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Abstract In recent years, long-range wide area network (LoRaWAN) have been attracting attention. LPWA
generally adopts the pure ALOHA protocol as the MAC layer access method. Therefore, when a wireless device
detects anomalies in the environment data and sends the data to the fusion center (FC), the communication quality
will be degraded due to the interference caused by the simultaneous communication of multiple devices. Therefore,
in this paper, we propose a method to avoid packet collisions by autonomous distributed transmit start delay time
setting by reinforcement learning and controlling the transmission probability based on the transmission start delay
time. We show that the proposed scheme can improve the average packet delivery rate of event packets by 32%
compared to the conventional ALOHA protocol.

Key words LPWA, LoRaWAN, Resource control, PDR, Machine Learning, Reinforcement Learning

-1-
This article is a technical report without peer review, and its polished and/or extended version may be published elsewhere.
goooooboooO00oobDoOoO0ooOoOooooO0OobDoOooboooOoOoDbDboOoobDooo Copyright ©2020 by IEICE



1. FL&®IC

I, £/ DA X —%v b (IoT: Internet of Things) <
¥ (M2M: Machine to Machine) @74 ¥ O KB HEA T
W3 [1]. ToT OREWRBERAETH 2L P2y PV —21F,
WEOELT =3y b —7 L3RR INEER 2] vy
Ty P =27 ORHE LT, B ROAE S - LHH
DPOEERINCIR S Z %, BEHHRI LYV LT —
& % [GHENF (FC: Fusion Center) IZIEF5 5720 L0V ¥
2 b2 7 4 v 2 (UL: Uplink) D3XXELNICIR B 2 & IR ¥ D%
HMb. T OITIHRARIEZ RNy 7V —BREITH 2729,
BHETORBIDFET 5. U, KEEE), RiEHEE
13, 280 AfFE iz 3B e LT, LoRaWAN (Long
Range Wide Area Network) (ZfRE XN 2 EBE LB+ v b
v —2 (LPWAN: Low Power Wide Area Network) »37%H
EEDHTWVWS (3. ZOHTDH LoRaWAN [FER A% i
T2HFEAaX MMECGLFEERZ2HED TV, LoRaWAN
FEHFGTRICTF v —F AT b7 2358 (CSS: Chirp Spread
Spectrum) ZHWTW3 [4]. CSSIZ & D AERINBFEEITIE
BERPEIL 256, RUNREZM 2RO 5], H—0F %
IV THEEL D R AR DR RET H 5. LoRaWAN 123
WTE, SRR OBRHEE D701, # ALOHA 7'
FanBREYDI RS v X LT 7R T 0t ais MAC
(Medium Access Control) EIZERH EHh TV 3.

LL, TOXSRHBHMR7 72X 2EHALTWS %
», ZROIRIGARITIRY Y — X2 HH L5E, 7y b
ERZ L DBESEMET T 2AREELD 5. 20Ty
MEZDFRED—28 LT, ARV MHHNZED, 2ROM
IR FRIZ R T v PDEBEITIN-AMN T T4 v
PRI TV 2. ZoMERREEES 27012, HizemshE
RREM 2 % 2 U 7k 2AZ Tl (CSMA/CA: Carrier Sense
Multiple Access/Collision Avoidance) i< t] 2 fiiE R
(SF: Spreading Factor) O#EIMAREENTVS [6][7]. Lh
L, Zhe0FHE, CS (CS: Carrier Sense) 2k 28y 7
U —iHE, RhUmRBEORE, FIEESICLE2 4 — =~y
FORAELRCOMENFET 3. £z, BHRY Y —2XDHH Y
TIHET2MADZ S PR BRIEZIREL TED, FhEX
LN TUMKEL TV D 8. Z2DRd, YRAT LK
BOET KT LWt E 2 v 2 FiER EREEES N
TW3 [9]. Q-learning ZRE L T 25(LFAE L, 2 FEHEKH
BB2EORICIDEETZ2FETDH L0, BNREREAD
HBISHEZTH 5.

