.274 + 7.2431

52.639 - 1.831i

49.669 - 0.6811

48.719 + 0.0191
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JUN 4-18 MatmeawadmIianITIANeEeeINIf 4 Aulunsdl (d)

A 1 a A 4 Y )
ATNN 4-11 UAAIA z OUNLAUTUDIT18D1MA 4 AU U (d)

1 a 4
1z auﬁzmuwmmﬂmmﬁ
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55.434 - 42691
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90.910 + 6.1971
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51.925 - 4.0451

53.481 +0.758i

37.322 -24.0401
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A 1 a A 4 Y )
ATNN 4-12 LFAAIANT z DUNUAULEUDIF1DINIA 3 aulunsal (a)

1 a 4
1z ﬂﬂﬁllﬂu%ﬂlﬂiﬁ'lﬂﬂ'lﬂ'lﬁ

44.4545 - 5.97061

55.6711 +5.8918i

45.5511 - 2.21061

55.6711 +5.8918i

39.1023 + 3.9536i

36.7929 - 4.2588i1

45.5511 - 2.21061

36.7929 - 4.2588i

41.1227 - 0.39861
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d‘ 1 Aa A 4 9 =
ANTIN 4-13 LLEANAT Z DUNLAUFUDIF1YDINIA 3 aulunsal (b)

A1 z DUNAUT YD 3T 8D INA

45.2170 + 1.9319i

46.2529 - 6.43981

49.6559 + 3.3805i1

46.2529 - 6.4398i1

48.7856 + 5.1962i1

58.2485 - 0.0352

49.6559 + 3.38051

58.2485 - 0.0352

43.8575 +2.64491

d‘ 1 Aa A 4 9 =
ANTIN 4-14 LLEANAT z DUNLAUFUDIT18DINIA 3 aulunsal (0

1 a 4
A1 z OUNUAUTYD I 801N A

43.5483 + 9.8344i

57.3383 +34.60931

43.9455 - 0.62671

57.3383 +34.60931

32.7836 - 3.59091

39.0168 -15.5302i

43.9455 - 0.62671

39.0168 -15.5302i

40.5706 +12.5839i

d‘ 1 Aa A 4 9 =
ANTN 4-15 LEANAT z DUNLAUFUDIF1YDINIA 3 aulunsal (d)

1 a 4
A1 z ONNUAUTYD I 801N A

66.2659 - 2.16301

44.8552 -17.81971

52.7667 - 2.50441

44.8552 -17.81971

62.3751 - 7.33881

68.6169 -38.8172i

44.8552 -17.81971

52.7667 - 2.5044i

54.7666 + 1.0867i
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A o Y 1 )
3‘]J1/l 4-23 NTIAINT1YDINA 4 auluuaaznsal

A 1 a A 4 9 )
AT NN 4-16 LTAAIANT z DUNLAUBUDITIUDINIA 4 aulunsal (a)

1 a 4
1z @Nﬁllﬂucﬂﬂlﬂﬂﬁ1ﬂﬂ1ﬂ1ﬁ

35.322 -22.040i

62.268 - 2.181i

55.434 - 4.2691

48.447 - 0.6751

62.268 - 2.1811

37.724 -21.6341

50.566 +0.329i

51.925 - 4.0451

55.434 - 4.2691

50.566 +0.329i

38.533 -14.1861

53.481 +0.758i

48.447 - 0.6751

51.925 - 4.0451

53.481 +0.758i

37.322 -24.0401
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1 a 4
A1 z OUNUAUTYDIT18D1NA

40.274 + 7.243i1

52.639 - 1.831i

49.669 - 0.681i

48.719 + 0.0191

52.639 - 1.8311

42.427 - 1.941i

53.068 - 2.1701

48.862 + 0.543i

49.669 - 0.6811

53.068 - 2.170i

41.051 -37.8681

50.964 - 1.8331

48.719 +0.0191

48.862 + 0.543i1

50.964 - 1.8331

43.465 -31.3761

d‘ 1 Aa A 4 9 =
A5N 4-18 UAAIA z DUNLAUTYDIT 10 1MA 4 AU TUNTD (©)

