RERENAILRY FT—HODORERIZ)EI2AY IRV I EHR—ILDT=dDINA Ty
K7—X%TO0F ¥ RUVPDALANY—THAL1Y

REMIEE Anh T. PHAM PHEHRF T U o — X TR Bz

e 2
1 8=

ENA A U H Ry b & ToT OILEFHACTRBEICHES T 56 TS VR y N —ZFWED 4G FRy hU—
Z7X0D1000fFVATAFEST OfFANT MR, ZRXVX 2R, 7—4 L — 2 55 FEH LR
N—"T2 FEMFEL TS, FFICAHRIZIE, 202 0FOERAY VB Y7 THG6 A WZET D058
2 0 2 OFORER EMIZID - THEFERGTNORERIEEHEZED TS,

VE—RFUFFAZVR | | Swhk—iL
(Radio Antenna Unit) \*“Jl"j—a
% YE—RFTFAYE
(Radio Radio Head)
—  EITAN—
—  RERIVY
<-> SURULY

Jnub— &
FobT—=H-..

1: BEINTNATY v FF/BHRY b U—7,

ENA A U H Ry b & ToT OILEFHACTRBEICHES T 56 TS VR y N —ZFBWED 4G FRy hU—
Z7X0D1000FEVATAFEST OfFANT MR, ZRXLX—3R, 7—4 L — b2 55 FEHELR
N—"T2 FEMFEL TS, FFICAHRIZIZ, 202 0FOERAY VB Y7 TEG6 A WZET D058
2 0 2 OFDORER BWIZID - THEFERTNORERIEEHEZEDTND,

M1IZkVENAS LRy hT—=212BT 5, HFEF/BHIZ—kICEL GEHR) & a7 %y MU —27 O
WERLD, A ZFy hEAS Va—F—DIME ONEEET — & —EAD7D, RIREAA LR
U — 7 OB BRGNS 2 & b b IR O F/BH TRARIIZ2E AL/ N S WL O R TH
5 (wru/27uabvAnbbEakbid 72 b bEAET), W5 T, 5GE/BHOD/NSWEAENE - & K&
{TpoTW%, TTb, 5GF/BHR Y N —7 Db EEREMFIZaT Ry NV —7 ~O@EEENORE
DT NAANBEKRRE N T T 4 vV ERETELLICTHLETHD, 56 ENXAM LRy NT—T DRX
RINEWEB NV E Y R— M5 X912, UA Y —F/BH (Optical Fiber—OF Z A TC) 7 HEERR £ TO WO
MZEEL TWAIMRER TS SAH D (36/4612EB1T 5, X BH R v b T — 7 TIXILHEIHH T OF DB &
H\ZT A ¥ —HF~DERE(E (Radio Frequency — RF) 22681452 L TH D), FOFHITELR B ©
FHMER DV PT R —IRENNDL TH D, SHI, Ry T —7 HBIX56F/BH 23T 5 EE /K
ThHNLER BH OEn a2 A2 MNRIZFOBEBO—>Th 5, RF LV EHIRIE 2124 2 88 BT T,
BEE I VEENTHD EI0 LY TONEERASLT PO IEIXI VEHTHD),

Fox OB X B8RRI RO OF 3UEmW X 56 F/BH v b U —Z12+4> T2y, OF I3
OB DT DBIRTH D, LovL, BAVEENRE L ROMICHERR Yy NV = REELNTHD,
—J5 . OB J OB REIEIE OB WTER T P4 2T AMIBWT, EE5THIIERRMETH D,
EHIC, IV RIERREEKICEZMNE S, KRR IEEIETH D T5 1, TRIEE56E A LFy B
U — 27 OBEEREMD QoE (User quality of Experience) ZffEPRT H72IZ F/BH X > MU — 7 |[ZHkHkAY 72
MBEZRT, TO7H, Fex T F/BH Ry FU—27 DDA OF LY » 7 o 3 ) IR T H A 22



& (FS0) ZFIHTHNAT7 Uy Rxy NU—27 24287 5, Fx L OF, mW, FSO i & OfAGbw % H
WTCLF/BHDT=dDNAT Y v KT =577 F % KOV TV 2T AOFT )L &Gl &2 FEREITAF9E 35 =
L ERRIZEST 5,

AEITES A (56) EANANR Y hT—T DDA T Yy R7a Ly Ay ZR—)Lxy hT—
I ERETDH, MBEINT-FRy NT—TIX[ KD T RR—RENS N HF—Fy NEE DA HF
> b (IoT) 123 A MhRJEEESCRKAFRBEEOF N EZ 525 2 LWRT 2 (K1), AEEOEZEM
BINZOF LT VA IV (mmW) °FS0 72 EDRAEERANANA TV KT —F%7 7 F ¥ ThbH, ZOT—F
T Fw X F/BHX Y NU—2IZ256 DETOFRMZMIT AIRERH 5, BRI, B2, ko T
DZODOHMMIRFEFE 2V R — N T HAREERH D, FE IS, ISV LOEEEIZEBIT A, FSO & mmW
VAT AOMAB DEITEE A 2 KRR & KR T2 —F D QoS ZHERT 27223 v b T — 7 OIRIE T % [\
FTBZ LN TE D, FHAT, SEBIEEAT D FSO O 3L —2h3R K OV 5670 T BERR 0D Fx CRAN (2 A2
T LA E THEBEORMBE A RIS 52 LR TE D, HEIZ, FSOZHWTOF ry T —27 & O MM
DR NNR— LV AREREE R T DN TE D, THULREERY NU—270aT7 ThHD, 2
FERo7m Y= N T, B TOMEREICE S 2 S T3,

