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Outline

M Background and Purpose
» Antenna De-embedding in Propagation simulation

B Approach

» Antenna and Channel Modeling by Spherical Wave
B Technical challenges

» How to get R, M, T using FDTD method
B Result

» Numerical examples

B Summary and Future work
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Propagatlon Simulation using FDTD Method

B FDTD(Finite-Difference Time-domain) Method

» Antenna and channel is modeled by cells
* Modeling is flexible
* Various propagation mechanism is included

— Reflection, Transmission, Diffraction, etc.
» From E-field, channel response h can be obtained

> e.g.

Yagi antennas operating
on PEC ground 4



I I IZ  Department of International Development Engineering (IDE) 2N m %:‘-T—':I%j(ﬁ

§ I 0=  Tokyo Institute of Technology MGRS))

B Antenna is embedded

» i.e. The computational domain includes both antennas and
channel

Rx Antenna Channel Tx Antenna

Computational Domain



Problem

B Antenna is embedded
- Antenna modeling become inaccurate

e Channel = large < Antenna = small

* eg8. 245GHz
1cell =0.

~

15 cell (6.5m)

M YE -

15 cell (6.5m) /
6
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B Antenna is embedded

= Antenna optimization become difficult
Simulation should be repeated for different antennas
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Purpose
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Antenna De-embedding

B Antenna De-embedding should be achieved

» Embedded simulation
(Conventional Approach)

Channel response h

» De-embedded simulation

Channel response h

N9
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Approach
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Approach: Spherical waves

M Spherical wave

» It is know that any E-field can be approximated by the finite
summation of spherical waves

J
3 4
E(r,0.¢) = ki ) biF) +a;FY(r,0,0)
J

b
a
m 2&( j ... mode index
J ... the number of mode
b ... incoming wave coefficients
b=[b b, ..b)] €Jx1
a ... outgoing wave coefficients

- T
a= _a1 a, a]] E]X].
F]-(3) ... incoming spherical wave function

F]-(4) ... outgoing spherical wave function
k,n ... Wave number and impedance

11
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Approach: Spherical waves
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B Spherical wave: e.g.

f-component ~ ¢-component  f§.component  ¢-component

1 : :
[ENE ’ [ ;
05 . : : :
[T . : f
[ENR ST
F [NR: L :
20 = N
TR i T
ETNR . :
RS .
s . 5 .
1
08
[ ;

Observation: Higher mode means complex shape = Provide more
accuracy 12
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B To model antennas in the domain of spherical waves, S, R, T
are utilized.

w ... Received power

v ... Input power

R ... Receiving coefficient R € C1*/
T ... Transmitting coefficient T € C/**
S ... Scattering matrix S € C/*/

b

R re

w = Ra
b=Tv+ Sa

13
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Channel Representatlon by Spherical Waves

B Channel is represented by the relationship between
radiated mode b’ and incoming mode a :

>a= Mb' E b P

v

B Channel response h is given by

>h:£:E:RMb :RMTU — RMT

124 124 14 I

14
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Channel Representation by Spherical Waves

B Channel response is given by
»h =RMT

\ N

Rx Antenna Channel Tx Antenna

B f R,M, T can be obtained by separated simulation,
Antenna De-embedding is achieved.

B How to get R, M,and T using FDTD Method?

15
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Technical challenges

16
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How to get T’

B T' can be obtained by simulation of radiation pattern

Computational > b =v'T" > T =b"/v
domain b’ > b’ can be obtained by radiation
E'(r X pattern E
* Atsingle point
E(r') = k\/—Z biF® (r
* For all points
E = k\nbF®
N ... The number of samples e Therefore,
E' € C/**Ns _ Eg and E, at p— _{F(g)}—lE

observation points
F® e ¢/*Ns spherical wave for
modes and observation points 17
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How to get R

B R can be obtained by reciprocal relationship
» Rj = Rsmn = (=D Ts_mn
»n,m,s areindexes
e j=2{nn+1)+m—-1}+s
* jis actually a simplified index.

