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728  Outline — Antenna theory

m Introduction:
e Trends in mobile communications

m Mutual coupling models for antenna arrays
e Impedance matrix, open-circuit voltage
e Active element pattern
e Dedicated models for uniform circular arrays (UCA)
+ Phase modes
» Coupling matrix
+ Spherical modes
+ Double Fourier transform
+ Spherical waves
e Dedicated model for UCA with center element
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728 Outline - Applications

m Direction-of-arrival (DOA) estimation

e Active element MUItiple-Signal Classification
(MUSIC) algorithm

e DOA-estimation with UCAs
«+ In azimuth: real-beamspace root-MUSIC
+ In azimuth and elevation: UCA-RARE + root-MUSIC

m Performance of MIMO-systems
e Effect of antenna correlation in UCAs
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783 Outline — New antennas

m Design of wearable antennas
e Conductive and non-conductive textile materials
e Antenna characteristics
e Effect of bending
e Presence of human body

m Conclusions
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| 72%:®\Trends in mobile communications .

m Broadband wireless applications for a wide range of
mobile users require larger mobile channel capacity

m Advanced modulation and coding schemes (e.g. Turbo
coding) have reached theoretical limit (Shannon capacity)

m Multi-antenna systems (antenna array + signal
processing) increase the Shannon capacity and
accommodate more broadband wireless users

m Antennas and propagation characteristics of the wireless
link must be included to obtain optimal performance

m Antenna systems should be compact, flexible and
integrated in the complete system, making them invisible
to the mobile user
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%/ U NMutual coupling in wireless systems
/ GENT L

m Antenna arrays suffer from mutual coupling and
shadowing effects due to near-field scatterers
e Accurate but efficient antenna array models required!

m Mutual coupling models for antenna arrays
Impedance matrix, open-circuit voltage
Active element pattern
Dedicated models for uniform circular arrays (UCA)
+ Phase modes
» Coupling matrix
+ Spherical modes
« Double Fourier transform
« Spherical waves
Dedicated model for UCA with center element
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m Transmit mode: impedance matrix, radiation pattern
e Geometry of ULA/UCA with two antenna elements

Z

Vo

PR |
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%’ w% &Mutual coupling models for antenna arrays ,,
/ GENT ; b

m Transmit mode: impedance matrix, radiation pattern
e Circuit equivalent for two antenna element ULA/UCA

I 1
port,

e circuit elements: At each porti :

1. antenna radiation impedance Z;
(# radiation impedance of stand-alone element)

2. voltage source Z; |; proportional to current in other antenna element j
e elements found by exciting each port with 1A current source
+ other ports 0A (open circuited)
— radiation pattern F(9, ¢ ) at each port i
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%’ w% R Mutual coupling models for antenna arrays o

m Transmit mode: impedance matrix, open-circuit voltage
e Circuit equivalent for two antenna element ULA/UCA

| MZply 2yl

. 1\) VLG Vz'o

e Invoking reciprocity yields at each port i :

1. identical impedances Z; as in transmit mode

2. open-circuit voltage V, ; related to radiation pattern F(6, ¢):

Vialt, é) = —i?i}:""'w.o; Fi(f, &)
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%’ B #\Mutual coupling models for antenna arrays .
m Active element pattern

e Radiation pattern
« ldeal current sources as feeds at antenna terminals
« 1A current source at one antenna terminal
+ Other terminals open-circuited
— not very physical at high frequencies
e Active element pattern
+ Thévenin equivalent for feeds at antenna terminals
+ 1V voltage source + Z, at one antenna terminal
+ Others terminals terminated by load 7,
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%’ wﬁ%m N _:'utual coupling models for antenna arrays o

a Dedicated model for uniform circular arrays
e Geometry of a UCA

‘I__F_rl
.

e P identical elements

e rotational invariance: -
Vio(6, ) =V, 4(0, ¢ — 2n/P) + circulant impedance matrix Z
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%/ ol N utual coupling models for antenna arrays ., o
a Dedicated model for uniform circular arrays

e Phase modes

« Expand radiation pattern and open-circuit voltages into
Fourier series of phase-modes in ¢:

+M
Fi(6,0) = ) Fin(0)e™?
m=—M
+M
Vi0(6,9) = Z Ve . (0)e™?
=M
» Rotational symmetry ylelds
+M
Fj(gﬂ ¢) 1(9 ¢ ¢J‘ + (25;) - Z Fz m e)ejm(¢—¢j+¢'f)
m=—M
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m Dedicated model for uniform circular arrays

e Phase modes

« Fourier series expansion reduces impedance matrix Z to
phase-sequence impedances

tual coupling models for antenna arrays

L
Z’¢ _ Z _jfnihr(x—!}
m i€ )
=1

b

e phase-mode voltages V(_f_,,,
and phase-sequence impedances £,

independent of port number i

Vg e imo, . .
,m e no coupling between models for different

mode order 17t
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m Dedicated model for uniform circular arrays

e Phase modes for the scalar case
«» Simplifications
— currents on antenna elements z-oriented:
current density C(r, ¢, z) = C(r, ¢, z)u.
— radiation pattern in azimuth (xy-)plane z-oriented
+ linear polarization: F; (6, @) = F;(¢)u,

utual coupling models for antenna arrays o

X
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%’ B #\Mutual coupling models for antenna arrays .
m Dedicated model for uniform circular arrays

e Phase modes for the scalar case

+ Following property holds between far-field and antenna-
current on aperture with radius R=r;