A1 z DUNAUTYDIA IO INA

30.718 -12.4261

49.675 + 0.278i

50.379 - 0.4691

49.632 - 0.1731

49.675 +0.278i

35.627 - 7.6591

50.957 + 1.077i

51.131-0.3851

50.379 - 0.4691

50.957 +1.077i

27.971 - 6.877i

49.078 - 2.2591

49.632 - 0.1731

51.131-0.3851

49.078 - 2.259

30.138 - 8.1371

A ' A A s P ~
AT NN 4-19 UFAIAT z DUNWLAUBUDIT1EDINA 4 @]uiuﬂiﬂl (d)

1 a 4
A1 z OUNUAUTYDIT1801NA

62.350 -14.0281

51.925-9.5271

45.059 - 4.1201

49.856 + 3.6261

51.925-9.5271

42.760 - 5.2241

49.856 + 3.626i1

45.059 - 4.1201

45.059 - 4.1201

49.856 + 3.6261

68.557 - 9.958i

51.925-9.527

49.856+ 3.626i

45.059 - 4.1201

51.925-9.5271

70.192 - 9.1631
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“Two-RING” 1Agfio 13803 ifinsziusznNemnsunaznnas

HavINN1591a090 U TUNITHITLEZHAsAILRUINITIAINAIUDIA 18D 1IN 1AV Y
o 14 4 1 o 1 o
Tnsnsinaeuilaelsd optimization toolbox TuTdsunsuuunual Tasmdwnianssansaieeinme
Tugosdya Iy “Two-Ring” TagNa1sayuNngeMAUITEnIIMATY tagnndaIngin 2-3 Tag
wwhmsmimunusvesmsianeawemaluszulu Ty 4x4 ez ladumusluudaznsalasnisi
A Y o o 1 o o a ] A a 4
11 4-20 Tagldmssraeswaniuldsunsuuunual uazyimsineielagn1unIoaAATIZHIIT

1 A o 1 a a J
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d‘ o 1 [ é 9 aa a [ a R 1 =
AT NN 4-20 Llﬁﬂflwaﬁul'ﬁuflﬂ'lii]ﬂ’J'Nﬁ1ﬂ@1ﬂ1ﬁ°]i\111ﬂinﬂ"]‘ﬁ%ulu@]ﬂ@ﬁﬂ@iﬂﬂiulmagﬂim

MIMO AUNUINTIAVNAOIMAVUNNA X y (VOAINAT)

4x4 Case Antenna (1) Antenna (2) Antenna (3) Antenna (4)
360-360 11.94,14.14 59.85,1.77 16.48,97.08 46.84,104.99
360-60 16.52,19.36 49.27,12.478 19.87,95.20 48.19,97.82
60-360 14.08,16.68 52.51,8.11 16.83,99.42 44.2,94.48

60-60 16.38,10.4 51.91,12.38 15.58,88.96 47.37,87.62
average 14.73,15.14 53.39,8.68 17.19,95.17 46.65,96.23
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1 1 a -4 i { [ {
MIN 421 uAaA z BufinaugoIaeo1nd 4 aulunsdiyudai 360 wazyuivdn 360

1 a 4
A1 z OUNUAUTYDIT18D1NA

44137 +2.431i

52.324 - 3.9741

51.552-1.493i

48.457-0.0111

52.324-3.974i

47.164 +5.033i

50.782 - 1.4651

49.133 - 1.681i

51.552-1.4931

50.782 - 1.4651

47.943 + 0.896i

52.894 - 1.401i

48.4578 - 0.0111

49.133 - 1.681i

52.894 - 1.4011

46.435 - 1.148i

d‘ 1 Aa A 4 9 =\ 1 d‘ [y d‘
ATIN 4-22 LEANAT z DUNUAUFUDIT18DININ 4 @]uGLUﬂimi;liJﬁ\WI 360 LAZHUITUN 60

A1 z DUNAUTYDIA IO INA

44.124 + 0.430i

47.387 - 3.394i

52.197 + 1.595i

51.779 - 0.3401

47.387 - 3.394

46.786 +5.059i

50.450 - 1.0851

52.630 +0.130i

52.197 + 1.595i

50.450 - 1.0851

45.254 +3.870i

52.701 +0.232i

51.779 - 0.3401

52.630 +0.1301

52.701 + 0.239i

46.715 +1.0571

A 1 a A -4 9 ~ oA o A
ATN 4-23 LLEANAT z DUNUAUFUDIT18DINIA 4 @]uiuﬂiml‘lllﬁ\?ﬂ 60 LAagYNIUN 360

