UWB Characteristics of RF Propagation for Body Mourted and Implanted Sensors
by
Jin Chen
A Thesis
Submitted to the Faculty
of the
WORCESTER POLYTECHNIC INSTITUTE
in partial fulfilment of the requirements for the
Degree of Master of Science
in
Electrical & Computer Engineering

May 2013

APPROVED:

Professor Kaveh Pahlavan, Major Thesis Advisor

Professor Yehia Massoud, Head of Department



% 0 %

0

54630 7

%&'

+$

.230

0

4230



o OO0 . <

0

+$ &

o



54

.59

+$

©

©

?

1'6&

#&

*

& 6



) @ 2 ( >

) @) = $ 2

) 5@6 % +$

) 9@ +$ 18&

) @ 6 1 >

) @8 6 >

) -@ (11 ) 1 4 94 A

) ; @6 ( >
$

) 4@ 6 ( >

) @ (O

) @ & 6 < '#

6 < # <

) @ =6 & $"°

$" " = >

) 5@ & &=) 2
&=) 2 &=) =6'

) 9@ &

> &

) @ > ) >

) @& & 6

) -@

) @&

) 4@) # 6

&

54

59



) @ > > A +$% A

) @6 1 ) #

) 5@6 1 3

é W@ * ( ) #eoro )
) @6 % < 3

) @6 t

23 @ &) =6' < +$6 &) =6

) @&=) =6')
) 4@ 1 6 16

99

9/

9/

) @) #6 1

) 5@ 3 6 8 A8 ("1
) 9@ 8
LC) % = < % 94630

) @ =6" 94630

) @1 : 7

) @ = )7 > ) 7 = = 1



@8 1 =

@6 >

= & =
5@ = >4
9@ 6 1 ="
@ > &
@ > &
-@> , 2 =
@6 >
4@ 6 >
@ > >, 6
@ &

= 1

+$ 6

5/

94



6*&1
6>&
*1
><

0
(61"
(11
(?

+$

$&'
$6 1
$>
$>*
$8
$1

& BC( 8
) =
* 1
8 *
6 &
6 *



D&

(1) F

1 =
> E"
> 8 8
&$* 1
$ H 3 >
H &



4
) & &
+$ #
0 O
+$
6
0
<
6>&
7
#
0
(11 J/IK
7 <

1230

)&& J K

JK <

6>&

+$
+$
+$
J.KJI5K
0
(11

%&'
0



+$

J4KJ K

0

JOK



&$*18 <

1'6& =7

&$*1 8

+&

$" (8 O
>*6(&

* %

F# F

0

F# F



0 =
= 1
# &
J/IAKJI/ K
# %
&
7
&
&
0
(11 ( 1 1 =
& 5
7 +$

0 O
6*&1 *16 $6 1

&8 &

+$



+&8

1'6&



% &

0 0

+$
min ()ll * +
$
$ >
# $
#
$ 1
$ ¥4 9/

&+ J .K

% 1

$>

1+

J K

*



¥ -4 9/ 2/

J /K

J K

&4

15

&6

19

1/

65




)

*16 6*&1 +$
7 n
< +$
* n
+$
n +$ 0
6>& n
6>&
Human Patient
On-body
sensors 2G/3G
2 T
7 \
v, \‘
\ \
' v
1 :
1 H
PDA ' Internet - Medical Experts

or \ ¢

Hub \\ )\_(L >/

or N ¥ g

Personal WLAN i

server g

Body Area Network i
L g | J
T T T
Sensing and Wireless transmission Internet Gateway and Access at
Data Fusion remote servers
J.4K
) :
) n
*