(1) F9. OF,/mmW & FSO ZH\W\onA 7V » K7 —F%7 7 F ¥y OF S A2HRTHZ LICLViIRESN

72F/ BH Ry hU—27 OFEBAREMEEZMRGET 5 2 &,

(2) WIT, ZE72BT ¥ RVIRPL T Thex ZRIEA Y7 2 A7 A (OF/mmW <> FSO/mmW <> FSO/FSO %)

R, BERENTAA TV v B3y MU —7 OHGHIIRR 25845 2 &,
(3) MERT v RV IEE OB T TR UK O 5L GEISER/ 5Bty F T — 2751k
R/ v A LAY PHY VMAC 7' b 2L DEREF & i k) OFAMEEZHET D Z &,

27820z FOEGHER

TEDOMFEIRED 3 DO ERFEIIESNT, ATr =7 FOERBREITISH D,
(D) |BBEINTNAT Vv RFy NI =7 DizdD 7 v AL A ¥ PHY/ MAC 7’11 b /L DHFSE [C4],
(2) F/BHBGENA Ny NT =T DD DRI NTNAT Y v K7 —%7 7 Fr EEDORFE [C5],
(3) FSOFMHRE 7 = — T v V' F v VDR Z2[RA [J1. J2., J4., C31,
EBIZ, 207V FORETEO %y NU—7 OB BRSBTS 2 mERB L [J3,
Cl, C2], 3 5OFERMEIILLTO LI IZFEib s,
2-1RESNFENATIYERRY b T—=OD=bDH DR LA+ PHY/ MAC 70 Fa)LDBAE [C4]
REOBETR Y hT =218 5, @EEESCATHESCANL—T"y M EZERT 572012, FSO & RF Ot
BRNHEASIE LT, UL, FSO KON RF DMEFERIZ L > TR LS ICEINRNE WV FEDTD,
MEL T T —FThDH [1 2], FSO U > 7 OFERPLERITFE LI TH L0, WOEBIZNIZE
RATIER D, ZNEZ AN RF U UV IIENOEEZZITRTWAE LK ELZZ T2 [1 3],

Queuing state Queuing state
at cycle 1 at cycle 2
peta ranamitc NNNNNNENN | |
by FSOlink [~ - n
Y oo™ (000000000 | | (00 Switch-over
Data transmitted o system
by RF link =i
000000000 | | |00 | buplcated
(EEEEEEERR0 | | B sysem
[ R R Y | Paralle
Mo o | system
NARNENN 000 Proposed
EHE o system

Act like a parallel system Act like a switch-over system

X 2: »4 7Y v FFSO/RF ¥ 25 LD R 5 EBIEDH,



B> T, NAT VU w RFSO/RF FKIARE NS LRy hT—2 (5G6) OF/BHDO=OD @GN, @7 —
ZL—b, @AM, BaARIEROY Y a—varbEZLNTWS [14],
(1) BEEME

ZL OPGFONAT Y RYATATIE, Vo7 OMERNHAKEISLT2200 70950 150
HNT —HZEEOTDIHEHEIND (Thbb, A, v TFA ==V AT L), —FIZ—2DV 7 EMEHT
Ll HWEEBBNNLV DR ZERCTOT — X OMAEDE/T_EZOFHEZLEE L, 20X
9 7R BEIT £SONA 2 MRV 72 ED X 5 22 iR D /N4 7'V » K FSO,/RF BEHIZIAFICERA STz [1 5] -
(171, —J7, T2 FERINEHT OV 7 TRFICHE SN D, ZEKICBTS, () 22500 7 Mn
LOBFIEE VANV THEEESND (Tbbh, /e A7) [18], XE (i) £V v/ Tx
FENTZT—H AN —AZMMICHRE L72%., K0 EEEOB VT —2 A N —ADHRPERIRES D (T
bbb, HR/BIRINTZV AT L) [19], Lol HR AT ATIE, Fr RV EENEVGAETH FSO
ERE DGOV > 7 DGR T 77 ¢ 712725, FAUTERE ) OEEK & RE LT ORI DN 5,
WHN AT BENWIBIOFETIIT =X 8T 7 0 v 713 > 7 OB O ME IS L TENRD ORI THtk S i,
WEoT, VY—AD XY RERFIHZFRIRFZERT D, Lol WMFOV T IXFET 7T 4 712725HDT
W) TN —BEEENICHE T 5, S50, ZOBEIEEHETRILLY VI Ik DT —H AR —
LDOBUFRZ B TT — X OMAE DR/ ANEZ I CICHT VAT 208N [20] - [22],
(E 212" F X912, ™A T Y RFSO/RF & AT LD F73 5 EEDH])