ZZT, ARTEARY FRERICBY 2 EEMEKRTZHM
fill$ 272012, N=ZA b T T4y ROy b EZE R AR
T3 MR AMNC BT 2 X EHIE 2R T 5. AR IR
Ty PEERLEGE, Uy VEREETIEAIV IR
SRR BICELZ R 2T D, 7 v b OEZEMER T B
FTERHEDPARETH S, Fio, ALA RV M EBHILISE, &5
AR EHEEOE VT — X 2E(E T 20T, R TOMGFNRDH
BEEZITODERIZEY. ZO0-0EET ST —XDEELE
BURARM TS 2 Z e B TENUL, N—RA T T4 v Tk
WCEIREEAS 21T S WARBN IR U, 7 v MEZEHER 2 D &
BEHENTES. ARTIE, BEHHARICIBWT, #ilEE 2 H

-2-

WCE S EER S 2 BOANIGEIR U, IS Z OER I IzE(E
BIERF ISRV TA XY b 35 v b DEEHERZHIE T 24
EERET 5. 7, BFEEOU L OTH S Q-learning = H
WT, BRI AR O GRS R R RIE (DW: Delay window)
ZRGINOEIRT 3. SERIEARIE A XY P OREEHRE L 72
55, BRI DWNTS YR LK ERHET 2. %7,
RASEERFRNICHE DOV TA Ry b7 v P OREHEREZIET
52212k, RERARY bTy FEEEREEL, STy

MEZER DK EFIREL § 5.

LoRaWAN & 257 ANTA Ry b 3RE T 3BEREFEL
SRR I 2 —vavickh, BEFEEHVWSZET,
i ALOHA 7B baL e L TA N botd vy b ORELEHR
(PDR: Packet Delivery Rate) ¥ &% 32% [F_L, FC TDA
N MEHIREREE 22% A, FC TDA XY MRAIEER % 6%,
WETEZZLERT.

ARFNILLT OREBUC I > T 3. 5 2 BiCARTHEE Lz
2L —YaYDOYRTLAEFNICOWTHL, & 3 BT
ZHINTH 3 Q-learning 7= DW DG RE D B TH
KO, ARV boRr oy MEEHERIC X BHIfICOWTEHIHT 5.
B AMTHEKS I 20— 3 YOREICOWTHAL, %5
HiTARLDE L DELTS.

2. YRTLETIL

ARETUE, Dx D [km®] OBELY 7HIZ N A0 LoRaWAN
WARD—RT VX LB INTWARIERTEST 5. F/-, @
BV 7oHDIC1 B8O FCOEERBINTVWEHDE T 5.
Z ZT LoRaWAN liRKOEE %, N = {no,n1,--+ ,ny_1} &
L, #5580 SF 2 AVWTEEZIT> DD T3

2.1 GWMEETI

ARETIE, BEET L e U CERERICRTES 2028 2
L w R4 Y7 %ERT 5. FCIZBI 5 LoRaWAN HiAk
neN O%FEBEN P [dBm] 3XATEZ 6N 3.

Pr,n:Pt_Ppl(dn)_w (1)

ZIT, P 3ARHATHEOREES [dBm], ¢ ENBUERD
WS v U4 7K [dAB] THS. Po(ds) 1F AR R
[dB] %L, UTFTHZ 5% [10].

Pyi(dn) = 10alog,, dn + b+ 10clog, fe (2)

ZZT, dy & FC ¥ LoRaWAN SR D BHEE [km], fo 13365
BB [MHz) TH 3. %72 a,b, c 12N ZIURIRREL, 5%
HEL 7y b, FEBRREET.

ZERESIE, FCIXBI 55BN NS E L (SNR:
Signal-to-Noise power Ratio) 38 X X FE5E NI NTHELL
(SIR: Signal-to-Interference power Ratio) 25% {12 1LEI{E
Lsnr, Lsig 2 LRI 758, ELSZEEN2DDL T3 [9).

2.2 ARYFORES KJUVEA

ARV MITZ VR LRAIT I EFET 2D TS, ¥
HAEMBEIIRONCA XY FPRET IR Y X LIRES R,
LEZDOMETHRET 2D T 5. ANV MIFEMBED» S
FHRIC—ED#EE V [m/s] TIEMT 2 H DL L, LoRaWAN i
RITFERANTA X2 P ZRHATT 5. LoRaWAN 5K n TD A



N MREITES 5, 1ZFEAENIED & OIERECIKET 5 XA T
ZBN5 (2.
5, = e dem (3)

Z 2T aldA Ry MERIREL, den 134 R M FEAMIR & 5K
Dl [m] TH 3. LoRaWAN SR TD A N> M RENL A R
> MREIER 5, DAIRIFTHDDET 5.