*

$ &
0
2>1 2 > 1
2>1 2>1
0 +1 =
*
# mn
2>1 **%k%
% >
444 +1 & 0

2>1

2>1

#
5K
O *
4 2>1
0 2>1
< & 1 <&?
3
2>1 *** J OKJ /K
*
$) 0
0



>

o<

0

< < (110

0

#
6 >
"<
(11
J K
$
6
8
————3




) U
# 6*&1 6 * & (.
54630 549630 *16 * 1 6 $6 1
$ 6 +$ o+ $
+ 1 ) & &
I * +$
6 * & 1" 6*&1 7 54 630
549630 * :
#
" *(>P 9
# 44 30
$.) " #
7
6*&1 " J K
G " 6*&1 J4K * 5 X
x
G
*16
7 0
# , 7
7 " [
;

*16 7 " 16 ”



7
*16 J K 7
*16 *
9630J KJ .K
$ 6 1" $61
7 +1 /4-/5 630 .;9,

*

5..C5.9630 -/-C/:4 630

$6 1
*16 4 ;- 630
J 5K
+$ )
+$
" 944630 +
+ N N
+ 1
944 630 4Q 7
+$
A # 7 "
+$ >

H

)&
7
16 5630
444
$61
544630 5:5. 630
54C5.4 630 554C594 630
"+
5, 9230 -4
( 1 0
)&& *
*+.( +$
#
R
944 630 ,
# <)=6R



44

+$

JOK



/0%
&
#
+$
# /0%
1
#
0 0O
+$
7 +$

or
% 1
1
41230
) & &
JK +$
+$
IK
+$
6

)&&

+$

+$



0

)

)

0 "

. 230

6>&

423

J K

0

0

J.K



Creeping
Wave,

Wearable
Antenna

(11 , JK (O 0

6>&

>& %

& G !

Minimize ‘Off-Body’
Signal

Maximize
On-Body
Coupling

Biosensor,
Head ,
Uwe

Shoulder

> Wrist
Elbow = -
-

W“"f ) \ Hip Worn
r 4 Controller

Collects Sensor
/ Data

A
Biosons/
Ankle
g-

" 6>&

-1 %
., 4230

0



# 6>&

0
% +$ ) 5
% & ($
16 ,. < 46, +$
) 9 7
%

VNA setup parameters

Frequency band

Number of points

Transmission power

1& J.K
44230
#
# )
%

value
3-10GHz

1601

0dBm




) (8" #*

> 8 J.5K




/0

Front0

%



HH#

% ) "
49

freespace freespace(25cm)

-40 . . . . . . : . : 4 ; ; ,

Power(dB)
Power(ds)
]

-160 . . . . . . . . . 150! ! I I I I
0 5 10 15 20 25 30 35 40 45 50 0 05 1 15 2 25 3 35 4 45

Delay(ns) Distance(m)

##II ,

% 7



n
’
* ) #
n
" n
empy phantom
T T
-
s
eqectedl05)
1
10
I I | I | | |
2 4 0 2 u 1% 1
Dekyls)

Power(dB)

-100+

-120

-140H]

-160

-180

8 8<1

around phantom 45cm height point 7

*

-60

80F

Delay(ns)

25



59 #

around phantom 45cm height point 7 around human body 45cm height point 3

-60 T T T T T T T T T T T T T

it
A |
L il

Power(dB)

-180 I I I I I I I I I 180l I I I I I I I
0 5 10 15 20 25 30 35 40 45 50 0 5 0 15 20 %5 kil %

Delay(ns) Delay(ns)




# -

/0%

0 o
<

> @
@

Frogt O

Back-1

0!

" 6>&

$#



7 *
Circumference(cm) Human body Phantom
Height A 96 96
Height B 90 84
Height C 88 88
% 3
>4 > > > >5 [>9 |>/ |>:




<y PE( #

= (#2 3454673

-89:1,.