\\\\\\
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» M can be obtained by simulation without antenna

» Instead, single mode source and observation points are set
» a can be obtained from E-field around receiving antenna

Observation points

Computational domain

19
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Numerical Example
A

20
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Numerical Examples

B In order to validate our approach, two numerical
examples are performed
1. Yagi antennas
2. A/2 dipole on human body tissue

21
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Yagi-Uda antennas in Freespace

B Configuration
» 2.45 GHz

0.4cm (1cell, 0.031)

S <>

N
N—"1

6.8cm 6.0cm 6.0cm
(17cell) & (15cell) | | | (15cell)
(0.562) | |/(0.492) | | | (0.492)

120cm
(300 cell)
L — (9.811)

- 3.2cm o
| (8cell)
2.8cm (0.262)

(7cell) >
(0.231) —

Zj
L]

TX

Rx

22
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B Simulation setup

Source

.Jcm
20cell)

6.8cm 6.0cm

(17cell) & (15cell)
(0.564) | |(0.492)

6.0cm
(15cell)
(0.492)

Cell size

Comp. space

ABC
# of iteration
Time step

Observation
radius

Observation
points

”

88.0cm (220cell) (7.21)

88.0cm
(220cell)
(7.21)

2.4 GHz CW
Delta-gap feed

0.4 cm (0.034)

220x220x220
(7.2A X 7.2A X 7.22)
(88 cm X 88 cm X 88 cm)

10 layers PML
3000

4 psec

90 cell (2.94)

800
20 (elevation) x
40(azimuth)

23
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B Simulation result

Radiation Pattern Transfer coefficient T’

0 T L U T T
S,
— —-10d

P
=l
R
O
& ®)
0 -30}
o Q
-1 % _407 n ©) 6

issiel, . )
©
= -60 r r TOTXT @ T W (DCP TT?

0 20 40 60 80 100 120 140 160

Gain: 7.59 dB
Input impedance: 70.10 + j86.60

mode j

24
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B Simulation setup

2.8cm
(7cell)
(0.231)

88.0cm
(220cell)
(7.21)

3.2cm

— (8cell)
(0.264)

88.0cm (220cell) (7.22)

Source

Cell size

Comp. space

ABC
# of iteration
Time step

Observation
radius

Observation
points

/

88.0cm
(220cell)
(7.24)

2.4 GHz CW
Delta-gap feed

0.4 cm (0.034)

220x220x220
(7.2A X 7.2A X 7.22)
(88 cm X 88 cm X 88 cm)

10 layers PML
3000

4 psec

90 cell (2.94)

800
20 (elevation) x
40(azimuth)

25
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B Simulation result

Radiation Pattern

Receiving Coefficient |R| [dB]

Gain: 4.35dB
Input impedance: 107.97 + j44.48

Receiving coefficient R
F

-10

I

_20 He
_30 H

-40H ©) o @

20 @@?T , TTT@ T j

100 120

_50 H

_sollLLLLIRIT

0 20 40 60 80
mode j

{ gof

140

160

26
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B Simulation setup

» Instead of antennas, source and observation points are set.

spherical wave mode
(Dipole Arrays )

Observation points

/l’ == 6 cell
] (0.22) 30 cell i
2.4cm 12 cm
1.04
?Sé%ccr:ll) 120cm, (300 cell),(9.812)
(7.22)

Computational Domain

88.0cm
(220cell)
(7.20)

208.0cm (520cell) (17.04)

27
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B Simulation setup

Source

Cell size

Computational domain

# of iterations
Time step

# of observation points

Observation radius
ABC

Single mode spherical wave
- Realized by dipole arrays
- Size of the array: 6x6x6
2.45 GHz CW

0.4 cm (1A4)

220x520x220
(7.2A X 17.04 X 7.24)
(88.0 cm X 208 cm X 88.0 cm)

5000
4.0 psec

800
(20 in elevation and 40 in azimuth)

30 cell (12 cm) (1.04)
10 layers of PML

RRIEKRF

nnnnnnnnnnnnnnnnnnnnnn "
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Result

B Pathgain |h|
» Proposed approach ... -29.91 dB

» Embedded simulation
(conventional approach) ... -28.98 dB

> Friis transmission formula ... -29.87 dB

\\\\\\
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Numerical Examples

B In order to validate our approach, two numerical
examples are performed

1.
2. A/2 dipole on human body tissue

31
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A2 dipole on human body tissue

B Configuration

Body tissue

> 2.45 GHz Lossy dielectric sphere
€, =53.57,0 =1.81S/m
(Value of muscle at 2.45 GHz)
4 cm
(10 cell)
- | J|6.0cm (0.322) 6.0cm
Z,| —a|(15cell) <& (15cell)
| (0.491) (0.491)
120cm
(300 cell)
0.8 cm
9.811
( ) (2 cell)
(0.0651)

32
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TI

B Simulation result

Transmission Coefficient T’

4 cm
(10 cell) 0. L L L
(0.321) 6.0cm
(15cell) ~ —10 - |
(0.492) i

-20

-30

40

-390

Transmission Coefficient |T.| [dB]

il 5

50 . 100 150
mode j

Gain: -3.47 dB (direction to Rx)
Input impedance: 58.24 +j37.64

33
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B Simulation result

N Receiving Coefficient R’
0
6.0cm _
@ (15C€1D % -10 -
(0.492) =-
2 -20-
g o
— £ -30
Radiation Pattern S a0l .
MIRNIBENS
o
el T ol ]9, 7