A R ME LoRaWAN i R 3B EIT AT RE 7 — & O #i P N D EL
HF—2E2HESBOLREL, ZOBHEF—&%E ARV MNEME
T =R 2 € [Tmin, Tmax] £ T D. T IZT Tmin 1A XY FEfH
F— R DIR/ME, Tmax 134 XY FEEF — X ORKEEET.
AR b EBHL 72 LoORaWAN K IZA X b ORIET — &
PRETE. 2O, YTy T — RIS 9 12 HE
IMENMNINENZ DL T 3. LoRaWAN Bk n TV ¥
VIZEINZBPT =& 2 IRATEZ SN0 T 5.

sens

Ty T =T+ en (4)

ZZT, en~N(0,1) 3HEHEEMDMIHE S B ERT.
2.3 NT v bk

ARETIE, %% v & LoRaWAN SR DF#ANER 72 & o HA
TRy VIR EDEONET 0O INDE DD
895, FltryricknBohnlr—&13, EHtEh
7RICIEEE NS, % LoRaWAN SIS 7 v FEMFELWV 2
MDAy b 24ART 20T 3. —HEEHD AT v M,
B oH CDHFEINT—EY Gplsec] IHEWER T 2 EHI <
v hTH%. 728 LoRaWAN ¥k n IZBWTRINCAERL T
BT v b DR Totser,n 1&, U0, Gp) IHEWFEAT B EL
BroPEIhs., ZEEED 7y MNEARY N ERAILZ
BUCAERT 24 XY b7y b THB. LoRaWAN ik n 3%
HUZBHT — & 250X, o2 UHEDSh-m L bit 8
7 THBRFLEITD, ARV MEET =& &, WERIEE X
3. B A Iri3zr=22ct5x26hn%. BHLEiT
5 XM [Zmin, Tmax) & 1 BEFNCAEIL, BEFLRAT v TR Azy
BIU, BHURARMERS Z = {220,22,1,%2,2,  ,Tz,1-1}
2155, RERTIARELS 2 OBHE 22, 1%, XRATEHZ
Hh3.

Tmin + Aa: 1=0
Tz, = { z ( ) (5)

zz,i—1 + Azz (otherwise)

LoRaWAN WK n DA XY FEETFT— X &, BRXRTEZ S
na.

f?n = Tz,i* (6)
ZZT
i* = arg min |z — 27, (7)
0<i<I

2.4 INTw NEE

ARETLE, BREILEIE LT LoRa ZHIC L 380 v Mk

BRITS. "y M4 X P [bit] XA TE52 56035,
PL=BL+7Z (8)

Z I, By 3HEARFT—XE bit]) 2RT. HHTILHERE S
YULEGE, 1Y RAHD Shit KERETH S, XoT1

Ry N BIDITBER Y YR Ns BUTTH2 605
Ns = [PL/S] )

ZIT, [zl 3zl ham N oBEELZRTEMTDHS.
F7e, YURLVE Ts [sec] XX TEZHNS.
Wh,
TS = 275
T ZT, Wi IR He) 2R3
ARETIX, %7 v N OREENEED 57 v F DEETE
FRRWEETEREI 2 — X ERTS. BE7 -
Wiiziz ooy P ERAERLUSE, LoRaWAN HiRId# 7z 1c 4k
L7z y b Ny 7 71 R L, EE7 =2 — XK TH, Toc
WRBICHZTEE 7 = — X 2T 5. Tpc i, XKATEZS
na.

(10)

— D.