, jwpgsing [T 2T ) . o )
F(.'r(g) = L= f ] fc(_r, {-.'9;, Z)C‘;A:“(r sin @ cos(d—' )42 cos H)C—Jr:u,ﬁ (I(b*dzd(b
2r o=0Jpr=0.:

m
2

= —j" Vg sin 0.1, (korsin 0) / Clr,d', z)(f_j”"‘"rcﬂ““z cosl o' dz
. J-

' =0

1. phase-mode component F¢ relates to phase mode
current component of same order

2. |F2| quickly decreases when phase-mode order m > k,R
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m Dedicated model for uniform circular arrays

e Number of phase modes
+ An accurate description is obtained when the number of
phase modes is much larger than the electrical dimensions
of the UCA: M >> Kk, R (ko = 21/A)

i |— +M
! -I' - - e Fi(0,0) = Z Fo . (0)ed™?
- o ’
_T' . m=—M
e v
I \
\ | +M
. b viee.9)= Y V.0
I“ & yem— M
- -
-
I X
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a Dedicated model for uniform circular arrays
e Example 1: Array of two vertical dipoles

tual coupling models for antenna arrays

e two thin-dipole antennas tuned to 900MHz (dipole length [ = 16.12cm)

e element spacing J = f—’{m %)

N

[ (73.058600 — 1.215010;)€  (67.785100 + 2.539880;)12
(67.785100 + 2.5398805)©  (73.058600 — 1.215010;)$2

e element spacing § = [(~ 3 ):

N

[ (72.531900 + 1.3684607)Q  (—12.124400 — 30.453400;)2
(—12.124400 — 30.4534005)Q  (72.531900 + 1.368460;)Q

—+ Z 15 larger for smaller spacing between antennas
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a Dedicated model for uniform circular arrays
e Example 1: Array of two vertical dipoles

utual coupling models for antenna arrays o

012 — .- ' - -~ "

g
0.109 U5 spacing a1
| spacing
0.108+
aoa
0107
0.106 bl
0.105; ooe
0.104 -,
anzf | |
0103 5% 0 150 0 20 300 350 I‘ I
o n ]
) . . Se -a ry ey -z o 2 ry [ B 1)
Open-circuit voltage |V 1| i
P : Fi
— pattern not fully omnidirectional! Phase mode voltages |V{)" |
— # relevant pase modes /" when spacing "
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%/ B, R\WMutual coupling models for antenna arrays ,\-
a Dedicated model for uniform circular arrays |
e Construction of a coupling matrix
+ All ports loaded by termination Z, )
Lme—xmo,

dl

b Zo

"Z...ml[ﬂ} = m ll m{ ::I

:

+ Response of ideal array

NG 1
Vi (0.0) = vy (0.0)

. H N, —1im T
(E._J'J'.'..r cosl ) {_._.ik"r' o e — -f;-’ri] ',_j.ﬂ'“rﬂl.'-h}— ﬁ-‘,"_ ])

(Vg meime.
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%/ . #\\Mutual coupling models for antenna arrays o
a Dedicated model for uniform circular arrays

¢ Relate ideal array response to real array response
+ 0 fixed !!
+ For each phase mode m, we define Zj,; '

50 = =2 (0) = —ie YN
5 T (i XE (i
er: + z[l zﬁr( 1c) + -Z[J

+ Definition coupling matrix ¢
f\(
V2,(0.0) =T - V5 (6,0)

= Z(Zyie + ZoI) 7" - Vgcll{é, f)

» Accurate compensation for mutual coupling when
number of elements in UCA sufficiently large
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%’ B #\Mutual coupling models for antenna arrays .
m Dedicated model for uniform circular arrays

e Spherical modes for the scalar case

« Expand phase mode components F)% into series of
associated Legendre ponnomiaIs

+
Fo(6) = Hinﬁz Frfj ‘fr lml{cmﬂ
n=I(

+ Relation between current density and radiation pattern

e
fe() S 2

= (~1)F(—j)" Iw'ﬂu[! R e e

)?‘-‘"‘”ﬂ'o dz

+ Number of spherical modes N limited by electrical
dimensions of UCA: N >> ko\/72 + 22,,,

2w kg
Fol — gme 1u._uuf Clr,¢'.2) [[ J',N[LUJ*-.m9)(*‘;‘""‘”‘apl”'l((l)w9}511191f9:| A g dy
& Jo=0
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n Dedlcated model for uniform circular arrays

e Spherical modes for the scalar case
« Expansion of radiation pattern

+M N
F(6.0) = sing Z Z 1‘,'_,: 'ELP"”"I (cos ) g
m=— N n=0
J{m(:—jnrr,"),-
port; >
A

m

&
| ——
| |

Z Vil Pl (cos 8)e ™ sin @

1
1
1
1
1
1
1
1
]
1
: n=0

e
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%/ B #\\Mutual coupling models for antenna arrays ﬁ .
m Dedicated model for uniform circular arrays
e Example 2: Nine vertical dipoles in UCA constellation
z

x | |
‘/l/I/ I A

« frequency: 900 MHz

« R=A/4

« dipole length | = 16.12cm = A/2

- additional short-circuited dipole (platform effect)
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%’ %ﬂ &Mutual coupling models for antenna arrays o
m Dedicated model for uniform circular arrays
e Example 2: Nine vertical dipoles in UCA constellation

spherical-mode coefficients | £ |

w,

+M=4N=3
+ 36 coefficients describe EM-behavior UCA in full detail at all
antenna ports
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%/ ol N utual coupling models for antenna arrays ., o
a Dedicated model for uniform circular arrays

e Phase-mode expansion in @ for the scalar case
+ Define the modified radiation pattern:
F(#.p) when 0<f<7m O<p<mw
G(ﬁ' \j} =
—F(2r—60,m+¢) when w<8<27
+ Now expand @ into Fourier series

n=+o0c

GO.9)= D galp)e™

TN==00

+ Following identity holds (a = ky/22 + R2 cos (¢ — ¢')* )
n 1
Inlp) = / [C(R " 2) (o1 (@)e D8 L g (@)e VDR dp'd e