Arriving
frame

Queue-aware e iaeet

3: Y a A b queue—aware:channel-aware {ZE-S3\ 7= N4 7V » K FSO/RF OFTHAERE,

(2) BRERURKER

FEOM#EE X SFIZ, A TV v RFSO/RE 3 2T LD T- D DFHENEAARR T 5, FHUTTF ¥ F/LF
AR, VAT AOBMES RO XNX—=ROMOTYA » hL— RAT7E2ERTHIZ L2 AT TH
Do AA VT A—=NR=LNRXTLLD 2 DOEEE— RERFT 5, SHIT, AL —T 3 E— RER
(Operation Mode Selection-OMS) % FH49 27 2MEREABIED NA TV v RV AT AMZIBINT 5, F =
— L F Y RO ST ORELZEE L T, (F74bH., queue—aware K N channel-aware) EEHEIZRIT A A
TV MIOREEITH Z L TEHROMS R =0 BRSNS (M3), FT’ex DAMBRY TEFD L H
IRHIBERED NA 7Y > RFSO/RF VAT A TEEINDDIIHD T TH D, REISNIZV AT LOBELED
ATAML—va FR2 TRLND, BYIOEEYA 7L TE, EEHEOF2—I210 7L —2b0, 7L
— AR TFIIRENDT, LY BEBWF Yy RAFIHOEDIINT L ILE— REBIRT LN TE S, 5 2
DEFEVA 7 NVTIHE, 3 DOT7 L —ALDRNDT, VAT AOEMEEFL L, =XV X—%HiKNT 57

Proposed system Parallel system Switch-over system

) ) )
° o 9]
S S Ss
® @ @
£ £ £
s 6 g 6 s 6
54 54 54
2 3 2
=) 52 52 £
3 2 g Et £ Parallel sysfem
£ 20 £ 20 £ 20
£ 5 e £ 0 0 X £ 0 : X 816
-20 20 -20 20 -20 20 k5
FSO Tran. Power RF Tran. Power ~ FSO Tran. Power RF Tran. Power ~ FSO Tran. Power RF Tran. Power 2
S
<
Proposed system with q=3 Proposed system with q=6 Proposed system with q=15 g 1.4
2 2 2 Z
< c c S
2 2 - 1.06 o 2 <12 Switch-over system
2 2 2
T S 1.04 ]
5 1.5 B B 15
< < 1.02 < 1
£ E E
zZ 1 2 1 2 1 20 -
Z 20 o 20 z 20 o 20 E 20 o 20 [ 0
-20 20 ° -20 20 0 -20 20 ° -20 -20
FSO Tran. Power RF Tran. Power ~ FSO Tran. Power RF Tran. Power ~ FSO Tran. Power RF Tran. Power  FSO Tran. Power RF Tran. Power

X4 : ¥x T x—<RAA MY v 7 %R FSO %158 /7 P:[dBm] 38 &L TN RF 22(5F /7 P.[dBm],



OIZAA v FA—R—F— RZEIRTH Z LN TX D, Queue—aware * channel-aware & > A7 LAE{EE— K
BIROMAERICL O THA 2T TR OITORMBE LA TS, 2D O EMERZ KT 5 -0 EL/
Vo7 DraAvA Yozt d 57200 3%t (3D) v /ba 7EEE T AP REIND GEMiE [4] 12
HD)e TOTL—LU—=7ICL0 | KAIRT LI, YRV —T"y N T 7T 40 7V 7 O E S
L2ODEBERNT =< ARA N w7 BT LRTES, ZNOOEIEMRRIFEEI NV A
T LOF| R ERRGEET 5,

2-2FBH5G ENA LY FT—I DE=HDRESNIz=NA Ty F7—F T FrBLEZDREF [CH

R
@
alins ~ Q89
Co T NN
- , ‘
. =
,sﬁ "’ ' (\Q;Q
© \Q . e e
8 A&,
= R
Remote antenna unit ¢ C 1 Offi
X O Backhaul network > \\ entral Office
L Remote radio head (Optical Fiber) Wy *
QY Mobile user Wicro-cel
== = EFSO s Optical fiber —7%— mmWave RF m:'m Macro-cell

K5 : X978 —NVRy NU—=T7DEDODONATY v RT7T—FFT7F ¥, (a) OF & mmWave RF Z /- 1{E#E
728y 77—V (b) FSO & mmWave RF % =i 0ER,