1 a 4
A1 z OUNUAUTYDIT1801NA

44351 - 1.3771

49.451 - 4.223i

51.872 + 1.608i

52.324 +2.592i

49.459 - 4.2271

45.205 +2.7261

50.436 - 1.0711

53.174-1.174i

51.872 +1.601i

50.436 - 1.0711

43,185 +2.633i

53.195 - 0.3441

52.324 +2.599i

53.174 - 1.1741

53.195 - 0.3441

47.849 - 0.716i
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d‘ 1 Aa A 4 9 =\ 1 d‘ [ d‘
ATN 4-24 LLEANAT Z DUNUAUFUDIT18DINIA 4 @]uGLUﬂimi;liJﬁ\WI 60 LUagyuIUN 60

1 a 4
A1 z OUNUAUTYDIT18D1NA

46.021 +2.017i

53.447 - 3.4071

51.645 +1.4251

52.020 +0.781i

53.447 - 3.4071

50.245 +4.352i

51.572 - 0.3651

52.101 +0.654i

51.645 + 1.4251

51.572-0.3651

45.677 - 0.4701

53.937-1.697

52.020 +0.781i

52.101 + 0.6541

53.937 - 1.6971

50.620 - 2.0891

9
@

H 1 a 4 1 H
AN 4-25 A z dUNLAUFUDITEDINA 4 A lUAIAlA IR AENNATANIMNA

A1 z DUNAUTYDIA IO INA

43.331 - 1.339i

48.559 - 3.9231

52.873 +1.729i

52.334-4.512i

48.559 - 3.9231

42.215+4.7231

49.426 - 1.271i

52.234 + 1.224i

52.873 +1.7291

49.426 - 1.271i

44.292 - 2.613i

51.421 + 1.2391

52.334-4.512i

52.234 +1.224i

51421+ 1.2391

43.849 - 0.216i
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The topic of practical implementation of multiple antenna systems for mobile communications has recently gained a lot of
attention. Due to the area constraint on a mobile device, the problem of how to design such a system in order to achieve the
best benefit is still a huge challenge. In this paper, genetic algorithm (GA) is used to find the optimal antenna positions on a mobile
device. Two cases of 3 3 and 4 % 4 MIMO systems are undertaken. The effect of mutual coupling based on Z-parameter is the
main factor to determine the MIMO capacity concerning the objective function of GA search. The results confirm the success
of the proposed method to design MIMO antenna positions on a mobile device. Moreover, this paper introduces the method to
design the antenna positions for the condition of nondeterministic channel. The concern of channel variation has been included
in the process of finding optimal MIMO antenna positions. The results suggest that the averaging position from all GA solutions

according to all channel conditions provides the most acceptable benefit.

1. Introduction

With the rapid growth of mobile communications, the new
services are driven by users’ demand requiring more and
more data rate. In this light, the use of multiple input
multiple output (MIMO) has promisingly supported such
a requirement by providing enormous capacity as well as
maintaining spectrum efficiency. The concept of MIMO
systems is to apply multiple antennas on both transmitter
and receiver in order to achieve diversity and beamforming
gains [1, 2]. The greater number of antennas used, the
more benefits are obtained. For mobile communications, the
main concern of applying MIMO systems is on the size of
mobile device. In general, a small size is needed for users’
comfortable grip. Therefore, the limited area on a mobile
device is a key constraint for designing multiple antennas.
Asaresult, the challenge is how to arrange multiple antennas
under such a condition in order to achieve the best MIMO
performance.

In [3], the design of multiple antennas on mobile handset
to devise small antenna for mobile handset was presented.
The modified PIFA and PCE antennas reducing the influence

of PCB on the antenna were also proposed in [3]. In [4],
the modified PIFA antennas were applicable for MIMO
systems on mobile handset. The results indicated the increase
of channel capacity by using the modified PIFA while the
antenna configuration provided a low mutual coupling and
low correlation coefficient. A 2 X 2 MIMO antennas built for
mobile device was proposed in [5] by using a folded loop
antenna with balanced feed and a parallel plane antenna with
unbalanced feed. However, the studies in the literature do not
search all possible antenna positions to gain the best MIMO
performance.

