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Ĝa

( x

x

)2

= 0 =⇒
(
πN

(f − f0

f0

))
= 0

πN
(f−1 − f0

f0

)
= −π =⇒ f−1 =

N − 1

N
f0

πN
(f1 − f0

f0

)
= π =⇒ f1 =

N + 1

N
f0



Δf = f1 − f−1 =
2f0

N

f0

2.1

Zp

CT

CFF

CFF = 2(1 + εr)K × 10−12

K [ ]

K = 6, 5
( a

p

)2

+ 1, 08
( a

p

)
+ 2, 37 , 0, 2 �

a

p
� 0, 8

CS L

CS = CFF · L

N

CT = CS ·N = CFF · L ·N

a

p
= 0, 5 =⇒ K = 4, 535

2 ·K × 10−12
≈ ε0

CFF

CFF = (1 + εr)ε0

CT a/p = 0, 5

CT = (1 + εr)ε0 · L ·N



2.4

μ λ μ h = 300

2.4

2.4 2.5

εr



2.4

N L

λ0

0 20 40 60 80 100
0

1

2

3

4

5

6

7

8

9

10

ε
s
 = 1, L = 5mm, a/p = 0,5

N

C
ap

ac
itâ

nc
ia

 [p
F

]

Calculada pela equação
Calculada pelo FASTCAP

CT N



1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

ε
s
 = 1, N = 40, a/p = 0,5

L [mm]

C
ap

ac
itâ

nc
ia

 [p
F

]

Calculada pela equação
Calculada pelo FASTCAP

CT L

[ ]

Rd =
2ρL

3a
,

ρ h μ

μ

ρ =
0, 04

h(μm)
[Ω/�].

Rd

h

L

CT



2.7

xc

[ ] [ ]

xc = (1 + γa)
L2

λ
,

γa

xc

[ ]



|κλ0| γλ0

[ ]

[ ][ ]

[ ]

p

[ ] p = λ0/2

p = λ0



2.9

[ ]

λ

h

[ ]



[ ]

[ ][ ]

2.10

n 2n

n



2.11

n 4n



λ0 0◦

λ0/8 90◦

n 4n



i

≈ 10−5c

Wi

2.8

Δt =
2 i

v



[ ][ ]

Tp M

f0 x(t)

p(t) T1 s(t) f0

p(t) =

⎧⎨
⎩ A |t| ≤ T1

0 |t| > T1

s(t) = B · cos(ω0t)

x(t) = p(t) · s(t)

2.9

p(t) ←→ P (jω)

s(t) ←→ S(jω)

x(t) ←→ X(jω)

Tp T1

2.10

Δfp =
Δωp

2π
=

1

T1

=
2

Tp



X(jω)



2.2 ΔfTID Δfp

Δfp ≤ ΔfTID =⇒ 2

Tp

≤ 2f0

N

M · T0 ≥ N

f0

=⇒ M ≥ N

M

N

Tp =
M

f0

= M · T0 M ≥ N

ts = Tp

= × + 3

2.14



ti = Δt /2

t0 = ti +
ts
2

t1 = t0 + ts

t2 = t1 + ts

t3 = t2 + ts

t4 = t3 + ts

t5 = t4 + ts

t6 = t5 + ts

tf = t6 +
ts
2



Wi = ti · v
W0 = Wi +

ts
2
· v

W1 = W0 + ts · v
W2 = W1 + ts · v
W3 = W2 + ts · v
W4 = W3 + ts · v
W5 = W4 + ts · v
W6 = W5 + ts · v
Wf = W6 +

ts
2
· v

Wi W0 W1 W2 W3 W4 W5 W6 Wf

C Wi W1 W5 Wf

v = 4000 ts = 400

Δt = μ C

Wi = W1 = W5 = Wf =



2.15

2.16

Vg Rg

Lsint Rd

Req Ceq

Req =

(
4

π
k2N

)/
ω0CT(

4

π
k2N

)2

+ 1

Ceq = CT

[( 4

π
k2N

)2

+ 1
]

Lsint

f0 Req

L Ceq

L

jω0Lsint +
1

jωCeq

= 0 −→ Lsint = 1/(4π2f2
0Ceq).