— decomposition into I|m|ted number of phase modes in 0
for N > k/R?>+ 22

rar
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%/ ol N utual coupling models for antenna arrays ., o
a Dedicated model for uniform circular arrays

e Double Fourier expansion for the scalar case

» Double Fourier expansion of modified radiation pattern:
A N

G0, p) = Z Z Frpe™(E=01) gind

m=—M n=—N

+ Limited number of terms M and N
M > kR

N>kyvVR?+22,,.+1
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%’ w%m NMutual coupling models for antenna arrays Q0%

= Dedicated model for uniform circular arrays
e Example 2: Nine vertical dipoles in UCA constellation

double Fourier coefficients | £, |

+ M= 4;N+1=4
+ 45 coefficients describe EM behaV|or UCA in full detail at all
antenna ports
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%’ w%m Mutual coupling models for antenna arrays o
a Dedicated model for uniform circular arrays

e Spherical-wave expansion of the radiation vector
+ Expansion forF-(qb 0) = (Fi.o(0,0), Fi0(0,0))

||
B 6.0 mPy" (cos0) o0 APy (cosB)
(1) fﬂ J ‘; A” m ‘,]1_19 B” m da
+00 || ) ||
1P, '(cosf) s 9 mPn (cosf)
0) Ago T BT | g T PR
ﬂ 'm{ nz:l [ T 46 + T sinf

+ Determination of spherical-wave coefficients

APY = 20+ 1)(n = mD! JmF]
: C2n(n A+ D(n+ m))! oy &

AP (cos )

|m| 5 o
(O) P (cos0) — Fy, (0) ="

sin 0} b

[m]
(2Zn+1)(n - |m|)! 7 AP (cos )
B —JMH_I—HW - m(ﬂ}”(i sing — jmky (8)P (cos )| do.
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%’ B #\Mutual coupling models for antenna arrays .
m Dedicated model for uniform circular arrays
e Spherical-wave expansion of the open-circuit voltage

+ Horizontally polarized incoming plane wave (unit amplitude)

+ A .
Vile.o)= 3 viheo)eme

m=—M

N +1 || |m
20 mP, " (cosf) dp" {((m )
— E E B ul] _;mo
I‘)( [ (411 m SiIl’H + Bli m IH

n=1 Lm=-n

+ Vertically polarized incoming plane wave (unit amplitude)
+ M

Vi)=Y vileeme

m=—M

_ 2N RR (peo @R 0s0) | pio mP(0sO) | s
- R, {Z (‘4“-"‘ i +Bn.rn sinf €

“ n=1 Lm==n
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%:; w%m
[ Dedlcated model for uniform circular arrays
e Example 3: Four-element array of tilted dipoles

- frequency: 900 MHz
« Distance between adjacent elements = 0.86 A
« dipole length | = 16.12cm = A/2
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E
m Dedicated model for uniform circular arrays

e Example 3: Four-element array of tilted dipoles
tilt angle ¢ = 0°‘

@« \Mutual coupling models for antenna arrays .&-

|A®S [ -
B

|| 4m,m

@8
~ |B|nr|+u-na|

~

YN _ @0 _ .
+ Symmetry: A"\ =0, forn even, B =0, for n odd
State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 31
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% / @a " utual coupling models for antenna arrays .&.
m Dedicated model for uniform circular arrays
e Example 3: Four-element array of tilted dipoles
tilt angle ¢ = 30

|A®S [

|| 4m,m

A

VA A A A A A A AV A

« Overall dimensions increase as tilt angle increases
— components with larger m and n values gain in importance
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% ; @a SMutual coupling models for antenna arrays -' \
m Dedicated model for uniform circular arrays

e Example 3: Four-element array of tilted dipoles
tilt angle ¢ = 759

e
-~ .0 T #.,0
N - | s
/:\\\\\ |’1|m|—n,m| 7 \4‘/(\}\\\‘ |B|.,.|+u,m|
TS r Yoo
I DR A | !
,‘\L~L4\\ ~ [ |
/“\Liqq\\‘\ | | ‘
BN RN L
NN DL |
/\—\Li NI !
I RN A !
PSRN T g |
B N R AT B
/\—\Lijq\‘ ~ 10 | !
{\14\‘ 1> _ |
q\‘ {:\ |
I
VNSRS
NN
NN
N
<

» Relevant coefficients for-7Om O 7and 00O n O 9
— 150 coefficients describe all coupling effects
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% / @a SMutual coupling models for antenna arrays -'
m Dedicated model for uniform circular arrays
e Example 3: Four-element array of tilted dipoles
ltilt angle ¢ = 907

-~ -
PSS g R S RS b0
I~ a7 A * L
PR |’1|m|—n,m| PR S TN | |m|+u,m|
_r /VA/V\k\" ~ e — )//‘ PA NN
S i SR SN NN R e S R
o AT AT AT N S . NN
oo - L v v S
wol1 = F N = = NS
o= © Sy N 1 IR
v I~ ~ = N
oAy N . NN
= I~ ~ |- N ~
¢ N C RN
i A N = I
oo 4 S [ PRI
oue N s LNy
oo \\ . ‘/J, kL{‘l\‘\\
occz N Tk (i‘l\‘\\
T S N
N ; N
N N
N N
N
~
~

