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Radio over Fiber (RoF)

RoF Application:
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Scintillation (intensity fluctuations)
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Scintillation theory: The variance of the log-amplitude fluctuations, ¢,2 can be related to the C,2.

For horizontal path considering a plane wave, the following relations are applicable in determining C,2:

2 . . . . .
5 5 . o7 :scintillation index _
=1.23C_“k""°L'®* Rytov/Ei (normalized variance of irradiance fluctuations)

(1950-70F1X) | : optical wave irradiance  CJiUHE E )
C.? (m?/3) : index of refraction structure parameter

I —<|>?
o2 == >| <2 - EEfRfbSnt= k optical wave number (k=2m/A)
<1z MEEBOR L propagation path (m)

Cn?: 5x10-15(week) < moderate <5x10-14 (strong)

VUFL—2a vtk B E—LIRE—COEHH 1.0 |

o5 'Ykt | v

Relative power
received

33ms 66ms 0

0 05 1.0
After 1km transmission, 100 mm radius lens, A=800nm Time (sec)

Referred to experimentally, &, is saturated with from 1 to 2 in the multiple scattering effect. -
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C,.2is refractive index structure constant, used to indicate atmospheric turbulence strength

: 15<(C 2<10-14 (1
Weak :  1015<C2<10 2 0O} 9 e 2 ] ™
moderate: 104 < C 2< 5x 1014 (1)
strong: 5x1014 < C.2

Turbulence is strong at noon time, especially in sunny days and weak at sunrise, sunset

and rainy days
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k /)—?_" M) [5 ? O) E"‘ iﬁJj Scintillation (intensity fluctuation measurement)
3

Monitor output (V)

— .£9- 2
. 06.12 11:52:41 clear day BEFLEXFDC2EE
2 10 — : :
® i v clear days in summer
o~ | © clear days in winter
1.5 1 L
E o
i ~ o
1 NO: 10’13 = ¥ v
0.5 o
s:_ R S WV o
0 © B 3 il
0 500 1000 1500 2000 2500 3000 5 1o
Time (msec) 0 RaNT
0.7 s Gl
—06.10 11:52:41 heavy rain E : o SR Ly
s @ 3N ;
:(:_3,- _é 10—15 O [« N
>
S g o] C;@u o]
.‘g QU:J o 5] [*)
é —16
190,00 0300 0600 09:00 12:00 1500 18:00 21:00 24:00
Local time
0 500 1000 1500 2000 2500 3000
Time (msec) - .- . .
Wavelength dependability of a scintillation index
1.4
1.2 /7/ ——= =
a”"‘ ,"——-"'
o1 / T i
= / / d -
Z 7 §ois
Z 08 e -7
Q . "’ ”’/
lq_: '/ ’,/,
- 06 7 Yl
= S ~
Z // ', ,J
O 04 ’ -
. ’
n ,," L7 — A=785nm, C,>=5.1013
’
o2 R — XA=1550 nm, C?=5.1013
: 7
S0 ] A=785 nm, C,2=5.1014
ol A=1550-nm, C,?=5.10"%4
0 fa ™
o 500 1000 1500 2000 2500 3000
DISTANCE (M)

Scintillation Index vs. Distance

14



10°

10°

DWDM 5% 3E

WDMZEEFTARILS L

** ADVANTEST 083814 Optical Spectrum Analyzer ** 2005-11-24 17:¢
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- 850 nm wavelength is used for initial alignment and coarse tracking.
- For fine tracking process used a part of 1550 nm wavelength signal light.
- Using the information the FPM controls and steers the received beam to the SMF core.

Direction of the whole optical system is controlled.