Genetic algorithms (GA) [6, 7] are a class of searching
techniques that use the mechanics of natural selection and
genetics to conduct a global search of a solution space.
The goal of the search is to find a good solution to the
given problem. In the design process, a synthesis of antenna
positions on a mobile device for MIMO systems is one
of the most important goals to find the optimal antenna
placement. Different positions will affect the capacity due
to different constructs of mutual couplings between antenna
elements. For this complex problem, GA has become an
attractive approach to conduct a global search for a solution
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that satisfies specified performance criteria. In this paper,
the optimal antenna positions specified by a use of genetic
algorithms are determined by considering mutual coupling
effect based on Z-parameter matching on all possible
positions of a mobile device. The 3 x 3 and 4 X 4 MIMO
systems are considered on the rectangular size of a typical
mobile handset. Monopole and bow tie antennas are both
constructed and measured in order to confirm the success of
GA algorithm.

Moreover, from all works in the literatures, they concern
only the method to find the arrangement of antennas while
assuming the static channels or deterministic channels. In
fact, the mobile users usually roam from one place to the
other.

Hence, the channels are changing with time, which abates
the optimality of the antenna positions obtained from the
previous channel. The time variability of channels is the main
key factor that should be involved in the design of MIMO
antenna positions. In this paper, the concern of various
conditions of channels is included in the consideration
of MIMO antenna positions. The study reveals that the
averaging solution can offer the optimal benefits.

The remainder of this paper is organized as follows.
The next section presents the analysis of mutual coupling
in MIMO system. Then the configurations of monopole
and bow tie antennas are given in Section 3. In Section 5,
the MIMO channel model is explained in order to find
the MIMO channel capacity which is the main target for
optimization. Section 4 provides the details of GA algorithm,
and Section 6 describes the results and discussion on all
experiments. Finally, the conclusion of this paper is given in
Section 7.

2. MIMO System Based on Mutual
Coupling Analysis

Figure 1 shows the basic concept of using MIMO systems
for mobile communications. There are two approaches, base
station to mobile station and mobile to mobile communi-
cations. Both approaches are influenced by spatial fading
correlation and mutual coupling effect. For this paper, the
main concern is the mobile to mobile link. The basic
expression of MIMO systems with #; transmit antennas and
#, receive antennas can be represented by

y=Hx+n, (1)

where y is the complex receive array output, H is a n, X
n¢ channel matrix, x is a transmit array vector, and n is
an additive Gaussian noise with a unit covariance matrix.
Now we can focus on the direct impact of mutual coupling
(MC) of the compact receive end on the MIMO channel
H excluding other possible factors which would affect the
channel performance. Consider n-port theory, the channel
transfer function between transmit and receive arrays can be
represented as [8]

Vr Zrr Zre || Ir
= S (2)
Ve Zrr Zpr || Iz
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_ T T ;AT
where Vr = [vr,vro..vrn]s Ir = (it it .. ity
are the voltage and current at the transmitter, respectively.
Similarly, Vi = [vap, Vo> ven] s Ik = [ire fros. - iny]
are the voltage and currentat the receiver. The N XN matrices
Zrr and Zgg are antenna impedance matrices containing the
self-and mutual impedances of the transmitter and receiver,
respectively. The matrix Zgr stands for the transmission
impedance from the transmit array to receive array. Similarly,
Zrg stands for the transmission impedance from the receive
array to the transmit array. We fix voltage vr at the
transmitter and at the receiver we put loads. We denote
the diagonal matrix of loads at the receiver by Z; =
diag[Z11,Z12,...>Zin]. Under these situation the currents
and voltages at the receiver are related through the loads
Vg = —Z;ig. Plugging this into (2),

Vi = (Iy + ZmZ;! - ZeeZid ZrnZY) " ZerZiVr, (3)

where Iy denote the N-dimensional identify matrix. The
entries of the matrix Zr, Zpy, Zrg, and Zgy are related to
the distance between the corresponding antennas. It assuimes
that the reflection power from receiver is negligible. Then the
matrix Zrg is reasonable to be neglected which can cause the
last term in the bracket of (3) to be consequently neglected,
thereby obtaining

Vi = Zy(Zy + Zag)  Zarly. (4)