. AP0 — @0 _
¢ Symmetry A|m.|+n_.m. - O’ for n Odd’ B|m|+1¢,m =0
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%’ w%m NMutual coupling models for antenna arrays Q0%

= Dedicated model for uniform circular arrays

e Number of spherical-wave coefficients
+ Rule of thumb for 0.1% accuracy

d
N = [43 +4]

+ Total number of spherical-wave coefficients

2([45 + 41)([45 + 61)

« Examples
—d=2X :160 coefficients
—d = 2) : 336 coefficients
— Classical approach: 2x360x180 coefficients

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier
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%’ w%m NMutual coupling models for antenna arrays o

m Dedlcated model for UCA with center element
e Geometry of UCA with center element

+ P-1 identical outer elements:
-labels 2, ..., P z 4
- rotational symmetry

Vo.i(b. o) = Voo(0,0 — (i —
z'=‘2,...,P. "t y .

« center element: :
- label 1 . ~, R

- rotational symmetry

27 P
Vo (8. 0) = Voa(0,0 — 1-1) ’

()
Yok

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier
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%’ wﬁ%m \ utual coupling models for antenna arrays o
n Dedlcated model for UCA with center element

e Impedance matrix Z

Zi |Zl.2l1><(N—1)

Zl,2l(N—l)x] Zoutcr

+ Zouter IS a circulant matrix

e Phase-mode decomposition of voltages and impedances
+A

Vo.i(8.6) = Z Vi (8™ M=[4§+41
z

j!.'rlrultl—l—nl
= =1
CHLILET 2R E £|.|||q| i—1,mC

e center element only contributes to modes of order | (P - 1)

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 37
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%:; w%m
a Dedlcated model for UCA with center element

e Circuit model in receive mode
+ for phase modes of the orders | (P-1) (1=0,1,...).

4
LI{P-1) ‘2!{!’ 1)

»> 1 >
__nnerport (port 1) | 124 ~ ouerpon| 70

i ' “outer,

E"";;J.MP—H(H} Zo '? (P - 1)21-2‘r§.rtp.-1a L"7?..,2.”:’-1]'['*') ™ 2, 2l H{P-1)

Zo||
: [ | )
: O] 1’11?1,;(11—1;(”} : [=== (D) Vozip-)(8)

+ Coupling between center element and outer antennas
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%’ ol N utual coupling models for antenna arrays R
n Dedlcated model for UCA with center element
e Circuit model in receive mode
+ for phase modes of the order m, different from | (P - 1).

L] —jmg;
1'2_,”_(3

outer port

ZG«'

: outer,m
' Vinam(®) | Zo [
i 1'/U(T’.Z ,”(9)

+ no coupling between center element and outer antennas

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 39
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%/ ., Smart antenna and MIMO systems

m Accounting for real antenna
characteristics increases performance of
smart antenna and MIMO systems

m Direction-of-arrival (DOA) estimation

e Active element MUItiple-Signal Classification
(MUSIC) algorithm

e DOA-estimation with UCAs
+ In azimuth: real-beamspace root-MUSIC
+ In azimuth and elevation: UCA-RARE + root-MUSIC

m Performance of MIMO-systems
e Effect of antenna correlation in UCAs

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 40
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| 743\ Dircction-of-arrival estimation

Active element MUSIC algorithm

e Consider L source signals s,(n) impinging on the array from DOAs
(6, ¢,) in presence of AWGN n(n)

e Data samples x(n) at antenna terminals (all loaded by Z,):
L
x(n) = Z Vi, (0, &) si(n) +n(n)

=1
e Definition of SNR!

« Signal processing definition only includes receiver noise
(no antenna characteristics)

\ E[|Vz,;(n)?]
SNR = =2 7 ]
E[[nj(n)/?]
+ We include effects of mismatch

E[|V::,j(ll)|2] ’ open-circuit voltage V, ;> V;_;
SNR = —— > ) 0.
E[[nj(n)?]
State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 41
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% R\ Direction-of-arrival estimation

m Active-element MUSIC algorithm
e Data correlation matrix R, = E[x[n]x”{n}l
e Eigenvalue decomposition or SVD yields

] — =  —H - _ —H
R, = Eg, A5 . ES + En - AN . EN

==l

5 signal subspace : Span Es = Span [Vg, (8, ¢1), ..., Vz, (0oL
A= - diagonal matrix containing signal powers
E 5 noise subspace :

E_\f-: diagonal matrix containing noise powers
ENJ_ Es = VZU(Q,(JS) -EN =0 for¢=¢
DOAs found as peaks in MUSIC spectrum

1
Puusic(0,¢) = —
V2,(0.0) - Ex

2
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| 743\ Dircction-of-arrival estimation

m Example: Planar array

Vo
W m elliptically polarized patch antennas
vi % uf=525GHz
1 m characterization through active element patterns
mZ,=2,=23=2,=2,
State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 43
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| 743\ Dircction-of-arrival estimation .2
m Effect of mutual coupling on DOA estimation
o MUSIC spectrum for three arrays with different spacings between the elements:
1o° ¢, =0° ¢, =15°.. @ . “__a.rray 1.