2-axis

Rough tracking sensor

A

gimbal

Forward / Backward
Beam on single axis

‘ with 850 nm beacon

Direct coupling between

Colllmator & Flne

Optical antenna design parameters

PID
controller

Space and SMF
Signal light

Fine tracking
sensor with QD

Error evaluation
electronics

A

By analyzing and comparing output signal from
QD (Quadrature Photo Detector), the

Parameter Value
Communication 1550 nm
wavelength

Beacon wavelength 850 nm
Antenna aperture 80 mm
Beam divergence 47.3urad
Coupling losses <5dB

direction of the spot movement on the surface
of the detector array can be determined. 16



K&
X
2k
253k A &t £

./\
7€ S
D ==
ZYtT
T\
IN X ASTAE
\ F
Photo X[i.. :F
D. s ;ﬁ
10de(5001f

nﬂj’
: Ipl=Ip2

_ P
/ TE{-%
(R=E
=) 5
A TN
JLE ZEKRT
—k B
77,{/{(@1.0
um )

9]
P
01> Po?2

-------------------------

K ST
» o :]:ﬁ" .
il]%ﬁbﬁt;
B ER % E 3%k
/Z%?’ gﬁfimﬁj_ggﬁz
mgkln E, 5&%?}5&(7’*
e \Viat.'d)
E"d—%) ,




Optical Antenna Module (Experimental)

4| Fiber Coupling
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Tracking system (Internal structure of the FPM)

Improvement of the intensity variations caused by angle-
of-arrival fluctuations FPM tracking

Polarizing beam splitter

2-axis rotation
Mirrox actuator

Reflection mirror Collimated lens
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Experiment setup-1

Bldg. 14 Waseda Uhiversity
Nishi Waseda Campus
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Experimental setup

Received WDM spectrum
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Experimental setup

Experimental setup Bldg. 14 Nishi

Waseda campus

FSO FSO
antenna 785nm antenna
V ——— RF-FSO
antenna
RoFSO RoFSO A e I E—
anterna 1550nm n Weather ==ap
({PI:V— N SMF device =
______ ! e 2 :
Optical IF I | Optical IF 1 .
unit | unit I Atmospheric effects
yy I : 7N Y : measurement antenna
I antenna y -
| v I I A 4 | Bldg. 55S Okubo campus rooftop
| RF IF unit I | RF IF unit | |
I | 1 Atten. | iIteFB-“ | Wireless signal wavelength assignment
l L 5 WLAN B : Wave- .
v e il Ch. Wireless
| LI w-coMA/ISDB-T/ AP 23 1 2 length - Freq.
I'Scintillation WLAN SA O | W-C\?\IDII.III\\I{JISS(I;)SB-T/ I (nm) service
intil
| °eg9me = _ I — . 29 | 1554.13 | IEEE 802.11a | 5.2 GHz
Site B Site A bown | 30 | 1553.33 | IEEE 802.11g | 2.4 GHz
Experimental setup of the DWDM RoFSO system. -link 31 1552.52 | W-CDMA 2 GHz
_T*x1
SMF Power point Level diagram 32 1551.72 | ISDB-T 473 MHz
X2
Transmission Power @EDFA :20dBm (100mW) 33 | 155092 | Free
Distribution Loss in the Air @1km :11.4dB Unlink 34 1550.12 | W-CDMA 2 GHz
Opt. Antenna-SMF coupling Loss = 5dB (Both10dB) piin
Optimum connection Receive Power@ Rooftop :-5dBm 35 1549.32 | IEFE 802.11g | 2.4 GHz
36 | 1548.52 | IEEE 802.11a | 5.2 GHz
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10Gbps Transmission
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H R ¥ D 10GhpsILELRE S
DWDM&ET100Gbpsl E D @E{E+ Al EE

200 pHidiy
20.1 psfdiw 22.0310 ns 20.1 psAdiv 22,0740 ns
E{EKRZ 9.95Gbps OC192 1km {E&E#
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4ch 1550 nm (2.5 Gbps WDM{z )

N

WDM ZHEEERRFS L BER &Z{EEB N

x** ADVANTEST 083814 Optical Spectrum Analyzer #** 2005-11-24 17:58:55 100 . r 0
SPEC Pk: 1.552019um -10.62dBm AVG: 1 RES:0.1nm ADAPTIVE Date: 23 ~ 24 November 2005
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) [ 18:00 21:00 24:00 03:00
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FSOD 5 R 1L D FkEE (1.2 Thit/s{mi=3EER)
A43)7 EY(CNREILAE L F—ER)ZEIT5EE LR EER