ZOWFRIZE SR T LI RANA T Y RF/BF 7T —%7 7 F v IZHESEYU TS, 568LVT—Fy hY
— BT D, BaANIRSCELEEESCRKERREDO Ry I A=) T ODIAHE (0F) &R
(mmWave/FS0) OEEROFIAPMRRE I NS, BENICIE, K5 @ ITEEO~A 7 nkerz T 5~ kL
BNy JIR—)L Xy BT — 7 28T A 728D mmWave RF TN OF OFEARER) 72 BBE A 79, XU, 5 (b) |z
BOWTHIZIEOF ZRETHIZENARAETH D EXIZOF A2 FS0 Y U7 ICESHZ S, SHIT, FSOITKRE
BEEO~VA 7w ~D) 7 RO/ UTEESEEDOSH O RF TS ORMELEMT 572D bz 5,
ZONAT Yy K7 —%7 7 F x TILOF/FS0, OF/RF, FSO/FSO, RF/RF K TNFSO/RF % & etk x 7eth 7o A7
LEA TSN, ENOEDONTH—v U AgHaETShe ([23, 24] LZ20FDOER),

10%%

—_
oI
N
T

Outage Probability

—_
o

o =2.296,B=2,p=0.59
Oa=42,=3,p=0.59
Aa=8B=4,p=1

- --Asymptotic Result

_|l_* Simulation

0 10 20 30 40 50
Average SNR per hop (dB)

B 6: Ri2HEKMELGDO T TORY L7 Yi=h OFE) SNR HE (#ER
BTx ODHFFEITAFHTRHINA 7Y v RT =% 7 7 F v BT H1RE RF/FSO 7 U A7 AMIERE L TS,
FE BOE ORI [2 5-2 8] G TRA RF/FSO 3 AT LD T 3 —< 2 AZET 5% OHERH -1,
¥lZ, Zedini et al. X Nagakami-m T ¥ %L & Gamma—Gamma 5 v R KD ~Ta XA v/ BEBEHE )
7RG RE/FSO v AT L&t L7z[2 5] [2 8], b S 7= M 345 F ¥ /L (Generalized M-distributed

2 aC

10




channel) 78 FSO O 7= OIARE SNZIRE RF / FSO 2 27 A%, [26] R OV[27] T S NT-, F1 6 DA%
Tl d #7221 U — (Rayleigh) F % KD RF U 7 ITRESNTZ, LasL, #i#R (light—of—sight — LOS)
5 DIEAE T mmWave [GEE D EHMET 2848, 94 A7 =— 2 7 F ¥ %/ (Rician fading channel) 723& Y
WY ETLTHD [29], Tl FTA AT 2= TETIUWILVA Y —T =2—F 1 7 KX Nakagami—m
T x—T 4 TN EN OGNS [3 0], L7eR- T, AWFFEIZT X+ U 7 REZF (Subcarrier Intensity
Modulation—SIM) /ME#EH 2 IV 72IR4A mmWave RF/FSO 3 AT LD/ T 5 —< 0 A5 DT=280IZ RF O A
AT 2= L FSO D Malaga A7 = — 0 S ETAERME D, T4 ZAET /L& EERIC Malaga (M) 1Z FSO @
A SINTZ T ==V BTN E T ENTE, ZHIXERT — X ITENE A AR L, HEOE
IS Gamma—Gamma (G-G) <° K CfRMuyAiZn E2 R r— A L LTHAT %, 512, BBEOETTIZE
FAHFS0 Y v DIFFEMEEZRET 7202, RA VT 4y 727 —OFBELGITICEEND,

KO RIT2 2D, £T. Meijer’s 6 B TR LRI (PDF) . BFEOAMEE%E (CDF), E— A
M EERIE MGF) OB Z F7-IZ 8T 52 & THDH, TIDDOH LWFERIZE SO TR IR By
iAW & (Average Bit Error Rate—ABER) M OVEMIREL F 2 GOIREINTZV AT LAOEEA /87 3 —=<
VARARNY w7 OloORBEANENINS, SHIZ, Meijer’s G B OMRLEICM 5 Z LI L o THM
IR BTSSR ML (Signal to noise ratio — SNR) O F TOEIEMESR, MGF MU ABER D irHY
IR E NS, WIZ, K6 ITRT LI, MEINTZ VAT LAOKFA RN T y—< 2 AX MY w7 R
B2 DHT ¥ FNVGFMEO T CRBICHERIND, (LRMERA VT 4 72T —OEEHRIZT AT LERE
ZLEKTEHE, maWave RE U > 7 OREIZY AT ALK TIHFICEHETHLZ ENb5,

Source Relay 1 Relay 2 Destination

Input b n o n LS n Output
data :::: ‘:j: Sl data

K7: 22008/ — &K/ —RIZ2ODFFT/—F ¥ BFROvNAF KRy FSIMO VAT A,

1=

- ; : :
o (a) C2=5x107"°
S 0.8f
5 _— ot
J06r oo n
5 o C2=3x107"
So4f .. o e .
kS .
o2
o
© s Ry I ‘
0 5 10 15 20 25 30
; Aperture Separation (cm)
: : :
€ _ -15
5 08 C=5x10 (b)
o U
= 2 _ 14
Eoe LGt e
=R I CZ=3x 107" UL
204
=
202t
o
[$)
0

