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RoF

2

IoT

2

3

4

5

6

2.

2.1

SD-RoF 1

2.4 GHz IEEE 802.11

SD-RoF

2.4 GHz IEEE 802.15.4[1]

2.4 GHz IEEE 802.11

10

IEEE 802.11

IEEE 802.15.4

IEEE 802.15.4 IEEE

802.11

IEEE 802.11 IEEE 802.15.4

[2]

e-sports

4

1

2.4 GHz Wi-Fi Bluetooth

ZigBee

2: IP

3:

4:

2 IEEE

802.15.4 IEEE 802.11 2

IEEE 802.11g

2.412 GHz 20 MHz

2.472GHz 20 MHz

IEEE 802.15.4g

2.405 GHz 2 MHz

2.48GHz 2 MHz

2.4 GHz IEEE 802.11g

IEEE 802.15.4

2.402 GHz 2.482GHz 80MHz

3

[3]

1 ms [4]

4

UHF

2.2
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5:

4

•
•
•
•

IoT LPWA (Low

Power, Wide Area)[5] LoRaWAN

Sigfox [6] LoRaWAN Sigfox

km– 10 km

LoRaWAN SigFox 10 km

100 bps

100 bps 30 2.4 s

10 km

IP IoT

[7] 2 IP

IEEE 802.15.4

IEEE 802.15.4 PC

IP PC

PC IEEE 802.15.4

IEEE 802.15.4 IP

1 ms

IP

IoT

3

Store and Forward [8]

[9] Amplify and Forward

Store and Forward

Store and

Forward

(LCX: Leaky CoaXial cable)
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LCX
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LCX

AP

[10]

5 (5G) [11] 5

5G 5G

10 Gbps

1 ms 99.999 %

NOMA

[12]. 5G

IoT

3. :

3.1

2
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RoF

RoF

2 2

RoF

6 RoF

α

α

RoF β

β β

RoF α

α

β β

α

RoF

7

7 α β

α

α RoF β

β

α

β β

3.2 RoF

RoF RF

[13], [14] RoF

5G

[15], [16]

RoF RoF RoF

2

8:

2 RoF

RoF 2 E/O

RoF RoF

RoF

RoF

RoF

RoF OOK (On-Off

Keying)

3.3

8

[17]

4.

4.1 Signal-to-Noise Ratio (SNR)

α Ptx [dBm]
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d [m] Lrf(d) [dB]

RoF (RoF TX) Arof

[dB] RoF NFrof [dB]

d [m] Lopt(d) [dB]

Lant [dB]

C [dB] β n

Sn [dBm] N [dBm]

α β

S0

S0 = Ptx − Lrf(dα) +Arof − Lopt(dα,β) (1)

β

α β

S1 = S0 − 2Λ(dα,β) (2)

Λ(d) dm 2

Λ(d) = Lant + C −Arof + Lopt(d) (3)

n

Sn

Sn = Sn−1 − 2Λ(dα,β) if n > 0 (4)

α

β

Nβ,ant

Nβ,ant = max(N +Arof +NFrof ,

∞∑

i=1

Si) (5)

N +Arof +NFrof

α β

∑∞
i=1 Si α

β

Λ(dα,β) ≤ 0

Λ(dα,β) > 0

Sn+1 < Sn if n ≥ 0 (6)

Sn+1 � Sn Nβ,ant

Nβ,ant = max(N +Arof +NFrof , S1) (7)

(1) (7) β

SNRβ

SNRβ = S0 − Lrf(dβ)−max(N,Nβ,ant − Lrf(dβ))(8)

4.2

D [Bytes]

Bether [bps]

crof [m/s] α

Tether

Tether =
8D

Bether
(9)

α β dα,β [m]

Ttrans

Ttrans =
d

crof
(10)

α β Tdelay

α Tether RoF

Ttrans β Tether

Tdelay = Tether + Ttrans + Tether

=
d

crof
+

16D

Bether
(11)