10" l

|
It

array 2

array 3

e . i S

=100 =50 0 50 100
8

e correct DOA estimates in the presence mutual coupling, finer peaks for larger arrays
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| 743\ DOA estimation of ¢ with UCAs
m Compact description of EM coupling effects

e Coupling matrix (:3 for fixed elevation angle

Vz,(0.0)=C- VE?:CJ[@-_ 0)

+ Dimensions : N, x N, (N, = number of array elements)

+ Description only accurate for
N, >> electrical dimensions array

e DOAs found as peaks in MUSIC spectrum
1

Pyusic(t,¢) = — o) —3
= NC ) =
C- VZ“ (Ig, Q) . EN
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| 743\ DOA estimation of ¢ with UCAs
m Example: Dual-band UCA

CI e
?:3.-'"‘"_' '_"‘E;--.__\_ r=0.57 em
- [o BN
A “@G
."J L‘-\
G@ 9] .08 cm "~.!
DICE}D Bt om F 1%25 cm
Lo ?;
o® o/
N0 g
@, o -
e N o
o 1.3 <m

nine—element UCA comaellation ZO =500 sleeve dpole

Antennas matched to 900 MHz and 1800 MHz
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m Coupling matrix for UCA with 9 elements

©
oS
S
=
T
N

ocaf {1 « All relevant components

included

| « Example: 2 DOAs
$,= 55°, §,= 65°

— equal source power

— 10000 bit pseudo-random
sequences,
SNR=10dB
— Ensemble of 500 sequences
S - ' — Estimates:

N

$,= 55.02°, §,= 64.97°

005

1
1
e sae] + Compensation for phase
l_'timg it mode orders -4 O m O 4
1
1
1
1
1
1
1
1
]
1
1
1
1
1
1
1

Corrected by coupling matrix
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| 743\ DOA estimation of ¢ with UCAs
m Coupling matrix for dual-band UCA

1800 MHz ! + Compensation for phase

B i) mode orders -4 O m O 4
= pensated

1 « Not all relevant components
| included
+ Example: 2 DOAs
¢,=55°, ¢,= 65°
— 9 elements: no peaks found
— 11 elements:
N N
$,=56.0°, ¢,=63.9°
— 13 elements;
#,=55.0°, ¢,=65.0°

Improved mutual coupling
compensation by increasing
number of elements

Corrected by coupling matrix
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| 728\ DOA estimation of ¢ with UCAs .

m Real beamspace MUSIC algorithm for UCAs
e Exciting phase modes in a UCA

e N element UCA can excite phase modes up to the order [ X |

e beamforming vector for phase mode 112:

1 e i 2w N=1)m
H _ 745 T
wm—ﬁ[l,e NT,...,e€ N ]
e according to Nyquist's sampling theorem, far-field pattern is not monomodal, but
+oo
w = @ Jlm+Nk)o
Fm (9) - Z Fl,m+ NF.-(G)F”
k=—00
o Fi.(0) = F],, for N > kor
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| 743\ DOA estimation of ¢ with UCASs .
m Real beamspace MUSIC algorithm for UCAs
e Beamspace transformation of data vector

T — —=H
= \/1'\_',, |iw_,q,r3 s EWnE s EW;\I“

“{ﬁ] = I'li.&lg[r: -I/ri;.:'.\r':"’”

2l =

eIV (@)

‘‘‘‘‘

W = \/% [v(a-_,u)f cov(ag )i fv(a-_.u)}

v(p) = [e7IMo L elM M’ =2M +1and a; = 2%
1. ? uses beamformers w,,, to transform to phase-mode voltages VJ:’,“,

(in case of load Zj: ﬁ*ﬁ‘/’n,m)
2. ?t(ﬂ) transforms to a centro-Hermitian (X ny;_; = X, i = 1,..., N) manifold,
3. W transforms to a real manifold b(f. o).
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| 743\ DOA estimation of ¢ with UCAs
= Real beamspace MUSIC algorithm for UCAs

o Noise subspace E y constructed by real eigenvalue decomposition of
Re(Ry) = Re(Ely(t)y" (1))

e Real-valued beamspace manifold (open-circuit case)

£0.0) = /25 [1Veol +2 Xm0y Vi cos(mo))

e DOAs: peaks in MUSIC spectrum:

1
PRB—I\-'IUSIC(ga ff)) = — 2
b(6,6) - B
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| 743\ DOA estimation of ¢ with UCAs
m Real beamspace root-MUSIC for UCAs

— 2
e The MUSIC function |b(9, o) - EN‘ can be written as
M -1
V(g,0)= > ag(h)e"?
I=—M'+1

e Setting z = el results in polynomial equation

e roots z,closest to unit circle yield azimuth estimates for DOAs
¢; = arg(z;)

e Extension of root-MUSIC to UCAs with mutual coupling

e benefits from advantages of root-MUSIC,
e.g. lower failure rate for closely spaced sources
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| 74% 3\ DOA estimation of ¢ with UCAs ./, €
m Beamspace MUSIC with 9 element dual-band UCA

+« Compensation for phase

— teamenace MBI . mode orders -4 O m O 4
~ - compensated elemen MUSIC

« All relevant components
o'l | | included

+ Example: 3 DOAs
¢,=55°, ¢,= 95°, ¢,= 143°
— equal source power
— 10000 bit pseudo-random
sequences,
SNR =10 dB
— ensemble of 500 sequences
— accurate estimates with
e beamspace MUSIC and
coupling matrix

| Beamspace MUSIC spectrum @ 900 MHz |

10°
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| 7% 3\ DOA estimation of ¢ with UCAs ./, €
m Beamspace MUSIC with 9 element dual-band UCA

+« Compensation for phase

[ beamspaca MUSIC . mode orders -4 O m O 4

— - compensated element space MUSIC

= dlement spacs MUSIG « Not all relevant components
included

+ Example: 3 DOAs

i ] ¢,=55°, ¢,= 95°, ¢,= 143°

; — equal source power

— 10000 bit pseudo-random
sequences,
SNR =10 dB

— ensemble of 500 sequences

— inaccurate estimates with
beamspace MUSIC and
coupling matrix

| Beamspace MUSIC spectrum @ 1800 MHz |

10°
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m Beamspace MUSIC with 9 element dual-band UCA
e Resolving power of root-MUSIC for UCAs

oot MLUSIC comp MUSIC
N, @ 1] 13 9 1 [}
DO T | SR 0G7) | S5E008%) | B5050AE) | - SEOC(07) | SR
DO 2 | GRDP0LG") | GES0067 ) | 05 0AKET) | = | G057 | GROF(0T)
TABLE W