- = I I I I I I I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Link Length (m)

X 8: (a) ELKIMMEDRARBEL V o 7 BElE L=4000m CHEMRE 7 7 S—F ¥ 258E; (b) ELKFBREDR
TRBEL T I—F % 558 d= 8 cm THHEALREKT Y o 7 &,

2-3FSOMBE 7z —C U Fr RILOERMLRA [J1. J2, J4, C3]

FSO S AT LD E/RFRED 1 D, KRV 7 OREN 1kn 2B 255412, (ARBE Y = —T 7D
M Th 5, ZORBEICHLT 5720 A A N—2T 4 RO~ VT Ry TR G%EZ G0 % < DG
DR SNz, BEREEE W DDOENR v T2 EIT 2~ VT T HRMERE T BRI K773 2 ELAR
ML RRBREEMT L2720 TR, L0S BEEBEBET S, MELHF/ EEHE (Intensity



Modulation/Direct Detection — IM/DD) FSO AT AD7-HIZ, kxRS 2 AT 5~ /L F Ry 7 A
T ILDIRT F—  ANIEL IR EN T\, ITEDOT VX VG SRR O#EHRIC LV . IM/DD Uk~ T
NRT7 F—< U ARKIEIZH EL7zae—L > FFSO VAT ANER ENTWE[31], = —L > |k FSO 2 %
TAIBTLYNANT ARy THMOEH ITHEEEEE (amplify-and—forward: AF) [32][33] &k OVE B ik
(decode—and-forward: DF) [34] DHHBFAMTOI-OITHRET Sz, EHOFHEE> Z L TTr7=—T 0 7 %
KIEIZFERICZ 25 Z EIXH LN TTR, ZHUTEHRNIROE NV Y 22— 3 U TliEew,

—JF. BB A N—=T 4 TR FSOBE O DEICBIT D, KV EMECITRBENRY ) a—va vk
A2, Sk, ZERERICBIT D EHEARINSE, LT, 72—V 7 ok FEMCED &
BB, ZBEAAN—2T DR T F—< AL, IM/DD Uzt —1L 2 b FSO ¥ A7 LD J7CTli < BFFE &
NTWe, LU YT Fy x0T 2=V U IRHEET 5 & & BRI A N—2T 4 ORI T 5,
B 8 1 ZFERAMR I (a) 7 x—F xR (b) V27 ORIOBEKREZRT,

ARFFEORW I~V TF Ry Fabt—L 2 b FSO VAT LB BT = —2 0 7F ¥ RILDZEFE 2 A R
— U FOEARBREZFTRD Z L TH D, 7R G667 ==V 7TV, BIKOER R KK
23 L CWAdfbins, Fic, HE LU REMZ A N—T 4 OFREEBIIZED X HIZHIBRL T
WD EBATEIZ L, FSO S AT LORFED Y 7 i & KEGAFITH LW HREDBLH 23 WD BT 72 D 0 &
W22 L 2BIET D,

0.45 . i ‘ ‘
‘F+‘ + Approximation
04r ";'i % M=2a=2p=2Q=1 - - - Simulation
P p,=0,p=04
s | )
e Vol
At |
A M=2,a=45p=330Q=1 I ; p
o3ri !l % p =P =03 | ) :
3
.'1‘- -'i-*‘-. 06| ) M=2, 0245 =33 Q=1
I 1 i =p =03
= 0% L1 M=6 0=45p=33Q=1 - i )t s
= H IR p =0 =03 Z osf i I
o2 A | [ i # WMez2a=2,p=20=1
il ¥ o4 I SF p,=0,p =04
v +"' * M=6a=2p=20=1 . i .
N = = g
01811 :;3;;#5-1-..\+ e p,=0,p =04 ] N /+/
# N 3r T £ e ntpon
L e ::r: v 'l+ M 6‘,‘::: 0%»&3: 02,452 1
ozr Fi
7: S ¥ M=60=45p=330=1
0.11 " .11",: py=p =03 + Approximation
"/ "’*‘ - - - Simulation
'_I& - . )

L L
2 4 6 8 10 12 14 16

-O-p=0
-p=025
~-p=05
“V-p=08
—>-Single Aperture System
* Simulation

Outage Probability
>

0 5 10 15 20 25
Normalized SNR y /v, (dB)

X 10: F ¥ R AAHEDRET CHEBREOR R 2 EIC X o TEHIL SN SNR (T3 B EIEHER,

30 35 40

(1) BEEME
BEDORGE/ZET =T ¥ 2 HND ZLIC Lo TERSINDEMI A N—T 0 #HTDH FSO VAT A
DIRT F— 2 AT B LRI DOHIZE D REFITEBWNT, MO T =2— 0 7 F v IV DMRE S -, FHE
T 2= TIWZONWTIE, 66 F ¥ RNV EERFTAN—T 4 BHT 5 FSO VAT LDO/NRT 3 —< 2 AL,
F ¥ RV OEM{L I -E TV (B2, BEEREEE TV [35][36]) Z{0E L TRFTSN Tz, 20
T UL, ERERE RF) @ENSMEHINTEY, FSO VAT AMIBIT 5 K&AELGE T v 2LV OFE % %
THOTIHR, KKELRHRE 7 = —7F 1 > ZTHBEICKIET F v INVEHORBER R 572012, i<