T( #2 673454 ,<3



Measured TOA s Expected TOA(human body)

Measured TOA vs Expected TOA(phantom)

~ T T T T T T T W
[18 I e e E F 1~ B ]
g
2 (. |
Szl 1o |
S
Hg BF---- 4 -8
el |
s 2
EEl 1 1o |
22 1 | o
Mesra-— - - A -7~ 71~ 71-78
d 1 | |
[ | |
L [ - 4-48
Q
ol | | |
o | | |
[ | | | o
[T7777 77N 1 a8
[ ) | |
[ N | |
Lo _a_1 il 118
\ S
[ A K | |
[ N | |
[ N |
Lo oo _ e
i i Bt B hl )
[ N |
[ N |
| | | | .
w ® ~ w©w o o o
IS [ I
N b s
(su)>ead 15113 8Y} 10 YO L
IS
. F-——f -2 18
% 8
g
g
g
53 g
58 8
2]
B2
g3
° o
i i N i g
o]
3
8
&
o
18
b
3
\\\\\\\ Rk
| |
| |
| | |
\\\\\\\\\\\\ o
ToT I r o
| | | | | | )
| | | | | | |
1 1 L 1 1 1 1 1 o
@ @ 3 N o @ @ < o
i s S8 o o

(su)ead 1s113 8Y1 Jo YOL

Angle(degree)

Angle(degree)

=6' $

o))

<
J.OIK@
*

=6’

)

)



DME around human body and phantom

DME around human body and phantom

25 T T T 16 T T T T T
O DMEof each point (body)
DME around body 1al ME around human body |
20 +  DMEof each point(phantom) o DME around phantom
DME around phantom o
12 1
~ 15¢ 1 —_
5 5 10} 1
5 5
g 108 ] 2 8 1
@ 2
Q
% 5r B % 6r 4
= £
w w
= = 4 1
a 0of B a
2t / 1
5 4 —
5 ok — - B
—
10 . . . . . . 2 . . . . . . .
50 100 150 200 250 300 350 10 15 20 25 30 35 40 45 50
Angle(degree) Distance(cm)
* " *
7 ,-1 $00 yoma -
$00 "
Display type:  Cumuiative probabity (COF) = Normal Display type:  Cumuiative probabity (COF) v Normal
((oma. | [ mewrn. | [ menagerns. | [ evaume. | [ excuse [(oma. | [ newrn. | [ managerss. | [ evanae. | [ excuse

Cumulative probabilty

09

08

07

06

05

04

03

02

01

df of DME around phantom
of of

Cumulative probability

6 8

4/ 9




=6’
6 1
4/ 55/
4.5 .55
#-#% :
N &(8 " )
0
< 0
) J UK 7 4
&(8 @ 11
< *
Ag Goe
2 1
=6' <
&(8 <

FGHI @ j &2Mo,

FGHI 2@ J

Al
VWwig Z' [z '22\yy [Z ez

1 Lp



1(

99

: 230

V7

&(8

=6’

*

&(8

=6'

%

Compare best achievable accuracy of distance from TOA and measurement(human)

Compare best achievable accuracy of distance from TOA and measurement(phantom)

(wo)JNG Jo doUEIRA prEpUE)S

|
1 + |

*

IF——r——T-—1
|

05 — =+ — — 4+ —— 4 — ——

(w2)3INQ Jo SoURLRA pIepUR)S

50

45

40

25

20

15

50

45

40

25

20

15

Distance(cm)

Distance(cm)

(11

0

(11



b,55 ;

a51

.