Duoarnasm UCA: MEAN AND STANBAER BEVIATION Fok DA ssTIsaTion AT IR0 MHE: mscosisa stenals AT 55° axnal

wITH ANE=100E

oot MUSIC
& x 3 1 0
DOA 1| 5SET0A7 | S5A50ET) | SSEY L2 | 5507 (0.027)
DOA 2 | BEOCI0A%) | ATE500E5) | BR2901.27) | G0.0°(0.0F)
PABLE Y

Tl e e R Ear sy oAl s e D0 A MR A AN S TR pEviaT o pom DOA psansesrpoex a1 D300 MHE joR xcous

SIEHALE AT B AR RRY 4 4 winn SNR=1068

"DOA estimation of ¢ with UCAs ﬁ o
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| 723\ 2D DOA estimation with UCAS ..
m UCA-RARE DOA estimation in azimuth angle

- Beamspace data correlation matrix

R = E{Xpeam(t) Xpeam ()"} = Es ASEY + Ey Ay EX
+ Beamspace MUSIC function

favsic(0,9) = ajl ., (0. 0) Ex EX apean (6. ¢)

- Factorization of array manifold

Apeam (0, 0) = T(7) g(0)

(0] =sin@Vi,_, . (0) k=1...M+1,T(z) = 0 1
Q(2) = diag{z~ M, 2~ M+ 272271} I1Q(1/z) 0
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| 74% 3\ 2D DOA estimation with UCAs .}
m UCA-RARE DOA estimation in azimuth angle
+ Factorized beamspace MUSIC function

favsic(O.0) = g™ (0)T" (2) Ey EY T(2) g(6)

+ fuusic = 0 at the required DOAs (6, ¢)
+ As @is unknown, we solve the extended MUSIC function

fA,IUSIC(B, (,O) = CH TH (z) EN Eg T(Z) c=0
» Roots of the 1-D polynomial
Prare(2)z1=1 = det {T(1/2)" Ex EN T(2)} =
yield the estimates for ¢

+ Spurious solutions also satisfy ( A = (T(1/2)” T(z))~!)

Pspur(z )|z|—1 —clet{EH AT(l/z TEs} =0
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| 7™\ 2-D DOA estimation with UCAs

m root-MUSIC DOA estimation in elevation
+Extended array manifold to 6 in [0, 27]
ay(0.,p) for p=10,27],6=][0,7]

b!(ea [19) —
—ai(2m — 8,7+ ) for ¢ =10,2n], 8 = [m,2m|

+Expansion as a double Fourier series (z = ¢'¥, ¢/"? = ")
M

b‘;(el’o) - Z Z fmnz"w"e e dmet

m=—Mn==N
+Beamspace transformation of the extended manifold

bbeam(e ) Wb(ﬂ (,u) (Q)F“’Jl

oA

[F]m+:\f+]..rr+N+J. = fmu ' [w]n-:—f\'+l =cil = H-‘"_ LNES)
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| 74% 3\ 2D DOA estimation with UCAs .}

m root-MUSIC DOA estimation in elevation
+ MUSIC function cast in a form suitable for root-MUSIC

favsic(0.0) = wPQQ" w

with Q = F¥ TH (3,) E v to be evaluated
for each pair of estimates {@;, 9; +7}

- Determination of the roots closest to the unit circle yields
0 € [0,7] = (0%, %)

= [7,27] = (27 — 6,5 +)
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| 7™ 2-D DOA estimation with UCAs .7
= UCA-RARE/root-MUSIC with 9-dipoles UCA
z

X ||

« frequency: 900 MHz

v Z,=73Q

+ 10000-bit pseudo random bit sequences
- Equal source power
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| 743\ 2_D DOA estimation with UCAs
m UCA-RARE/root-MUSIC with 9-dipoles UCA

e Three incoming signals with DOAs (€, ¢)
signal 1: (120°, 0°), signal 2: (50°, 240°), signal 3: (70°, 115°)
e Mean and standard deviation of 500 implementations,

for different SNR levels
UCA-RARE + Root-MUSIC
20dB 10dB 3dB

120.01° (0.19°) 120.09° (0.35°) 120.08° (0.51°)

0.01° (0.07°) 0.02° (0.13°) 0.05° (0.19°)

49.95° (0.18°) 49.94° (0.32°) 49.95° (0.51°)
240.00° (0.14°) 240.01° (0.25°) 240.03° (0.38°)
69.05° (0.22°) 69.94° (0.40°) 69.89° (0.59°)
115.00° (0.04°) 115.00° (0.08°) 115.00° (0.14°)
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| 743\ Performance of MIMO-systems

m Effect of antenna signal correlation in UCAs
e Spatial correlation between antenna signals at terminals i and j
+ Spatial variance between signals V;(6, ¢) and V; (6. ¢)

27 T
o2(i.j) = / / Vi(0. )V (8. 0)f(0.0) do sinb db
é=0J6=0

+ Spatial correlation

W

W i,
- oi(i.j) s f
B = o) )
» Probability density function y
of angles of arrival f(6,¢) -1 . .
— uniform in azimuth plane * .
— uniform over unit sphere | AT .
— Laplacian L . i w .