DOMOHFFENTTHOI T [37]-[39], [371& [38] i, WEeREE T Hrm (MC) ¥ 2alb—v g
ERWT, BLRESCT N—F ¥ BT N —F X pBEC U vV fiPH 7R 8T v VB RAZ T RN ZAE
ANV T FPEFEHAA RV T VAT EAOEDIZHALNNIEN TV, LML, ¥YIalb—arFHik
IZEARBI ORI > T DT, O RE K7 —AYET 2 Z L IZR#ETH D, Z OfEIC
K 5720, [39]DOFFIL GO/ NT A—2 O E UTHBEGRERA R R LTz, ZOMBRIZESNT, X
T A =L ENT=TF ¥ FAAHBEN FSO & AT ADOMREIZ RIE T HEZ D 72D O IR G & FhE 5 2 &4
ERDDH, LIEN->T, ZOMERIIZOX Y v 72 MO L H &5 5,
(2) ELERE

AWFZEDORREIT3 SBh b, T, vV FhyFak—L > FFSO VAT AIBITAHEBEGCGC 72—
T TOZEM A N—F OFERMERR A SHTHINIHRETT 52 & ThHhD, HF 21T, HET AT LDO/NRT 4—
T U ABESNTT AT, A 6-G HERZEL (Random variable — RV) DA/ E % EMEIZTEIT 5 HikE 2%
THZETHD, BARMIZIEZ, B G-GRV OFIE, H—D G-GRV & LTS L, TND/NT A —H | TH
W72 P TR OND, B G-GRVEZR Fv—T L L THH LT, VAT LT 43— A& 0HT 5,
ITPEOREE IR 9 \R &N D, &BIC, IBREHIETY V7 O, SLKMOR S, ZE7/3—F v 0%,
KOS ORIOMRENS T v R VFHEIC RIX T 582 B 8 L CDF & AFF D7D OF EfER L =12
— FEEOABRAZ FT I8N T2 Z L AFIEHERD T 4+ —~ 2 ATk 5 F ¥ RAARBE OB O —fF %
10T, KVEEMZRmtriE, LGNS RHT Z R TE S,

ham

A7v vy ML, Wi (56) B XA VR RT—Z BT D/ A 7V R F/BH O AN 72 EHLE 2
D, THUIFFRD 7 T RR—ZADFENRA LA o Z—F v b & ToT (Internet of Things) k% 73
BRSO OEE AR, "ILENE, KEZEOEGME 2T 2 Z R S S, UToLEh, £k
BEIT 305 5,
(1) OF/mmW }2 ONFSO 7 v 27 AOFSREZMER LT, A7V v RF/BH Xy hU—27 OEBEATREMED
A

(2) kx OWEIT v FVEAME TFICE T 5 OF/mmW, FSO/mmW, FSO/FSO 72 & & %73 HIR ARk BEA %2 H
THNAT Y v R T2 2T 5O EARRRICE S 558

(3) Za AL AYPHY/MAC 7' haLDT WAL N Ty KRy NU—7 T —%7 7 F ¥ Diciafl
(2B A5

Io7uY =l FORRIT, ZLOFELBRY X —F I/ N T UV T v a Vi REBRSE TRE SN, &
KE LT, Zo2FEMOT vy =7 FOFERIT, 41OV ¥ —TF v & b HEOEEESER B S 7z,

CEp T

[1] Docomo 5G white paper, “56G radio access: Requirements, concepts and technologies”, NTT Docomo Inc,
July 2014.

[2] T. NAKAMURA et al. “6G Radio Access: Requirements, Concept and Experimental Trials”. IEICE Tran. on
Communications, Vol. E98-B No. 8, pp. 1397-1406. Aug. 2015.

[3] L. Zhou et al. “Low Complexity Millimeter-Wave LOS-MIMO Systems with Uniform Circular Arrays for
Small Cells Wireless Backhaul”. IEICE Tran. on Communications. Vol.E98-B, No.11, pp. 2348-2358. Nov.
2015.

[4] H. Peng et al. “LTE/WiGig RAN-Level Interworking Architecture for 5G Millimeter-Wave Heterogeneous
Networks”. IEICE Tran. on Communications. Vol.E98-B, No.10, pp. 1957-1968. Oct. 2015.

[5] K. Tsukamoto, et al. “’The Case for Free Space — Exploring the Prospect of Free—space Optical Links for
Backhaul Applications—"", IEEE Microwave Magazine, Vol. 10, No.5, pp. 84-92, August 2009.

[6] P. T. Dat et al. — High—capacity wireless backhaul network using seamless convergence of radio— over—fiber
and 90-GHz millimeter-wave, IEEE/OSA J. Lightw. Technol., 32 (2014) 3910-3923.