Thus, we obtain a very simple and intuitive channel model
which agrees with the models considered by antenna array
designers [9]

Hue = Z1(Z; + Zpg) "HZzk, (5)

where the channel H can be any physical or statistical
propagation model which properly reflects the relation of
transmitter and receiver defined by Zgr

Zn Zip -

ZenZrr = |20 D2 | (6)

where Z;; is the self-impedance of ith element and Z;; is
the mutual impedance between the ith and jth elements.
In this paper, Zj; is assumed to be equal to Z; according
to reciprocity theorem [10] where the matching-impedance
matrix Z; is given as

[Zu 0

7= 0 Z2 | @)

3. Antenna Configurations

It is obvious in (6) that the mutual impedance Z;; is the
key parameter to determine the property of channel matrix
in (5). Hence, this section describes how to achieve mutual
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Mobile handset

3 Base station to mobile communication
Base station

Mobile handset

Mobile to mobile communication

Figure 1: MIMO systems for mobile communications.

impedances for using in the GA algorithm. However, the
mutual impedances mainly depend on the structure of
antenna. In this paper, two types of antennas are employed
as follows.

3.1. Monopole Antenna. Monopole antenna is one type
of the wire antennas having the simplest structure for
manufacturing. In addition, there is a close-form expression
for calculating mutual impedances. The disadvantage of
monopole antenna is on the space requirement of its
structure. For mobile devices, it is impractical to install such
a wire antenna. However, the mutual impedance expressions
of monopole antenna are in the specific formulas which can
help the optimization process much easier.

Consider an MIMO system with both ends being a self-
conjugated matched system (Z; = Z}}) in [11]. The real and
imaginary parts of Z;; [12] are given by

Re(Z;) = Z-12Ci(uo) - Ciu) ~ Ci(uy)),
1m(Z;) = = 4= [28i(u0) - Siun) — Sicu)],
uy = kd;j,

w = k(& + B +1),

u = k(\J& + 2 -1),
(8)

where 7 is the intrinsic impedance of the medium, [ is the
length of the monopole, k is the circular wave number equal
to 271/A, djj is the distance in unit wavelength, and C; and S;
are cosine and sine integrals.

3.2. Bow Tie Antenna. In order to confirm the proposed
method of finding optimal MIMO antenna positions, the
other antenna structure has to be undertaken. In this
paper, the bow tie antenna is adopted because it is a
microstrip antenna which can be easily implemented on
the printed circuit board, and it requires a little space for
installing. Although bow tie antenna seems more practical
than monopole antenna, there is no close-form formula

100 mm

—

¥

40 mm

F1GURE 2: The configuration of two bow tie antennas.

for calculating the mutual impedances. This causes the
optimization process to be more difficult.

In this paper, the authors achieve the mutual impedance
of bow tie antennas by using CST Microwave Studio
program. In fact, GA is available in the new version of CST
programming. Nevertheless, the matrix operation is still not
included in the capability of CST programming. Then, to
calculate MIMO capacity, the use of MATLAB programming
is still necessary. Consequently, it is impossible to solve
a GA problem in MATLAB by real-time interfacing with
CST programming. In order to response this constraint, all
possible mutual impedances between two bow tie antennas
are collected and stored in the specific file in which the
MATLAB program can read those values for GA processing
later. Figure2 shows the configuration of two bow tie
antennas which are designed and simulated by CST. The
angle 6 and distance d are varied to cover all possible
positions of two antennas on the limited area of mobile
devices.

3.3. Implementation of MIMO Antennas. The operating fre-
quency band used in our experiments is in a 5.725-5.85 GHz
range which supports the spectrum of IEEE 802.16e (mobile
Wimax). For monopole antennas, the length of conductor
is 53 mm and the size of a ground plane is 60 X 120 mm?
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FiGure 3: The dimension of bow tie antenna.
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FIGURE 4: Example of antenna positions on a mobile device using
CST for monopole antennas.

which is approximated as the size of iPhone device. For bow
tie antennas, the dimension is shown in Figure 3 and the size
of a ground plane is 40 x 100 mm? which is approximated as
the size of Nokia device.

4. Genetic Algorithm

The examples of CST layouts for monopole and bow tie
antennas are illustrated in Figures 4 and 5, respectively.
Accordingly, the examples of four antennas mounted on
PCB with dimension of mobile devices are shown in Figures
6 and 7. From measurements of both monopole and bow
tie antennas, the return loss of expected frequency band
is below —10dB which is in an acceptable condition for
implementation.