(RTT: Round-Trip-Time)Trtt

Trtt =
2d

crof
+

32D

Bether
(12)

4.3 IP

D [Bytes]

Bradio [bps]

Bether [bps] IP

Ttrans Tradio

Tether Tqueue

Ttrans

Tqueue

Tradio

Tradio =
8D

Bradio
(13)

α

Tether

Tether =
8D

Bether
(14)

α β Tipdelay

α Tradio

Tether β

Tether Tradio

Tqueue
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9:

Tipdelay = Tradio + Tether + Ttrans + Tether + Tradio + Tqueue

= Ttrans +
16D

Bradio
+

16D

Bether
+ Tqueue (15)

IP

Tiprtt

Tiprtt = 2Ttrans +
32D

Bradio
+

32D

Bether
+ Tqueue (16)

4.4

1 IP

RTT

1 IP

IP

1: IP RTT

2d
crof

32D
Bether

– –

IP 2Ttrans
32D
Bether

32D
Bradio

Tqueue

5.

5.1

9 IoT

α β

α (Tx) β

(Rx) Texas Instruments CC2531F128 Silicon

Labs C8051F360 α 3 dBm

RoF (RoF Tx) RoF (RoF

Rx)

Skyworks

10: RoF

11:

SKY12343-364LF M/A-Com Tech-

nology Solutions MAPS-010164)

Texas Instruments CC2531F128

Silicon Labs C8051F360 RoF

ET-615 ER-615 10

RoF 20 km

40 km 20 km

2

α β

α α β

β 11

50 dB

5.2

α β

(PER: Packet Error Rate)
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2:

[km] PER

20 0.0

40 8.1× 10−2

3:

[cm] PER

10 0.0

50 0.0

100 0.0

200 2.4× 10−3

12:

α β

β α ACK α

ACK 1 ms

IEEE 802.15.4 3

3 ACK

1.6 MHz 16-Bit Timer

100,000

20, 40 km

10 cm

2 20 km

40 km 8.1 %

α ACK RSSI (Received

Signal Strength Indication) 20 km

−59 dBm 40 km −71 dBm

20 km β

β 10 cm 200 cm

12 α

β β 3

10, 50, 100 cm

4:

[km] [μs]

20 770

40 966
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13: IP

200 cm 0.24 %

200 cm

α RSSI 10, 50,

100 cm −50, −62, −68 dBm 200 cm

−74 dBm

5.3

α

α β ACK

RoF

4

20 km 770 μs 40 km 966 μs

1 ms

IP

IP

13

IP

α α

β β

β

α β

17 ms ACK

IP

IEEE 802.15.4
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14: RSSI

15:

5.4

[18]

β

RSSI 14

45 [dB]

40 [dB]

45 [dB]

SNR (Signal-to-Noise Ratio)

15 [19]

2440 [MHz]

54 [dB]

16:

17:

[20], [21], [22] [22]

110dB

SNR

(8) 5.2 RSSI

Lrf(d) Lopt(d)

Lrf(d) = 10× 2.5 log10(d) + 30, Lopt(d) =
0.2d

1000
(17)

[23]

IEEE 802.15.4 Ptx 0 [dBm]

Arof 3 [dB] NFrof 16 [dB] Lant 20 [dB] C 40

[dB] N −100 [dBm] dα,β 20,000 [m]

40,000 [m]

d = 20, 000 40, 000 [m] β

RSSI d = −41 −45 [dBm]

RSSI

d = −59 −71 [dBm]

1 20 km

40 km

16

16

PER
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18:

2 17

c = 2.998× 108 [m/s]

n = 1.46 crof [m/s]

crof = c÷ n = 2.053× 108[m/s] (18)

α 20 km

97.5 μs

β 192 μs

1 byte 32 μs 11 byte ACK

β ACK 20 km

α α

β ACK

T

T = 97.5× 2 + (192 + 32× 11) = 739[μs] (19)

40 km

934 μs 18

2.1 10

1 ms 1 ms

6.

RoF IoT

2.1

2

1 1
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