32-A
DFBs PCs
8-\ 40 Gb/s Loopbac
PCs 31
200 GHz PRBS (2°1-1 FSO FSO K ‘
' terminal 1 terminal 2

|

1

1
A4

- ————
FSO link (210m)

Patchcord

to roof
(20 m)

M EDFAl
AWG (Booster)

PD OA EDFA3 oa  OTBF

]
1
v

40 Gb/s Clock
and data recover

Pre-amplified Receiver

Achieved 1.28 Tera bits per second world record transmission for a wireless system using a system based a similar concept.
E. Ciaramella, Y. Arimoto, G. Contestable, M. Presi, A. D’ Errico, V. Guanno, and M. Matsumoto, >’ 1.28 Terabit/s (32x40 Gbit/s) WDM
Transmission System for Free Space Optical Communications,” IEEE Journal Areas in Com. vol. 27, no. 9, Dec. 2009.
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E. Ciaramella, Y. Arimoto, G. Contestable, M. Presi, A. D’ Errico, V. Guanno, and M. Matsumoto, ” 1.28 Terabit/s (32x40 Gbit/s) WDM Transmissién
System for Free Space Optical Communications,” IEEE Journal Areas in Com. vol. 27, no. 9, Dec. 2009.

1.28Tbit/s
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ROFSOY AT L D T BEST

mEFERE/NTA—FELT

B RoFSOV AT LD EEEF{H &ERETIZILMER, ACLR and Link
Margin WA 3}

* Modulation Error Ratio (MER) is a quality metric parameter

used to evaluate ISDB-T signal transmission

* Adjacent Channel Leakage Ratio (ACLR) is a quality metric parameter used
for W-CDMA signal transmission



DWDM RoFSO System3Ex (ISDB-T E8{51%)

13 segments (6 MHz bandwidth) Operates in the UHF band at frequencies
Layer A Layer B between 470 MHz and 770 MHz, with
(LDTV, Audio,r i Py i (HDTV or 3 SDTV total bandwidth of 300 MHz divided into
Data) ~ with data) 50 channels.
Integrated Service Digital Broadcasting
Frequency > - Terrestrial (ISDB-T) is one of

international standard for terrestrial
DTV broadcasting format developed
and adopted in Japan (6 MHz bandwidth).

;g/ /v\ |

Handheld reception Fixed and mobile

(1seg service) reception (HDTYV, etc) _— —r . =%
ISDB-T channel segments and services Ref Level -10.00dBa
Parameter Value b i 4 g‘% %Eg‘g{f

Mode 3 T
Layer A B |'|\*~\r‘ﬁ\f'-w,4"er%'v\""...-‘l i
Number of segments 1 12
Modulation scheme 16 QAM | 64 QAM
Information bit rate 624.13 19,660 Center 476, 14101z Span 20 .001H
Required CNR/MER (dB) 11.5 22.2 Pre dwloffl

ISDB-T Transmission parameters. Received ISDB-T signal spectrum



RoFSO BERIRIEFRER

Digital TV broadcasting signal transmission

11 December 2008

10
10° medns NSRRI - D
Error correction limit 2x104.
10" v 10
ML
(4 Vo
mlo'6 AL A AR AEIY 15
o :'“évv ﬂ‘#‘t
A WK ii N
I Uil
10° T ” 20
4+ BER Layer A
v  BER LayerB
10 » Received power (dBm)
10 &===== A A B A A === 25
0:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00

Time
Digital TV broadcasting BER and received optical
power characteristics.

BER shown here is calculated from error correction information.
The error rate currently displayed is between for an error correction
with a RS and Viterbi cord. Error collection limit is 2x10-4.