Rg = Rd + Req

Rd 2.6

PI

PI = 10× log
(Pt

Pr

)
[dB]



[ ]

(dB/μs) = ( )f2 + ( )f

f

μ μ

3
◦

3

3

2

2

Pr(d, f) = Po ·Gt ·Gr ·
( c

4πf

)2

·
(1

d

)n

Pr Po Gr Gt

c

f d n



n < 2

n > 2

d

PL(d) = 10 · log
(Pr

Po

)
= 20 · log

(c
√

GtGr

4πf0

)
− 10n · log (d)

x = log d

A = −10n

B = 20 · log
(c
√

GtGr

4πf0

)
PL = B + A · d 2.18

10
−1

10
0

10
1

10
2

−90

−80

−70

−60

−50

−40

−30

−20

−10

0

Distância [m]

G
an

ho
 [d

B
]

f
0
 = 434MHz

f
0
 = 915MHz

f
0
 = 2,4GHz

n = 2 2.21

[ ]



dmax =
λ

4π
· 4

√
Po ·Gt

2 ·Gr
2

· kBT · · ·
kB

[ ][ ]

2.19



2.20

2.21



λ0



2.4

2.22 2.23

2.5



f0 = v/λ0

Tp = M · f0

ΔfTID = 2f0/N

Δfp = 2/Tp

Req =

(
4

π
k2N

)/
ω0CT(

4

π
k2N

)
2

+1

Ceq = CT

[(
4

π
k2N

)2

+ 1
]

CT = (1 + εr)ε0 · L ·N
L = 1/(4π2f2

0 Ceq)

Rd = 2ρL/(3a)

xc = (1 + γa)L2/λ

Δt = 2Wi/v



[ ]

v

k2

λ0

N L

p = λ0/2

( − 1
)

= (3− 1)2 = 4

A

B

μ C μ

2.7 2.8 2.9



λ0

40 20 1 μ

40 20 3 μ

40 20 5 μ

40 20 7 μ

40 20 9 μ

40 20 0 μ

40 40 0 μ

40 80 0 μ

40 10 0 μ

40 20 0 μ

40 40 0 μ

80 10 0 μ



λ0

40 24 20 1234 μ

40 24 20 2249 μ

40 40 28 2236 μ

40 40 28 23510 μ

40 40 40 2238 μ

40 40 40 23510 μ

50 24 20 2123 μ

50 24 20 2125 μ

40 40 28 2236 μ

40 40 28 23510 μ

40 40 40 2238 μ

40 40 40 22510 μ

λ0

20 20 20 2235 μ

20 20 20 2125 μ

20 60 60 2247 μ

20 60 60 23510 μ

20 80 60 12410 μ

20 80 60 2237 μ

30 24 20 2123 μ

30 24 20 2125 μ



2.5

2, 2

WTID = N · λ0 + 2, 2

1 μ

v = 4000

Wsl =
Δt

2
· v = 0, 5 · 10−6 · 4000 = 2

Wgr = · ts · v = ( · + 1) ·M · λ0

2.13

d 2.23

Wtotal,1 = 2 ·WTID + d



Wtotal,2 = WTID + Wsl + Wgr

L

L = 5

Htotal = L + 0, 4 = 5, 4

2.10

v = 4000

2.23 2.25 2.27

2.11

2.16

41, 5◦ 1.1

λ0 Tp f0 Δfp ΔfTID WTID Wgr Wtotal

μ

μ

μ

μ

WTID



M λ0

h = 200

f0 Ren Req Ceq Lsint xc

Ω Ω

Ω Ω

Ω Ω

Ω Ω

Ω Ω

Ω Ω

Ω Ω

Ω Ω

Ω Ω

Ω Ω

L

Wsl + Wgr ≈ 1

CT

2.11

L

2.10

Ren

Ω

Ren Req Rd

L

a Req/Ren

Rd

Ceq



Lsint

f0 = 434

2.11

xc −Wsl = 5, 4− 2 = 3, 4

2.25

Wgr

2 3 4 5 6 7 8 9 10
1

2

3

4

5

6

7

8

9

10

λ
0
 = 9,2 μm, v = 4000 m/s, M = 20

Número de refletores de código, NRC

C
om

pr
im

en
to

 d
a 

gr
ad

e 
re

fle
to

ra
, W

gr
 [m

m
]

NFT = 3
NFT = 4
NFT = 5

f0 = 434

2.22



= 5, = 3 =⇒ = 64

= 4, = 4 =⇒ = 81

= 3, = 5 =⇒ = 32

2.2



3.1

[ ]