5. MIMO Channel Model

Since the channel capacity is determined by the radio
propagation conditions of MIMO channel, characterization
and modelling of MIMO radio channels for different envi-
ronments are critical issues. Accuracy of the model used in
design plays a vital role in the validity of predicted system
performance. The channel H can be written as shown in
Figure 1 [3]. There is an arbitrary number of physical paths
between the transmitter and receiver [12]; the ith path having
attenuation of a;, makes an angle of departure Qy; with the

International Journal of Antennas and Propagation

FiGure 5: Example of antenna positions on a mobile device using
CST for bow tie antennas.

FiGure 6: Example of monopole positions on a mobile device.

transmit antenna array and an angle of arrival Q,; with the
receive antenna array;

H = Y ale.(Qn)e( Q) ©
where
af := “f\/mexp(—jz%d"), (10)
_ X .
1 exp[—j(2mAQ)]
e(Q):= N : , an
Lexp[—j(N, — 1)(27A, Q)] ]
_ . i
1 exp[—j(2nAQ)]
e(Q) = \/T_[ : ) (12)
Lexp[—j(N: — DA Q)] ]

Also, d; is the distance between transmit and receive
antennas along path ith. The vector ¢/(Q) and e,(Q)
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Figure 7: Example of bow tie positions on a mobile device.

are, respectively, the transmitted and received unit spatial
signatures along the direction, A, is the wavelength of the
center frequency in the whole signal bandwidth. A; is the
normalized transmit antenna separation, and A, is the
normalized receive antenna separation. Note that the authors
use (9)—(11) as presented in [13].

Then, the MIMO capacity C using equal-power alloca-
tion can be expressed by [14]

H

Czlogzdet(l+ %), (13)
t

where p denotes the received signal-to-noise ratio (SNR) and
() denotes the complex conjugate transpose.

There are many algorithms to find the best optimal
solution for our problem. The exhaustive search is well
known as the simplest algorithm. It verifies all possible
combinations of optimized parameters and therefore can
definitely find the best possible solution. But the time
required for exhaustive search increases rapidly when the
number of parameters increases. Instead, GA method is
a search algorithm based on the mechanics of natural
selection and natural genetics. They combine survival of the
fittest among candidates with a structured yet randomized
information exchange. This method uses genetics terms
like fitness, population, generation, mutation, gene, and so
forth. In contrast to random search methods, GA method
is no simple random walk. It efficiently exploits historical
information to speculate on new search points with expected
improved performance. Its goal is to find a population of
trading strategies with the best fitness (optimization criteria
values). GA method combines the best characteristics of
other optimization methods such as fast convergence that
does not depend on properties of optimization criteria like
smoothness and robustness. Figure 8 shows the flowchart of
GA method and Figure 9 shows the example of GA fitness
output versus iteration time (generation).

The objective function which determines the optimiza-
tion goal is called the fitness function. The goal of this
design in determining the design parameter is to solve for
the optimal antennas positions. The design parameter is
a distance (d;j) between antenna elements. The maximum
channel capacity can be achieved by considering the effect

Initial population

Fitness function
Select
Crossover

Mutation

Figure 8: Flow chart of GA method.

Best: —21.0451 mean: —21.0443

Fitness value
|
)
=]
N

0 20 40 60 80 100
Generation

* Best fitness
* Mean fitness

Figure 9: Example of GA simulations.

of mutual coupling between antenna elements. The fitness
function can be determined by using MIMO capacity given
in (13).