a

459

/U

459

first peak pathloss around human body

first peak pathloss around phantom

180

T
~
] |
g
. ! Q
ng (——7-~"r=—=—r =715 -- 8
5
@ o
3
1EE- I R A e 3
£
g
o
e Sl —L__L__/_____1__ |
] S
5
3
g
o
HEGl— -+t - /oo - 8
S
o
9
H - == = = o= = 8
|
! [=3
i Bt 72l il e -—--8
|
b — - 4 ,\\\0
| g
| |
L | I o
v v S
i | | | | |
| | | | | |
I I I I I I o
o =) =) ) =) =) S =)
g 3 8 R 8 8 8 S
; ? : ; ; ? S 2
(gp)ssojured >ead 1si1y
§ g9
T T 4 2
K | | |
s | | | o
Ll % /S S 8
B T r | £
£
5 | | |
2 | | | 2
e of - - — - - - - /' ' _
£73 [ i | N
g E I G ©° I
g5
o gl L __L__1/_ 1 _ | [— S
g8 | | | =
=5
@
g2 | | |
LESl - - L L /- — - — - -8
S
| | |
© | | |
H - =+ -k ——l-——1---8
| | | | |
| | | | | o
[~ T-~rt/-r--r--im- - -8
| | | |
|0 | | |
\\\\\\\\\\\\\\\\\\\\\ 2
T T I | | s
| | | | |
L | | | | | o
e D 2
| | | | | |
| | | | |
I I I I I I o
S =) =) =) ) S =) =)
@ I w0 @ 5 @ Q@ i

(gp)ssojured >ead 1si1y

Angle(degree)

Angle(degree)



first peak pathloss around human body and phantom

phantom

(gp)ssolyred sreed 151y

Angle(degree)

*

+$

59 -

14 4 4

1a (63A cdef:—g

‘a

%

J.-K

5230

544630 ;44630

7

0

+$

b,;5 5

‘a 51

54



19

o
8
]
»
3
3 s
- z
R -8
g
T8
. S8 g
- Heggp - LA ]
z(|Es -
5
8 g
S |18s8 °
sHee —
3 S
£
2
~— S [|0* o
mv — — 49
3 S
5
3
oS- - ---8
** £
*+ g
g
Jo i —_— _ _ 49
g ]
=
o
\\\\\\\\\\\\\\\\\\\\ 2
o |\ S °
) S
- < _ o
= S )
8 8
’ -
(gp)ssolyred feroL
(o)) 8
T —H—
g
-] »
. 4 |
. < 3 ! 3
Ls3 --r--48
g E =
3% !
2 | =}
- Megsél - "7~ "1/~~~ -1~ "7%
S5 Op  #¥
ellz e | i
gllg & o
EHeg Sl L__ 4 _ _ - __ L __ 18
SE[ES | S
5
° |
3 H [/ R T - _ 18
e S
s |
- P
8
< Ef------ —— == = +--48
- g |
= = |
8L - _ _ _/ L __ 9
e T R T 8
2 |
! (=]
r— e e e
|
L ! )
\\\\\\\\\\\\\\\\\\\\ K
| | | | |
- | | | | |
| | | | | .
5 ) ) ) S ) )
? I w0 @ b *® 4

(gp)ssolyred el

Angle(degree)

Angle(degree)



total pathloss around human body and phantom

(gp)ssojured [el01

Angle(degree)

*

55:

55:




/0% "%

"0

J5

4K
+$

&$* 1



J9/,9;K

$
#
- & 3&
%
7
6*&1 6 * & 1 "ox1p * 1
+$ + % $61 $ 6 (I
0 * - 6
+$ 6*&1
54,549 630 7 )
& )&&  6*&1
0 " : J.-K 6*&1
0
= J 54K *

55



+$ J5 K
% +$

9:; T 9, T4.

)

‘ v s
Sl 22.36cm Ly

7

20.32cm

59



1. % 0 %
% ) +$
; 7 230 4230 $ >&
1 %
7 $ 6 8 $
0o +3$ 3 $
" 7
* & G $
VNA %
22.86cm/__
L L 20.32cm
Tx Rx
21.59cm
59.69cm

Table 9: Measurement Parameters

VNA setup parameters Value
Frequency band 3-10 GHz
Number of points 1601
Transmission power 0 dBm

5/



7
%

54630 *

&$




+$
18& J.K
. 230 44230)
G 1
) J5 K

16,. <46, +$
G844
54 630
# #
#)
H# <

# &

549630



-20

-40

-60

Power(dB)