20 40 60 80 100 120 140 160
mode |

Input impedance: 88.25 +j28.50
Gain: 2.09 dB

34
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B Regarding M, same result can be used to the case of
Yagi-Uda antenna

» Channel is same: free space with distance of 120 cm

35
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Result

B Pathgain |h|
» Proposed approach ... -41.67 dB

» Embedded simulation
(conventional approach) ... -42.30 dB

» Friis transmission formula ... -43.21 dB

\\\\\\
MMMMM
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Summary and Future Work

37
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Summary

B Background

» Antennas and channel are included in the same
computational domain of propagation simulation

B Purpose

» Antenna de-embedding should be achieved:
Performing simulation separately for antennas and channel

B Approach

» Modeling channel and antennas by spherical wave
B Result

» Numerical examples are presented

» Proposed approach is validated by comparison to Friis
transmission formula and embedded simulation

38



Future work

B Extension to Body Area Network
» Validation in the more realistic channel.
» Including the effect of human body to antenna characteristic

39
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Spherical Wave

B [tis know that any E-field can be expressed by using the
summation of spherical waves.

E(r,0,) = ki ZZ 5 ZQE?%;;F(“)HM )

c=ln=1l m="!s=
> Definition "

EShn ... complex conjugate of spherical waves
Q& --- coefficient

k... wave number

1... wave impedance

» In stead of n,m, and s, j can be used.

E(r,0,) = ki ZZQ(C)F(C)(?* 0.9)

c=1 j=1

j=2nn+1)+m—-1}+s
J=2N(N +2)

\\\\\
MMMMM
::::
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Exact expression
1 1 m
F\ (1,¢,0) = —|-
V2x i+ D |ml
m 5/m|

©) .cmP cos(@) imen (© dpP, (cos(ﬂ))aim b4

{Z” " —n @ ~ i kg
1 1 m

Fy) (r.6.0) = -
mn V2 Vn(n+ | |Im|
nn+1)
{ = z,,(kr)i‘”,l,I |c05(9)e”"¢’
m|
1 d dP,"(cos()).,
[Zn(kr )} . 0
k d(kr) déo (1) = jy(kr)
1 d  imP™cos(d). ( )
r Sin ( ) = hp(kr) = ju(kr) + iny(kr)
Z_E; ) = = hp(kr) = jp(kr) — inp(kr)

43
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Exact expression

B Choice of ¢ depends on the type of wave:
» Standing wave

e c=12is sufficie?t
1) (1 2) (2
E(r,0,8) = ki ) QmaF sin(r, 0 0) + Qs (1,6, 9)
Jj=1
» Traveling wave

e ¢ = 3,4 issufficient
¢ = 4 ... incoming wave
¢ = 3 ... outwarding wave

J
E(r,0,8) = kii ) Qi smn(r: 0, 0) + Qi Fyun (7,0, 9)
j=1

44
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Appendix B. Expansion at Rx
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4, Obtalnlng Incoming wave a from observed E-field E

» Without receiving antennaa = b

J
E(r,0,6) =k »_ b ijf} +a jFﬁfl)(r, 0, $)
J

J
=k Y a j{F?) + Fff)(r, 0.9)]
j

L#

J
1
=k ) zquff )(r,0, )
J

#1

) = jutkr)
()—%&m
2 = hkr) = julkr) + inp(kr)
& = hyhkr) = julkr) = inpGhr)

46
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How to obtain receiving mode

M Spherical Wave Expansion

(1) E-field at observation
points

[ E6y,41)
E(0>, ¢o) -

E@ON, ¢N,) } 0
E0,¢1) - t?
E(0r,¢) - ¢

_E(QN.'."’ ¢N5) ) (5_

(2) E-field by mode j

o N
F©1.01)-0
F 02,02
1 . ~
FOn, on,) -0
1 ~
N ORDN
1 "
F 02,2

F Oy, on,) - b

(3) Expansion

Pseudo
inverse

47
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Appendix C. Excitation of spherical wave
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ol Hix 151

2.4GHz

1/25A (5mm)

&7 1A 10 cells (5cm)
3.6A

A MM N EIE 20
SHRDHE|E 40

1200
5psec
3000

10 cells

1cell=1/25A

BAR—ILTLA
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Appendix D.
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H)=48

B Spherical 42.275150

B Embed 42.297497

M Friis 43.219244 45
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