6. Results and Discussion

6.1. Deterministic Channel. The simulations of GA method
to find the optimal antenna positions on a mobile device
are undertaken by MATLAB programming. Basic parameters
of evolving process are set as follows. The crossover and
mutational probabilities are 0.8 and 0.2, respectively. The
population includes 200 individuals. The number of gener-
ations is 150. Figure 9 shows an example of GA simulation.
In this figure the optimal solution is achieved after 125
generations. This solution provides the coordination of
either three or four antennas described as case (b) in Tables
1 and 2, respectively.
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TaBLE 1: Antenna positions of 3 x 3 MIMO system.
5 Position of antenna coordinate (x,y): mm
Antenna (1) Antenna (2) Antenna (3)
(a) Corner
:monopole 5,5 55, 60 5,115
:bow tie 6,9 34, 50 6,91
(b) GA
:monopole 56, 8 19, 59 3 117
:bow tie 33.5,10.15 19.4, 50.25 759235
(c) Linear
:monopole 30,5 30,.31.2 30,57.4
:bow tie 20,9 20,35.2 20,61.4
(d) Random
:monopole 17,35 34, 48 15,62
:bow tie 17,35 34, 48 15,62
TaBLE 2: Antenna positions of 4 x 4 MIMO system.
454 Cases Position of antenna coordinate (x,y): mm
Antenna  Antenna  Antenna  Antenna
@ @ 3) (4)
(a) Corner
:monopole 555 55,5 5115 55,115
:bow tie 6,9 34,9 6,91 34,91
(b) GA
:monopole 4,7 48.25,15 13,97.75 45.5,118.5
:bow tie 75; 11225° 31:15;21 8755825 30:5;92.5
(c) Linear
:monopole 30, 5 30,31.2 30, 57.4 30, 83.6
:bow tie 20,9 20,35.2 20,61.4 20,87.6
(d) Random
:monopole 17,35 34, 48 15,62 50,76
:bow tie 17,35 34, 48 15, 62 30, 76

The other cases detailed in Tables 1 and 2 are as follows:
case (a) each antenna is located at the corners, case (¢) a
linear antenna array is spaced by a half wave length, and case
(d) all antennas are randomly located. All cases are illustrated
in Figures 10 and 11 for 3 X 3 and 4 X 4 MIMO systems,
respectively.

For measurements, the antenna impedances are mea-
sured by Agilent 8722D Network Analyzer. From Figure 12 to
Figure 15, the results of case (b) provide the highest capacity
than any other case. Both 3 X 3 and 4 X 4 results indicate a
similar trend that antenna positions from GA optimization
offer the best capacity performance.

For bow tie results, the antenna and mutual impedances
are evaluated by using a CST Microwave Studio program.
Then all impedances are collected into one file which
MATLAB can read and use the data to find the optimal
position. Both monopole and bow tie results reveal that
case (b) provides the highest capacity in comparison with
other cases. In turn, case (d) gives the lowest capacity. This
confirms that the right antenna position is necessary to be
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Ficure 10: Four cases of three antenna arrangements on mobile
device, for both monopole and bow tie antennas.
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Ficure 11: Four cases of four antenna arrangements on mobile
device, for both monopole and bow tie antennas.

designed in order to achieve a good MIMO capacity. The
results in these figures are also point that the differences
between corner and GA cases are not that much. This fact can
be interpreted easily, since the larger the antennas’ separation
is, the more capacity we achieve [15].

However, it is more difficult to locate the separation
between antennas by eye decision for more complex areas
or more number of antennas. Thus, the use of GA search
method still provides the reliable solutions for those situ-
ations. Note that the results in this section are presented
under the deterministic channel. Both monopole and bow
tie antennas provide the similar trend within the same
range of channel capacity. Hence, only monopole results are
presented in the next section.

6.2. Nondeterministic Channel. The simulations of GA
method to find the optimal antenna positions on a limited
area are undertaken by MATLAB programming. The GA
solution provides the coordination of four antennas which
offers the best capacity under all possible positions on
limited dimension. The channel fading environments are
simulated by changing the conditions of angle spreads at
transmitter and receiver. Figure 16 shows the amplitude of
channel coefficients of four channel conditions as (i) 360°
spread at transmitter, 360° spread at receiver, (ii) 360° spread
at transmitter, and 60° spread at receiver, (iii) 60° spread
at transmitter, 360° spread at receiver, (iv) 60° spread at
transmitter, 60° spread at receiver. To confirm whether GA
can find the best antenna positions, the authors compared
the channel capacities between GA and other possible
positions. The results in the previous section indicate that the
solution from GA always offers the best capacity. However,
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Fioure 12: The monopole results of the average 3 x 3 MIMO
capacity versus SNR in dB.
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Frgure 13: The bow tie results of the average 3 x 3 MIMO capacity
versus SNR in dB.

this fact is based on the deterministic condition of channel
which is the input of GA method.