-80

-100

-120
0

Power(dB)

) )

freespace distance:2cm

from the sides
i /V

frTm the top

1 2 3 4 5

in homogenous tissue distance:2cm

1%

Delay(ns)



-10

-15

-20

Power(dB)
&
&

. |
g 2
PRI

r« r ¢(t3cde ,; u
r< 63cde; V' wu(x

impulse response inside homogenous tissue; distance:2cm
-20

impulse response in freespace; distance:2cm

a0}
a0k
ol
oo}
ok
8o}

Power(dB)

o0}
-100
-110F
120t
130
140t

-150

L L L L L L L
0 5 10 15 20 25 0 5 10 15 20 25
TO;

A TOA

6 4/ 9::

94



J54K

-#" /0% :

* +$ <

TOA (ns)

measured TOA s expected TOA in homogenous tissue

35

25

15

—+— measured TOA
expected TOA

. . . . . .
2 3 4 5 6 7
distance(cm)

/9 8 1



-H#H#

%

&$

% &$
J-K *

54 630 3 "



“H#-

+3$

><

Phase Measurement in Time Domain

Distance(cm)

23 0% ' %
<
0 =6
=6' )
> 12@97}
/I 8 (3 - /
=6' < +$
0 0 +$
&=) = 6 < +$
2 = *



0

+$

+$

Empirical CDF

/0

15 *

95



-230

Magnitude (dB)

73

-10

-15

-20

4
5230
4230

%

) )
--230

UWB antenna 1G-12G S11 in free space

-25
1

L
2

L
3

. . . . . .
4 5 6 7 8 9
frequency (GHz)

L
10

L
11

12

Magnitude (dB)

-104
124

-14
1

UWB antenna 1G-12G S11 in water

. . . . . .
4 5 6 7 8 9
frequency (GHz)

L
10



Magnitude (dB)

Magnitude (dB)

10m-12g 3cm free space S21

frequency (GHz)

10m-12g 10cm free space S21

12

frequency (GHz)

12

Magnitude (dB)

Magnitude (dB)

10m-12g 3cm in water S21

. . I . .
2 4 6 8 10 12
frequency (GHz)
7 - -1
’ ’ .
10m-12g 10cm in water S21
i
. . I . .
2 4 8 10 12

6
frequency (GHz)

9/



+&8

+$

1'6& =7

+$

0

(61



JKL) ( < 45M) & $ =& 44

JK E" > " F# F ) <0 L
> 3 $)+& "()8 0 ( M 44
w ok 1 >*6(& $ -
J.K ) & = > == > $ 7 8 % L +
$ > & 6 R) 1 * Mo
(1&*<1< 6*&(<$%' 3<(F = '&3*V+'1 %< 8 95 < 5 >(*8 44/
JBKH (& = ) 6 % =3 >
$ 72 % > 1B = % > 2 #
L+ $ , 8> $ @=
"M R (1&*<1< &F(&+*1 =1 F1'61R*@ (2+8 ( >>'(1
%<8 9 < ='&'6'( 449
JK )6 =l & & & & 1 )
E H E H E 3 2 1 OEO O
1 6 G3$ L & "1 0 6 +
> & M * * (1&*<1< ' 1 =>(<>2 *
%<8 95 <  <%'6'( 44/
JIKE 0 3 3 E 3 L> W
? & M ..
6 & 6 4,1 .4
JK> 1 6 < > * (08 0
7 M 4
JK1 8 6 L 3 > $ 8 O
> =" 3 M 4
JK+ E 6 L& 7 & ">