C

nw:(l yﬁﬁ (11)

ZZT, Dc€(0,1] 1 Duty tb2sRd. %7, EH Y M
FC 55 D55 T #%] (ACK: Acknowledgment) % Z3R L 72
W Unconfirmed X v+ — ¢ LT LoRaWAN iRk 5345 X
NedbDLF2. ARV Ty MEIFCIT ACK Z2EKRT 2
Confirmed X v+ —3 ¥ LT LoRaWAN §i KD HiEE XN
bDLT 5. FCHBARY Ty POZBICHK LIBE,
ARV b3 v b EEE L 72 LoRaWAN SR IZHEAEYIC ACK
ERZEAREL T 5. £z, 2TORT Y MZBOLWTHREZ LR
WwWHDEe T35,

3. REF A&
AHITWR, IR % AR SRR OB E I H D 2

T, BROELITANRY bXF v P EEHERIC X 22 EMmAROH]
BT OWTHHT 3.

3.1 Q-learning IZ&% DW DEIGHIAREID HT

3.1.1 EEEER toack

ARIBETE, LoRaWAN K n e N2, ARV b RF v b
DEFB R T 2B EBERR tvack,n ~ U0, W)[sec] ZEA
T3, 22T, WIZDW DV A XERT. ARV MERAL
72 LoRaWAN iR n 1%, DW ZJTIC T ¥ X L ISIEEBIERFE
thack,n BIRE L, toackn FIFEL72DBIZA XY botF v b &%
F55%. EBEHBOXA IV IR T VX AEBIEX R 5FHICL
DARY M%7y b OEEHER LD S E2ELTRETD 5.
3.1.2 FHE7

HHARICB T 2 DW O#ER X, BILEFO—>2TH 3
Q-learning Z W %. £ LoRaWAN i RICFEEEZEA L,
BURARIIMALICHEE 21T5 DL T 5. LoRaWAN iR D
THrr—Yzrbel, =—Y 2 MIEEOHED DW H
A X EEBHL, ZoBHNEHRD» S DW 44 XOMRE 72
WBEEETEHE LTTS. MTRRT1~50% 4 71% 1
Ry 7 ERT 5.

(1) % LoRaWAN WRIZBWT DW ¥4 X B HRE.

(2) ARV MRAEB X CHA.L

(3)  toack FtEER, 1NV bt v MR,

(4) FCTOANRY b7y b DOZEHIE.

(5) ARV My MEEHRTOHMME R B LS



Q HDFEHT.
Q-learning ICHW 2 IRELE W, TEIESG A ZUTO L5112
ERT 5.

o KEEES W, ! LoORaWAN AR n D& H 5% DW 4
ADHEE. F7- LoRaWAN iR ANERATHER DW ¥ 4 X O
e J e UK, BREE W, = (Wao, Wat,. oo, Wau—1}
35,

o fTHIES A DW A4 XOBBOES. DW 4 X% K
X250 % 1, FT 25620, NET25E6% -1,
L, A={1,0,-1} X E&ET 3.

X2 LoRaWAN iR n DL — = & MIZHW B IREE, 1THf,
W, QEELUTDOLSICEERT 3.

o REE s, eEWn  T—YxY IHBHITEIIHEY Z ¢ 12
BF % LoRaWAN %iiK n D DW %4 X W, € W,.

o THlan c A=V I TR-TZIRY 7 tIZB
7% DW ¥ A XDER.

o M7, TRy Z tIZBIFBEARYF ACK DFEE.

o QfEQ(snt,ant) TRy Z L IZBIFBKE s, TOIT
B a,,¢ OFffifi.

Q EHOEHRIUTTHEZ LN,

Q(snt+1,a") — Q (Sn,t, ant)
(12)
Q (Sn,t;ant) ¢ Q(Snt,ant) + NETD (13)
Z 2T, Erp,n: & TD (TD: Temporal Difference) 3872, v i
HGR, nIZFEERERT. HFER7 LY XL L LT egreedy
ATV AL %MWHTE. e FTRy ZHBIZELLUATOKRT
Hzohb.

Erpnt =rnt+1 +7  max
a’€A(st41)

e=1-— (14)

ZIZTT3ERT Ry 7BERT.

3.1.3 FHEMEDOET

Q-learning TIXIRMAI O AL ZEIT S 72, MM DELFTHIC
ID¥BFOIRZEBEANDPENT . RERTEARY b RFT Y
FORT Y VEERERETEZIEPENTH S, £2T, %
7y N OEZEEFET 572912, FCHh5D ACK 2H$ 5.
ACK I FC TXT v FOZBIEN LIROAELNS 29,
HEELART Yy POBEOERELHET 2HIARETH S, =
Nk, ARV b7y bDO ACK OFEEICEDS O rack
BXATEHEEINS.