& T
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| 723\ Performance of MIMO-systems .,
m Effect of antenna signal correlation in UCAs
e Laplacian probability density function of azimuth angle

f(o) = me—ulg—@lj

_ﬁ+§<¢><ﬂ-+£a

&: main DOA
a: measure for
angular spread

180

270
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m Effect of antenna signal correlation in UCAs
e Spatial variance given a Laplacian distribution in azimuth plane
« Expressed as an expansion into phase modes

+M +M
CLQ

Zy Vb jm(E—:
_— —_—V edm(E—¢i)
(1 —eme7) m:Z—:M H:Z—:}U Zo+Zh ™

o2(ij) =

Zi o6 -inemopy L= (10"
Z5 + Z5e Omn ~ a? + (m —n)?

+ Uniform DOA distribution in azimuth plane (a — 0)
+M

HEESY

m=—M

Zo

2
edmb;— i)
Zo + Z2,

f

0,m

« Correlation in absence of mutual coupling agrees with
results in literature
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| 743\ Performance of MIMO-systems

m Effect of antenna signal correlation in UCAs
e Spatial variance given a uniform distribution over the unit sphere
« Expressed as an expansion into spherical waves
— Vertically polarized incoming signals
o o (r || )? Sl i nin 4+ 1) 58 1
2 /| {L o e (m ) '"I]m"'"'lt

- + Af

E . A= -
anlini) = T L

AT
%

+m 3 (ROAGEALS )+ RALLB L)
=1

= RAD Ly Bi0) = R Ly BiSE) )| eomior o)

—Horizontally polarized incoming signals

] a2 Zo P [EX (n+ m)) 56 12 n(n + 1) e
o2 (i) = —=5 - [m B”‘ﬂ, ‘4 (— — |m ) .4:':“1‘|2
V@) =1m 3 s 7zl \ 2w MBI ) 145

400
e i, =i, Y e B
+2m Z (%(Brf.ﬁrnni:-zl.rrr} + se(B:‘:.::?A:rlﬂ—l.m)
l=]

= R(BY o1 mArErd) — R(AG Ly mAr80)) | J 020

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier
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% M, erformance of MIMO-systems .,

m Effect of antenna signal correlation in UCAs
e Spatial variance given a uniform distribution in the azimuth plane

0.25 T T T T T
V-pol, Z;=500 ——
Vepol, Vy ———
Hepol, Zy=3063 - - - -
02 F H H H-pol, Vi «=vreeer |
: omnidirectional —-—-
&
0.15 | r r
® ]
- 5 )
o 3
R.(1.2) A + - -
0.05 | x
0 \ :
0 10 20 30 40 50 60 70 80 90

9
Correlation between antenna elements 1 and 2 for the DOAs uniformly distributed in the azimuth-plane.
Monte-Carlo simulation results: (°): vertical polarization, Z, = 50Q; (¢ ): vertical polarization, open-circuit voltages;
(®): horizontal polarization, Z, = 50Q; (+): horizontal polarization, open-circuit voltages.
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%’-;w%m N Performance of MIMO-systems

m Effect of antenna signal correlation in UCAs
e Spatial variance given a Laplacian distribution in azimuth plane

0.5 T T T T T T T T
048 Loy —rm i mmm m = m o T o
0.46 - : 1 [E
Famm=im" Teounn )
044 foswdmPoti i e B §
042 Frmmsiresiden 5 . 8
R.(1,2) ¥ ¥ I
04 b et L 3 .
i L. y
0.38
0.36 F V-pol, ;=500 —— -
V-pal, Vg ——— g
H-pol, Z;=50£} - - - -
0.34 ||_§0|‘ Vg oveenes
omnidirectional —-—-
032 H i H L A i "
0 10 20 30 40 50 60 T0 80 90

L

Correlation between antenna elements 1 and 2 for Laplacian distribution (a = 3, &= 0°) of DOAs in the azimuth-plane.

Monte-Carlo simulation results: (): vertical polarization, Z, = 50Q; (¢ ): vertical polarization, open-circuit voltages;
(®): horizontal polarization, Z, = 50Q; (+): horizontal polarization, open-circuit voltages.
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m Effect of antenna signal correlation in UCAs
e Spatial variance given a uniform distribution over the unit sphere

Vopal, £y= 5001 —
Vepol, Vy ===
03s Hepol, £g=400] - - - - ]
[ I — -~
03 R nal ——— .*; ] ..
025 :
5 L
n: | :
A1.2) ¥ ;
4+ 1! 3 .
nis - 3 :

ol

LTiL]

0 i} a1 30 4 S0 1] iU a0 M

Monte-Carlo simulation results: (<): vertical polarization, Z, = 50Q; (¢): vertical polarization, open-circuit voltages;
(): vertical polarization, open-circuit voltages of standalone antenna elements, no mutual coupling; (®): horizontal
polarization, Z, = 50Q; (+): horizontal polarization, open-circuit voltages; (¢): horizontal polarization, open-circuit
voltages of stand-alone antenna elements, no mutual coupling.
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| 743\ Performance of MIMO-systems

m Effect of correlation on channel capacity

e Antenna signal correlation affects mean (ergodic) channel
capacity <C>, because of upper bound

(&) Sﬁzloggdet[f+%§]

with R = [Rs(i, 7)] correlation matrix,
p L: average signal-to-noise ratio in each of the L antennas.
e ( = capacity of the mean channel

e Maximum_capacity corresponds to uncorrelated antenna
elements i = 1

Cmax = L 10g2 (1 + ‘E)
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743\ Performance of MIMO-systems ./
m Effect of correlation on channel capacity