08 0 3 M 4



J 4K 8 ( $ H ( 2 % 8
6 L& 0 1 > ) > $
M ' & % 94
) 44
J K 8 ( 1% $H 2 % 8 6 L >
! M
8 9 H 44/% 5
J K =" $ 1 " -4 9 $> X
2 | 2/ @uu -4 U9uU U2/
J K 1 + 3 3 8 & *
6 1 01 G ( E 1 L
M 6 1 H 4 %
* . 4/9,45
J 5K F# F + E (1) E" > " L
M xm= 1
> % 6 ( & > 6(& 4
J 9K @ @
| > | *1 4,
4,49 -, & /39
J/K N ' #$ % &' N 8 <
94 (" " | 4
JK E" > 38"7 L (
& . 14* ) .;:-45:,:9 5,- 449
J-K E" > D> E L $
) M 44
J K )&& (- ( L % M> :9H 44,
J 4K G844 =" E @uUu_ 0
J K N o+ %( * % ,



- I N *
v o< a4 9
J K (l)F# F F E" > " L
;| * M o

1 > * 6 ( & >*6(& 4

J K 7 3( &3 8 % 8 "L #
8 59230 *16 M '8'& (<*&1

8 '(1 ) 44/ % 5

J 5K L - *0 , 1 M
@uu
J oK D O M *1 % >
JIK 6 1 ) 6 L 0.1 . *1
M > > 6 0 " 5. 5 9Cl. 44

J K H, E 0 E

E E F FO 3, 8 (1 E L

$ * M '+(<>' &<<>'( *< * 3')*8=

<) 1&* *)*& = '&3*&8 (1'(&3 &<1 44 =4 -1, 8 )

44-U< U/,-
J-K H, E 0 3 01

E E F FO E 3, 8 (1

L * 2 (0 M ;1 44-
J K E F FO E 1 > L *
% M 44

J.4K " E 6 * L 0 M $ >

& 44: 9 @/:. /-

14



J. K ) H( & = > = >
* /
1 & % 5 5
J. K + *E E" > 1 6 L
0 |, 3 4 / 0
& g1 4 9/4 ,9/4:
J.K 1& " @ @UuUU
J.5K > 8 " @ @UU

J.9K E" > " F# F+ E (1)

3 @ , "
8 0 211+*&8,211 4 *
J.IK 1 20 G 2 2 3

6 3 % > G 1 L8
¥ 1*2 8>(<&'11*262G*' H 449

J. K H & F# F E" > " L )

$ 3+ o+
* 6 ( & >*6(& 44,
1

J.K 1" H3 E"> " L
. ( M >

& >*6(& *"* 1

* %

6(& 4

*og



J54K

J5 K

J5 K
J5.K
J55K

J59K

J5/K

J5-K

J5;K

=E $H 2% 8 6 L $

M
6 E (I E L 01 % o ,
M
G " @ @uUuU 0
1 D> ' 1>'2 L1'6& =76
+E E> " + E L& 7
08 O 3 M 4
>1 E> " + E L 0
== 7M 6 * &
*16*& 8 H & +1 6 4
H3 F 2 E > " L * 0 5
M 4 * | * 1 >
& >*6(& 1 1 4
1 8 F 2 E > " L 0
5 3 4 M 9
' * & 7 &
18 & $2 1 L 4 * 1
( 5 676 */4 M *"
'o- 5-) 44
18 & 2 & $2 1 L 0
* 1
819: #/4 M > > "
:5.,:5; 44:



J94K ) 6 H() 6 L

% 4 * | 44,

J9K ) & = H ( >= = 8 % >$ 7
L 4 1 1 M 449 *"
* & + % G 10 1 449

J9.K =1 =6 8 3 =( 2 L . 1

0 M 44*"$ & &
1 44

J5K () FF F E> " L . /
* M 4 *  * 1

J99K H 3 F 2 E> " L6 < (
6 1 M 4 *  * 1 > *
6 ( & >*6(& 1 1 4

J9/K 6 F E 6 1 1 & E &
\% 0 L 4 0 5 3, )

* M oo 1&*1 <

6*&(<$ %' 3'<(F = '&3*V+'1 %<8 9 < - + 2+1 445

JO:K > & 2 L
, , 1<2;<<*4 M '8&(<*&18 ‘(1 6
44.% 5. 9



JO-K
J9;K

J/4K

L

*

G

3, $ ==
28' 1 16*3 $F6<=( 1&< H( L

5

8 H &

+

'l =>(<>2 *< %<8 .- <.