3.2

3.3 3.4 3.5

μ



μ

μ



3.7



3.1



σ = σext + σth + σint,

σext σth σint



log P = C1t+C2

×10−6

3.8



0 5 10 15 20
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Tempo [min]

P
re

ss
ão

 [m
ba

r]

Pontos Experimentais
Aproximação por MMQ

C1 = −0, 034 C2 = −4, 4



3.2

×10−6



3



∼ μ

±10



3.4



3.5

◦



3.6



3.7

3.8

◦



LR

LR =

A

A = 1− LR

LR

A

LR = 1 A

Sfm

Sfs



μ

3.9



3 2 4 2

◦

◦

N2

N2

N2

N2



3.10

3.11



3.13





3.14

μ 3.15 3.16

3.17

3.18





μ

μ μ C





S11

S21

4.2 S21

λ0 = 40 f0

S11

4.3

70 75 80 85 90 95 100 105 110
−120

−110

−100

−90

−80

−70

−60

−50

−40

−30

Frequência [MHz]

T
ra

ns
m

is
sã

o,
 S

21
 [d

B
]

N = 80 λ0 = 40 μ

v = λ0f0 = 40× 10−6 × 91× 106 =

4.1



70 75 80 85 90 95 100 105 110
−7

−6.5

−6

−5.5

Frequência [MHz]

R
ef

le
xã

o,
 S

11
 [d

B
]

N = 80 λ0 = 40 μ

λ0 f0 ΔfTID

μ

μ

4.4

N

4.1



88 89 90 91 92 93 94
−100

−90

−80

−70

−60

−50

−40

−30

−20

Frequência [MHz]

T
ra

ns
m

is
sã

o 
[d

B
]

N = 20
N = 40
N = 80

λ = 40 μ

S11

4.5

4.6

4.7

λ0 = 50 μ 4.8

4.9



70 75 80 85 90 95 100 105 110
−6.8

−6.6

−6.4

−6.2

−6

−5.8

−5.6

−5.4

−5.2

−5

−4.8

Frequência [MHz]

R
ef

le
xã

o,
 S

11
 [d

B
]

N = 24
N = 40

λ0 = 40 μ

70 75 80 85 90 95 100 105 110
−6.8

−6.6

−6.4

−6.2

−6

−5.8

−5.6

−5.4

−5.2

−5

−4.8

Frequência [MHz]

R
ef

le
xã

o,
 S

11
 [d

B
]

N = 24
N = 40

4.5



89 89.5 90 90.5 91 91.5 92 92.5 93
−6.65

−6.6

−6.55

−6.5

−6.45

−6.4

−6.35

−6.3

Frequência [MHz]

R
ef

le
xã

o,
 S

11
 [d

B
]

4.5

70 71 72 73 74 75 76
−5

−4.9

−4.8

−4.7

−4.6

−4.5

−4.4

−4.3

−4.2

Frequência [MHz]

R
ef

le
xã

o,
 S

11
 [d

B
]

λ0 = 50 μ



428 430 432 434 436 438
−9

−8

−7

−6

−5

−4

−3

−2

−1

0

1

2

Frequência [MHz]

M
ag

ni
tu

de
 [d

B
]

Sensor A
Sensor B
Sensor C



CT

4.10

Ω

4.11

4.12





4.2

L = 5 h = 200

L N a/p

εr

a/p

4.13

μ

a/p = 0, 375

εr = 6 N = 20 a/p = 0, 35



4.14

2.4 a/p N

εr

ε11 ε33 4.3

εr

ε11 = 85, 2

ε33 = 28, 7

εr = 70

0 10 20 30 40 50 60 70 80
0

50

100

150

200

250

300

L = 5 mm, ε
r
 = 70

N

C
ap

ac
itâ

nc
ia

 [p
F

]

a/p = 0,5
a/p = 0,35
a/p = 0,2
Pontos medidos



&

4.15

d

4.16

n = 2



10
−1

−40

−35

−30

−25

−20

−15

−10

−5

0
Perdas de propagação

Distância [m]

G
an

ho
 [d

B
m

]

Pontos experimentais
Reta aproximada por MMQ
Reta teórica com n = 2

f0 = 431, 2

GtGr = 0, 02 n = 2







































































3





◦

3

◦

3

◦

3



◦

3