Received power (dBm)

B-Layer 12-segment video
36
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ISDB-T signal transmission

40 0 g
1
) 3
— 5] | |—Layer A /r
g 3 0.9 =:=Layer B /
o 20y S e S
g V‘“W‘ pl wﬂ\,%m LN A V,W“ * Average Layer A MER g ’ /
T * Average Layer B MER a
| I g o7
A — Average Optical Power . L /
: ‘ : 10X 0
og:oo 07:00 10:00 13:00 16:00 19:00 22:00 01:00 04:010 x 006
Time = /
205 -
20 - s /
o — Visibility | 50'4 Layer B: 95%
E 15" e 0~ of values above
:..; 0 g 'L-U“’MM'”V'WW l‘“u*wmwu‘ “.‘E 0.3 ! required MER of
3 T B I s I ¥ / 22.2d8B
0 T L T P s T -
;. Py, 5 e f
,,,,,,,,,,,,,,,,,, 10 T oz
09:00 07:00 10:00 13:00 16:00 19:00 22:00 01:00 04:00 q 1 -
Time 0 15 20 25 30 35 40
MER [dB]
MER and received optical power CDF of MER for Layers A and B over 24-h

= ARIB STD-B21 specifies a minimum required MER value for Layer A
(one segment) to be 11.5 dB and Layer B (12 segment) is 22.2 dB

Z]N=1(Ij2+Qj2)
z§:1(51j2+5qj2)

} [dB] 37

Association of Radio Industries and Businesses MER =10 X logm{



REF v R JL (W-CDMA)DEE

23rd December 2008

I

60 : 0
- - - eived powe
W-CDMA signal transmission s \ a4 5
LR (-10 MHz offset)
< Adjacent Channel Power(W-CDMA)>> n 10
Storage : Average ( 20/ 200
Hethod : SpectrumCATLY | N N gy g, - - AL TR AR R o LT e e T
-
Tx Power : -13.85 dBn 4 15
me . ACLR (5 MHz offset)
ACLR (RRC Filter On )
-10.00 MHz : i 40 -20
-5.00 Wiz :
5.00 Hiz :
dB-00 1z : . 35 v ACLR-10 MHz offset (dB) || o5
4 ACLR -5 MHz offset (dB)
* Received power (dBm)
30 : : -30
0:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Spect Anal _Time .
"ot ¢ -14.00dBa ACLR and received optical power
ATT : 2dB
! e RBW : 30KHz# 1
1 : VBN :  300KkHz [
Span : 25.0MH= Data Points : b0l SHT : 110ns
DET : Saample
0.8
: 10000CH Lewel : -24.00dBn Power Cal : Par Hir //
: 2000.000000HHz Offset :  0.00dB__ Correction : Off n
Received W-CDMA signal ACLR o6
spectrum (3GPP Test Signal) g /
o
. . . e S
ACLR is a quality metric parameter specified by the %4
3GPP for evaluating W-CDMA signal transmission.
- 0.2
3GPP specifies ACLR value of 45 dB at 5 MHz /
offset and 50 dB at 10 MHz offset. -

%O 35 40 45 50

55 60
CDF of ACLR at - 5 MHZ'6ffet for 1 month

Received power
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14 dBm W-CDMA signal  WLAN signal DTV signal
Tx Power N ~ ~ N
Tx coupling Loss 5 dB
\4 \ 4 \4 \4
Cable Loss N 3dB N 1: T
V V YV
N\ N N\ N\
Rx coupling Loss 5dB
\4 \ 4 \4 V
A z A VY A4
Geometrical Loss 4 dB 1
- 3dBm \/A \4 \4
Extended Link
Link margin margin
21 dB 26 dB 28 dB
Minimum ¢ v v
required power -20dBm EdR v
, m——
27 dBnT——

Link margin of the RoFSO system for different wireless signals
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BFEEEY —EREFTIIX L TERLZROFEiTE B AZEB LR IS
FA9 %RoFSO(Radio on Free Space Optics)# i) E1H

Cellular

RoFSO

""""

_______

_______

o RoF
SAMBY—CRES | Fason

RoF EEHHZEMBFED
— LU RA¥ESE

€1550nm EE

€ \WDM ROFSO Fy¥RILZRAT, EHDRFIEBTIGk

®WLAN, 3 GPP HI AT L, M ETAOFIITVEDORFETAVLR
H—ERFEBETEH-HDIZN—FIL TSI T+ — L
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