E

*

6 (&3 ;;
EII

>

M

>

0)

M

5

4

*n

*1n

(l&*1 <

LS

*

>*6(& 8

*

>*6(& 8

/5



Power(dg)

Power(dB)

Power(dB)

around phantom 15cm height point 1

around phantom 30cm height point 1

around phantom 45cm height point 1

20 90|
100 100
110 110
= 120
g a2 g
H F 130
I :
4
140
140
150
-150
160
150 70
S S S S S " .
o 5 10 15 B B 40 45 50 0 5 10 15 20 25 3 35 40 45 50 0 5 10 15 20 25 3 3 40 45
Delay(ns) Delay(ns) Delay(ns)
I @
around phantom 30cm height point 2 i
around phantom 15cm height point 2 . o ight poi . around phantom 4scm height point 2
-80| -80|
80 90| -90)
-100 100
-100
_ -110| -110]
B o
120 g 120 g 120
& 130 130
140 140 140
-150 150
160
-160 160
E Et 1
0 5 10 15 20 25 30 3 4 45 50

Delay(ns)

around phantom 15cm height point 3

5

-140

Power(dB)

Delay(ns)

around phantom 30cm height point 3

Delay(ns)

o o et 3
T T T

o

Delay(ns)

25
Delay(ns)

/9



Power(d8)

Power(dB)

Power(d8)

around phantom 15cm height point 4

5@

around phantom 30cm height point 4

around phantom 45cm height point 4

8

60|
60
80|
80
g g g
2 g g
T 100 1 g
-1
g g g o
& &
&
120 120
-140 140
"o 5 10 15 20 25 3 3 40 50 o s 10 1 3 40 45 50 o s 10 15 20 25 3 3 40 45
Delay(ns) Delay(ns) Delay(ns)
' 2@
around phantom 15cm height point 5 around phantom 30cm height point 5 around phantom 45cm height point 5
60 60|
80|
g g
T -100 T -100]
g H
& &
-120 -120
-140 140
25 "o 5 10 15 20 25 30 35 40 45 50 o5 10 15 25 3 w0 45 50
Delay(ns) Delay(ns) Delay(ns)
' / @
around phantom 15cm heigh point 6 around phantom 30cm height point 6 around phantom 45cm height point 6
80 80
-100 100
g g
-120 T - T 120
: :
& &
140 140
-160 -160
o s 10 15 20 25 30 3 40 45 %0 R 3 0 45 50 Mo s 10 15 0 35 4 45 %0
Delay(ns) Delay(ns) Delay(ns)
I @
a7
around phantom 15cm height point 7 X e - around phantom dscm height point 7
60 0
%0
-100
100 B g
B T 120
H ]
120 = &
-140
140
-160 10
o s 10 1 3 40 45 50 h

2
Delay(ns)

1



ower(ds)

e unan bty e ot |

@

et 5 g ot 2

aomgturentoy 30 g e 2

o unan by 5m e it 2

L L L L L L L L
w5 @ 5%
oeas)

aound uran by 5 e 3
T T

ondhuren toy 0 ight it 3

amund hunan bty cm et 3




Powe(ds)

Power(ds

b 5 g ot 4

o by 2 i ¢

ety e e ¢

oty

Senteigt ot 1

s uman oty 2m et pore s

F
o

b S g ot 5

o ety g it
T T T

b 5 e a6
T T

1

Power(és

1

151

1

aomduren oy e 1
T T T




%

7 %

JK *

J:K

J5K

(11 (
( (

"1

94630

1

:230



1'6&= ?