The parameters used to simulate the channels are given as
follows. The distance between transmit and receive antennas
is 100m. The operating frequency is set on 2.45 GHz and
both A; and A, are equal to 0.5. There are 20 physical paths
between the transmitter and receiver in which the scatters are
surrounding within 10 meters of transmitter or receiver. Each
path has a random attenuation «; in a range of 0 to 1. Both
arrival (Q := cos¢y;) and departure angles (Qg := cos ¢s)
are uniformly distributed within the range of angle spread.

In this section, the four channel conditions are consid-
ered and the optimal antenna positions obtained by GA
are presented in Table 3. Please note that the positions in
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Ficure 14: The monopole results of the average 4 x 4 MIMO
capacity versus the SNR in dB.
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Ficure 15: The bow tie results of the average 4 x 4 MIMO capacity
versus SNR in dB.

TasLE 3: Antenna positions of 4 < 4 MIMO system obtained by GA
in various channel conditions, for monopole antennas.

Channel Positions of antennas, coordinate (x,y): mm
condition Antenna  Antenna  Antenna  Antenna
(1) (2) 3) “)
(i) 360-360 11.9,14.1 59.9,1.8 16.5,97.1 46.8,105.0
(ii) 360-60 16.5,19.4 493,125 199,952 48.2,97.8
(iii) 60-360 14.1,16.7 52.5,8.1 16.8,99.4 44.2,945
(iv) 60-60 164,104 51.9,12.4 15.6,89.0 47.4,87.6
Average 14.7,15.1 53.4,8.7 172,952 46.7,96.2

Tables 3 and 2 for GA are not the same. This is because the
deterministic channel in the previous section is generated
with the different random set of 360-360 fading channels. It
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F1GURE 16: The amplitudes of fading channel coefficients.
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Figure 17: The cumulative distribution function of 4 x 4 MIMO
capacity at channel condition (i).

is also noticed that the different channel conditions provide
the different coordination of antennas. The results emphasize
that to design the suitable antenna positions according to
channel conditions is very important. However, the channels
of mobile users are always changed by time and unpre-
dictable. Hence, this paper proposes the averaging solutions
to be used as the case of nondeterministic situation. By
averaging all antenna positions from four channel conditions
given in Table 3, the average solution is achieved. Next, the
investigation on the average solution is undertaken.

Firstly, four antennas are manufactured according to all
positions given in Table 3. Then, the antenna impedances
including mutual impedances are measured by Agilent
8722D Network Analyzer. These impedances are the input
parameters of MATLAB programming to calculate the chan-
nel capacity. Figures 17, 18, 19 and 20 show the cumulative
distribution function of channel capacity when using all
solutions given in Table 3 for channel condition (i), (i), (iii),
and (iv), respectively. The results indicate that the solution
from the same condition of channels offer the best capacity
in comparing with the others. However, the average solution
still provides the high capacity with 0.2—1.7 bps/Hz less than
the highest one and 0.8-5.1 bps/Hz more than the lowest one.
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Figure 18: The cumulative distribution function of 4 % 4 MIMO
capacity at channel condition (ii).
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Fieure 19: The cumulative distribution function of 4 x 4 MIMO
capacity at channel condition (iii).

Therefore, the average solution should be appropriated to be
practically used for implementing 4 X 4 MIMO system on
mobile handset.

7. Conclusion

In this paper, the optimal antenna positions on a mobile
device for MIMO systems are presented by using genetic
algorithm. The success of proposed method is confirmed by
both deterministic and nondeterministic channels. Also in
the paper, two types of antennas are constructed and tested to

Cumulative distribution function

Capacity (bits/s/Hz)
——- 360-360 — 60-60
—————— 360-60 -—--- Average
—-— 60-360

Freure 20: The cumulative distribution function of 4 x 4 MIMO
capacity at channel condition (iv).

support the proposed concept for 3 X 3 and 4 X 4 MIMO sys-
tems. This investigation reveals an interesting antenna layout
for implementing MIMO systems on a mobile device in prac-
tice. For nondeterministic channel, the experimental results
indicate that the averaging approach of all solutions obtained
from different channel conditions can provide the compro-
mised benefits. Also, the paper suggests the MIMO designers
to include the concern of channel conditions when MIMO
antennas are practically manufactured for mobile handset.
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