[7] C. X. Wang et al., Cellular architecture and key technologies for 5G wireless communication network. IEEE
Commun. Mag., vol.52, no.2, pp.122—130, Feb. 2014.

[8] Rangan, S et al., Millimeter-Wave Cellular Wireless Networks: Potentials and Challenges,” in Proceedings of
the IEEE, vol.102, no.3, pp.366—-385, March 2014.

[9] Y. Liet al., “Resilient topology design for free space optical cellular backhaul networking,” Proc. of the 2014
IEEE GLOBECOM-OWC, pp.572-577, Dec. 2014.

[10] J. E. Mitchell, “Integrated wireless backhaul over optical access networks,” IEEE/OSA J. Lightw. Technol.,
vol.32, no.20, pp.3373-3382, Oct. 2014.

[11] Anh T. Pham, Phuc V. Trinh, Vuong V. Mai, Ngoc T. Dang, Cong-Thang Truong. Hybrid Free—Space
Optics/Millimeter-Wave Architecture for 5G Cellular Backhaul Networks. In Prof. of the 20th Opto
Electronics and Communications Conference (OECC2015). Shanghai, China, July 2015.

[12] S. Milner and C. Davis, “Hybrid free space optical/rf networks for tactical operations,” in Proc. IEEE
MILCOM’04, vol. 1, pp. 409—415 Vol. 1, Oct. 2004.

[13] F. Nadeem, V. Kvicera, M. Awan, E. Leitgeb, S. Muhammad, and G. Kandus, “Weather effects on hybrid
fso/rf communication link,” IEEE J. Sel. Areas Commun., vol. 27, pp. 1687—1697, Dec. 2009.

[14] H. Dahrouj, A. Douik, F. Rayal, T. Al-Naffouri, and M.=S. Alouini, “Cost—effective hybrid rf/fso backhaul
solution for next generation wireless systems,” IEEE Wireless Commun., vol. 22, pp. 98—104, Oct. 2015.

[15] I. Ansari, F. Yilmaz, and M.-S. Alouini, “On the performance of mixed rf/fso dual-hop transmission
systems,” in Proc. VTC Spring, pp. 1-5, June 2013.

[16] M. Usman, H.-C. Yang, and M.-S. Alouini, “Practical switching—based hybrid fso/rf transmission and its
performance analysis,” IEEE Photon. J., vol. 6, pp. 1-13, Oct. 2014.

[17] V. V. Mai and A. T. Pham, “Adaptive multi-rate designs and analysis for hybrid fso/rf systems over fading
channels,” IEICE Trans. Commun., vol. E98.B, pp. 1660—1671, Aug. 2015.

[18] N. Chatzidiamantis, G. Karagiannidis, E. Kriezis, and M. Matthaiou, “Diversity combining in hybrid rf/fso
systems with psk modulation,” in Proc. IEEE ICC, pp. 1-6, June 2011.

[19] S. Bloom and W. S. Hartley, “The last mile solution: Hybrid fso radio,” white paper, AirFiber Inc., 2002.

[20] H. Tapse, D. Borah, and J. Perez—Ramirez, “Hybrid optical/rf channel performance analysis for turbo
codes,” IEEE Trans. Commun., vol. 59, pp. 1389-1399, May 2011.

[21] J.Perez—Ramirez and D.Borah, “Design and analysis of bit selections in harq algorithm for hybrid fso/rf
channels,” in Proc. VTC Spring, pp. 1-5, June 2013.

[22] V. V. Mai and A. T. Pham, “Performance analysis of parallel free— space optics/millimeter-wave systems with
adaptive rate under weather effects,” in Proc. APCC, pp. 193—198, Oct. 2015.

[23] L. Yang, X. Gao, and M.=S. Alouini, “Performance analysis of relay—assisted all-optical FSO networks over
strong atmospheric turbulence channels with pointing errors,” J. Lightw. Technol., vol. 32, no. 23, pp.
4613-4619, Dec. 2014.

[24] S. S. Soliman, V. C. M. Leung, N. C. Beaulieu, and J. Cheng, “Analysis of general dual-hop AF systems
over Rician fading links,” in Proc. IEEE Glob. Telecommun. Conf., Dec. 2015, pp. 1-6.

[25] E. Zedini, 1. S. Ansari, M.=S. Alouini, “Performance analysis of mixed Nakagami-m and gamma—gamma
dual-hop FSO transmission systems,” IEEE Photon. J., vol. 7, no. 1, Feb. 2015, Art. no. 7900120.

[26] L. Yang, M. O. Hasna, and X. Gao, “Performance of mixed RF/FSO with variable gain over generalized
atmospheric turbulence channels,” IEEE J. Sel. Areas Commun., vol. 33, no. 9, pp. 1913—1924, Sep. 2015.

[27] L.Kong,W.Xu,L.Hanzo,H.Zhang,andC.Zhao,“Performanceofafree—space—opticalrelay—assistedhybridRF/FSO
system in generalized M —distributed channels,” IEEE Photon. J., vol. 7, no. 5, Oct. 2015, Art. no. 7903319.