N =

ack 1 if ACK is received
= (15)

—1 otherwise

Fh, ARV IREDLS FC TOA XY MEAIE TORIE,
TEBZRDEVENEZ LWV, LarL, R (15) WM OH
TlE, 7y POREBREENZEREIN TRV, 207D, K
(15) ZHMEIC A WG E, 7 v F DFEERN TR EH/AD
DW ¥4 X & EHiREIRT 2HI2R D, FC TOARY M
HNCKEBIEDFEA T 2 AREMED i b e Ex b, %
ZTARY b%F y b DOREFEILE 2 U 72582 LT ISR
T5.

e N\
Set the back-off time

FC1Q ¥ ///x\\\ ; ; ;
iy LA A

LoRa ¥ 3 X

1 Control by p,,

terminal g IQ\ - 3

Event ¥ ¥ l / \
Detection; g g Transmitting Rejg‘:c'::Flon
terminal L ; ; H )

1 ARY FTy FEEHEER ps,n 1T X 2EEHHROHIFE

Short High opportunity
wlw
LoRa |T|&|% Tback, 1 ITransmit framel
inal 1 EVEIES
termina Ao |@
>
LoRa | |Z |- Long Little opportunity
o [ X
terminal 2(8 g ®» Toack 2 ;Transmit framel
= »Time
2 ARV PRT Yy FEEHER p, O
tback,n . . .
1 — —=2cenr __— jf ACK is received
Tg?iay — maxyy ey W . (16)
-1 otherwise

more delay __

n,t thack,n

~ maxw e W

1 — Lﬂw if ACK is received
maxyy ew (17)
otherwise

R (16) B UK (17) w2k b, EEEERHEZEEL7- DW @
HHHTERITS Z e DARETH 5. 72, LoRaWAN HiRId#S
DW 4 IC B 2 A ERMEE LB T 2 Z L BARETH
3. 22T, DW H4 X W, ; 10813 % ERMER No %
ER UM E LI TICIRE T 5.

il 1 if ACK is received
ot = N fail (18)
—yfaii-  otherwise
all,n
thack,n . . .
1 — —=2<n _—  if ACK is received
fail&delay maxyy ey W
Tn,t = Nfail (19)
— il otherwise

all,n

ZZT, NE 13 LoRaWAN Wi n D4 N>+ v b O
EERBE R T,

3.2 ARy RERRICL ZEEHARBDOHIR
BBOmAEDBFRE—A XY b EBEIL A7y b EEEB LS
B, XT v MEEDRA I VIR RBILITKD, Sy
MEZEIFAET ZAREMED B K 72 5. Z 2T, LoRaWAN iR
neNIZ, ARV MEEHRp, € (0,1] ZEATS. K112
RT &I, psn KEBHIHEITHIET, ARV IRTy bR
PE(E L7\ LoRaWAN SR FEAE T 2. 2T & b A<
Ty NEREETIMARERLIEZ LB TE, ARV A
7y NOBEEHEREETXE2 Z e A[EEL 5. DW 2T
WCRE U TR GBI ] thackn ZEALT, ARV Ty
N EEHER ps , ZEINCHIBIT 2. AT, XXTHEX BN
B4R Moy MEEHEE ps, VS,



F1 YIal—TaryRIA—&

YIalb—yarvzIl7y 3 x 3 [km?]
Ial—a U 30 [min]
SRR AT N 1000
HKEET P, 13 [dBm]
ORI e 923 [MHgz]
HISUE W 125 [kTz]
SF 10
HENARY b T LEE Ny | —174 [dBm/Hz]
N2 RE a 4.0
EIERA 72 v b b 9.5
R B RAREL ¢ 4.5
FBEARF— 2K By 64 [bit]
&b bit $ Z 7,8,16 [bit]
SNR BIE Msnr —20.0 [dBm]
SIR BHME Tsir —6.0 [dBm]
2y MERRRR G 10 [min]
A RY MEMRE o 0.005
A XY MEWGEE V 1000 [m/s]
Tmin -50
Tmax 50

*2 EPATRX—&

epoch 8 T 1500
HER 0.3
H5HR ~ 0.95
RREES W | {128,256,512,1024, 2048, 4096}

tback,n
Wt

Ds,n = — log ( ) (20)
K21 ZRT X DNy 74 TREIPEWGS, ARV Ty
NEEHER ps, DD, Ny 74 TP EVWBEE ps»
HPETF 5.