R e e e e T
31 r
0T T T T T T T T T T T e e s sy | Reduced channel
) SO, P e kel capacity due to
§ ol antenna cpuplmg
5 0 (spatial
£ correlation)
£ 26
L
25 ¢
V-pol, Z,=500Q0 ——
24 r pov.SOLV —_——
H-pol, Zy=506} - - - -
23 - H.pol,\fu asssanan 7]
" : : : . : A ot
0 10 20 30 40 50 60 70 80 90

g
Capacity of the mean channel, for a Laplacian distribution (a = 3, £=0°)
of DOAs in the azimuth-plane, and for p = 30dB, L = 4
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% R\ Design of wearable antennas

m Personal Health and Ambient Assisted Living applications
require wireless communication link
e Wireless body area networks (WBANS)
e Wireless personal area networks (WPANSs): Bluetooth [1] (IEEE

802.15), WiFi (IEEE 802.11b/g), Wireless USB, and WiMAX (IEEE
802.16a)

e Wireless sensor networks: Zigbee

m Wearable computing systems provide high functionality,
without disturbing comfort and mobility of the person
wearing it

m Textile antennas are flexible, compact and easily
integratable into clothing

m Use of novel electrotextiles together with careful antenna
design provide textile antenna efficiency required for robust
low-power communications
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m Planar antennas most suited

m Presence of ground plane shields antenna radiation from
body

m Suitable choice of textile materials

e Electrotextiles acting as antenna plane and ground plane
+ High conductivity required
— Skin-effect at microwave frequencies!
e Non-conducting textiles acting as substrate

« Sufficiently thick to provide sufficient bandwidth and antenna
efficiency (few mm)

+ Permittivity close to one (garment should mainly consist of air)
+ Low water content to keep losses low

m Accurate characterization of EM properties of textiles is an
issue!

State-of-the-art Antenna Systems in Mobile Communications — Hendrik Rogier p. 72
Information Technology Department — Electromagnetics Group

UNIVERSITEIT
GENT

36



m Rectangular-ring textile antenna
e Covering [2.4-2.485 GHz] ISM band
e Robust to bending
e (nearly) circular polarization

patch (Flectron®) substrate (Fleece)

I. [mm) 49 It [mm] 256
W [mm] 52 & 1.25
Feed point [mm] [{7.9) tan & 0
Slor

I [mm] 8

w [mm] 7

FlecTron® — 1

H ' air
~ FWI- T
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m Measured and simulated return loss

e Design bandwidth large enough to provide robust antenna
characteristics in presence of bending

Return loss

m bandwidth
without bending:
[2.34 — 2.51 GHZz]

min-band return loss
<-11.2dB

Sy, dB

m excitation of two

simulated —— | orthogonal modes
planar antenna ——-— .
40 r bent antenna D= 12 em «----=- provides extra
45 | ! bent antenna D=7.5cm —-—- robustness
2 22 2.4 26 2.8 3
frequency, GHz
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m Simulated antenna gain at 2.45 GHz

e Design bandwidth large enough to provide robust antenna
characteristics in presence of bending
(a) XZ-plane, 2.45 GHz
10— 10

(b) YZ-plane, 2.45 GHz

Gain [dBi]
Gain [dBi]

Mo R

N . . -20 — : - - - . .

-150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
6, deg 6, deg
imensions: |_2,5;D planar antenna L Textie ant
g;gl:(n%p\lsanmemdlmenswns‘ 5730 antenna in air — - » Ser)r(ulne antenna
: -D antenna on ----
3-Dantenna on body 6=42,6=099S/m  Human body
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m Measured antenna gain along broadside direction
e Measured antenna efficiency at least 70%

e No significant decrease in gain when receive antenna is rotated with

respect to transmit antenna
Gain Textile Antenna

R e Ry Crmer eI T
8.
7 L
ﬁ =
5 L
S
a 4T
(o]
3 =
2 =
1 = * -4
ADS-simulated gain -----\
0F ) ) _measured gain q
; combined antenna gain and polarisation mismatch — - —
22 23 2.4 25 26 2.7
frequency, GHz
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Second Workshop on Advanced Computational
Electromagnetics

Ghent — May 3-4, 2006
- Program -
Wednesday, May 3, 2006

8h30 Welcome

9h00 Andreas Cangellaris, University of lllinois at Urbana-Champaign, USA
Model Order Reduction of Finite Element Models of Electromagnetic Systems Using
Krylov Subspace Methods

10h30 Coffee Break

10h45 Dominique Lesselier, Supélec, France
3-D Electromagnetic Inverse Scattering Methodologies with Emphasis on the
Retrieval of Small Objects

12h15 Lunch

14h00 Rob Remis, Delft University of Technology, The Netherlands
Low- and High-Frequency Model-Order Reduction of Electromagnetic Fields

15h30 Coffee Break

15h45 Hendrik Rogier, Ghent University, Belgium
State-of-the-art Antenna Systems in Mobile Communications

Thursday, May 4, 2006

8h30 Welcome

9h00 Andreas Cangellaris, University of lllinois at Urbana-Champaign, USA
Comprehensive Electromagnetic Modeling of On-Chip Noise Generation and
Coupling During High Speed Switching

10h30 Coffee Break

10h45 Davy Pissoort, Ghent University, Belgium
Fast and Accurate Modeling of Photonic Crystal Devices

12h15 Lunch

14h00 Tom Dhaene, University of Antwerp, Belgium
Electromagnetic-Based Scalable Metamodeling

15h30 Coffee Break

15h45 Luc Knockaert, Gunther Lippens, and Daniél De Zutter, Ghent University, Belgium
Towards a Classification of Projection-Based Model Order Reduction
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