1'6

+$

W/l

JK
7
0 O
& '6&
1 D >
, 44; J55K
6#
)::
7



%

/9630

%

94Y

94630

4

77

:230



~

€+ SPEeTfss t
~ t o im, P I = 8, I, ;
P16 F% e =S T f e f
EeZpm\... eE,pm\... t
pm\... ' /80, ‘'m\...
" o " J5 5K *
" Z
$ 7
/9230 7 !
7 (O 7
4 /9230 7 9
“dit”, <e—,63— t—
* 1'6&= 7 1, ,
** & G 1

% 1", 4 0



% #8

8*

4/

13 29

J59K
1'6& = ?
1'6&="7?

) 9
544630

7)

544630



1'6& =7

/@

r 6;<*”,cde u

water 50M amplitude VS distance

50l -

40
i)
60l
2 0¢
©
2
2
2 gol
S 80
©
90k
100}
110

+  simulation result
+  measurement result

\\,
\\%
+
" + +
i 2
\\7 +
N i ]
\\\\ +
Nt

L L *

7+

=6'@

. . . . . . .
03 04 045 05 055 06 065 07 075 08
logarithmic of distance (log10(d))

> ™

40

$
94630 $

TOA water 50M

351

TOA [ns]

*  simulation result
+  measurement result ||

&

— ym

distance [cm]

)31= 6 , -

<

15



DVE [eml

3.5

1.5

Distance Measurement

Error at 50MHz in water

|

simulation result

measurement result

"
&

7.

distance [cm]

I )3 1=

L
3.5

6



%"
J5/KJ 5K <
1
0
>=
5
)311
*16

-4 9/ 2 |



JK*

7 () 7 6*1& *16
$61 +$ J5-KJI5K " "
J94K J9K 6 0
n >:) ,
" J9K J9.K "
= (61 = 0
JO5K > " .
3 n
1
#
n ) I
#
7 :
: #
| , 7
# mn
1
17
7 =
7 =

J95K $



> = & +&8
= * U=31
(" 6 1 '
14 4=44
*1 | F
1] 1 ’
" 0 %
0 *167 " 0
4@-; ?
2 %
%
7 59 230 1, 1
1
) 4 %
-4

5430 7 4@4 30

6 8
9 /,1,>=-
( 11}
2 *1 2
* 1
2 &$*1
0 T5T ;
).
|
%
%
(11
= 1
* 7 59

+1



230 14 7 4

72 # ; >

N

& P& 6 2 (A

1 & |
& P\7 7 1A
7
& ) S 6
;
6 P11 $ ( 8 &
<
| #
& &



& 1 ?
@
?P\8 > A
(?
?P\& ) ( $ JA
& P\7 ( 8 & JA
1
@ 1
Io* ($"
& ( (
9/ 9/9; 9-. [ .-
9- : [ .4 19 ;- [ .-




& P& 6 ?(?]

/4 ( 11

- ! Sy
«eHz  t3cde y oo SV ) Z 2#

¢£ xatv , ¥CE
4 | ¥, 7
/4 3 ., A 1
99 5.5: [; 45
& 7 7
, 7 995
4 .5
0
@

§? 1(63 Cde/l?([

%

" PI-5,



ir4

P.T 4-U

)

3 n






75



, 9 7 1 =
= 1 1
)
= ® *
& P\& 6 ? (?]
& P\'7 ]
6 P\ $ ( 8 & < 1
?P\8 > ]
#P\( $ ]
= 1
1 4930 - 4--530
8 =
4 9,30 ( < 1
- 4--530
5 .5930 1
7
1 $ ( 8 <
& 411 Inr; - 45 |-5595 5 .59
) 3 445 . -5 /.49 4 9.; |-.9/ 94.9-
( $ 41:-9 14 |- /59 4.5/ . 9 9/ 9/
( 4|/ 55 -9 |4 . 39 +4--5
$ #




1%6