[28] E.Zedini,H.Soury,andM.-S.Alouini,“Ontheperformanceanalysisofdual-hopmixedFSO/RFsystems,”IEEETrans.
Wireless Commun., vol. 15, no. 5, pp. 3679—3689, 2016, doi 10.1109/TWC.2016.2524685.

[29] M. K. Samimi and T. S. Rappaport, “28 GHz millimeter—wave ultrawideband small-scale fading models in
wireless channels,” in Proc. IEEE 83rd Veh. Technol. Conf., Nanjing, China, May 2016, pp. 1-6.

[30] M.K.SimonandM.-S.Alouini,DigitalCommunicationsoverFadingChannels,Hoboken,NJ,USA:Wiley,2005.



[31] G. Li, “Recent advances in coherent optical communication,” Adv. Opt. Photon., vol. 1, pp. 279307, Apr.
2009.

[32] J.Park,E.Lee,C.Chae,andG.Yoon,“Outageprobabilityanalysisof coherent FSO amplify—and—forward relaying
systems,” IEEE Photon. Technol. Lett., vol. 27, no. 11, pp.1204—1207, Jun. 2015.

[33] E. Zedini and M. Alouini, “On the performance of multihop heterodyne FSO systems with pointing errors,”
IEEE Photon. J., vol. 7, no. 2, Article no. 790110, Apr. 2015.

[34] S. Aghajanzadeh and M. Uysal, “Multi-hop coherent free—space op— tical communications over atmospheric
turbulence channels,” IEEE Trans. Comm., vol. 59, no. 6, pp. 1657—1663, Jun. 2011.

[35] S. M. Navidpour, M. Uysal, and J. Li, “Analysis of coded wireless op— tical communications under correlated
Gamma-Gamma channels,” In Proc. of IEEE 60th Vehicular Technology Conference (VTC2004- Fall), pp.
827-831, Sept. 2004.

[36] K. P. Peppas, G. C. Alexandropoulos, C. K. Datsikas, and F. I. Lazarakis, “Multivariate gamma—-gamma
distribution with exponential correlation and its applications in radio frequency and optical wireless
communications,” IET Microwaves Antennas Propag., vol. 5, no. 3, pp. 364-371, Feb. 2011.

[37] G. Yang et al. “Performance evaluation of receive—diversity free—space optical communications over
correlated Gamma—-Gamma fading channels,” Applied Optics, vol. 52, no. 24, pp. 5903—5911, Aug. 2013.

[38] J. A. Anguita et al., “Spatial correlation and irradiance statistics in a multiple—beam terrestrial free—space
optical communication link,” Appl. Opt., vol. 46, pp. 6561—6571, Sept. 2007.

[39] Z. Chen, S. Yu, T. Wang, G. Wu, S. Wang, and W. Gu, “Channel correlation in aperture receiver diversity
systems for free—space op— tical communication,” Journal of Optics, vol. 14, no. 12, p. 125710, 2012.

(2 & &

| 4 BEE - ¥4 %E RRER
[J1] On the Average Achievable Rate of

Spatial  Diversity  MIMO-FSO  over | LLE/0SA Journal -~ of “Optical |, ) o

. Communications and Networkin
Correlated Gamma—Gamma Fading Channels &

[J2] Free-Space Optical Systems over
Correlated Atmospheric Fading Channels: | IEICE Trans. on Communications 201849H
Spatial Diversity or Multihop Relaying?

[J3] Design and Security Analysis of
Quantum Key Distribution Protocol over

Free—Space Optics Using Dual-Threshold IEEE Access 2018467
Direct—Detection Receiver

[J4] Performance of APD-based IEICE Trans. on Fundamentals of
Amplify-and-Forward Relaying FSO Systems | Electronics, Communications and | 2 0 1647 H
over Atmospheric Turbulence Channels Computer Sciences

[C1] Design and Secrecy Performance of Proc. of the 2017 IEEE 1CC 17,

Novel Two-Way Free—Space QKD Protocol . 201 745H8
. Paris, France.

using Standard FSO Systems,

[C2] Performance of Free-Space QKD Proc. of the 2016  IEEE

Systems using SIM/BPSK and GLOBECOM’ 16, WS-QCIT. Washington | 2 0 1641 2 A

Dual-Threshold/Direct Detection. DC, USA.

[C3] On the Ergodic Capacity of MIMO Proc. of the ATC 2016. Hanoi,

Correlated Gamma—Gamma Fading Channels. | Vietnam. 2016410H

[C4] Joint Queue—Aware and Channel-Aware Proc. of the IEEE VIC2016-Fall,

for A Novel Operation of Hybrid FSO/RF , 2016498
Montréal, Canada.

Systems

[C5] Two—-Way All-Optical AF Relaying FSO

Systems over Malaga (M) Channels with Proc. of the IEEE ICC 2016, Kuala 2016458

.. Lumpur, Malaysia.
Pointing Errors. P v