4. Tal—> 3 ER

LoRaWAN /%5 X — R IZHARICBIT 587 X — X FHFE AS923
ZHWZ [11]). BT X—=%, A XY PRFTR—=RER LITR
3. %7z Q-learning THEHT2HEERITIX—RER2ITRT.

4.1 5T ffi #5 42

F5, ARV Ty D PDR X, ZEIHILIRA R
SRRy MREBEINTZBANRY P RT v METEHI -2
DEEHRTS. FCTREBIRBNLIARY b T—& 2, 1F, %
B7F =& yr E LTCORET—2%EE D(D = {&o, %1, ,Tr}
DERE D, ZET—XEEGOFEE ANV T —XOHE
EMHE L, A XY MEHT — R o & HEEHEO A % 5
3. Bty VEZITBI B L By %, XA TEH XS

ns.
i, 2
EZ = (ngk —I)

(21)

0.8

N N N
L
= o0
>

0.6

PDR

0.4

0.2

0.0 >
ack fail
Tnt Tt

pdelay — poe deay lal&delay

(a) PDR (b) R RAIRE
3 RGN X A RE

FC TD A N> MEHIE T OB % 7l 3 2 72 D1 D B
WMt Z V5. LoRaWAN B n DEF LIz N bR
7y D FC ANDRFERE t7 12, XKRTHZx 603,

de,n
v
AR TIEEED D, A XY NOBHI» STy NERETO
RRHEIEE R VWD D ERET B &D, FCTDARY My
IR t 12, XATEHEZ N5,

tR

+ TsNsg

(22)

tm = min £ — to

neN (23)

TIT o BARY MRERLZERT. £ FCTOA RV T
MEERIE, I 2L —a YNTHRELESA RV AR
BT, FCTARY FEBRAILI-EHEE 725D T 5. 2
B, FC TOARY MEANGZARY b7y b2 1DTHIE
WHEMI L7256, BAIRTI 5.

4.2 WEREHICKL B RE

M 312 Z=_81BF3#MMX (15) ~ (19) ZHWV7 PDR &
FURERMMEZRT. K 3(a) &b, PDR IFX (15) 2%
bEWEE ot F72, N (17) 85D PDR BMEWEL 725
72, K3(b) kb, BRI ¢, 1%, X (19) 25, KD WH
Yok ¥7z, R (15) D, RBEWEY Ko7 MEXD,
WM OFEHC BV TRIEIC T F 2 SRR N3 2 & AR AR
MIEBD X2 Z e BHEETH B Z e b2 b, o, RIEH
HIFf Y PDRIZ ML — A7 THBZehbhrbd. X561,
DW # 4 X W, ; 1B 2 R ELMES NP 2 £ 8 L7858,
PDR O T2Mz 00, REMAIREEZEDARETHZ Z &
Wb, TREOAEFETE, FPL—FF7DRF Y 2AREAN
WX (19) ZHW235E% Proposed & U, Rtk % iTfis 5.
4.3 EFERLOLE

ARiTl, i ALOHA Yoo bz L7z ALOHA £5
N, ARY MEGFHRIZEZHH LTIV DW A X257 UK
LIZE D YT/ Random EF L, 4 XY FEEMHRIC X BH]
HEITDIVD, HER (19) 2 AWz Q-learning 12 & 3 DW
DG 2B D B T#1TS5 No Prob 7V L IRET R
L, REFEOEIEELRT.

4.3.1 PDR ¢ MSE

X 412, £FEICBIT 2 PDR B XU FERE (MSE:
Mean Squared Error) FiE% /R . 512, Z = 8,16 I8
J %, %FEO PDR © CDF Fit% 3. By MK
Z =178 R YRLEDI-D PDR XFEMORIEYL 2 5.
M 4(a), ®5 &b, BFLEy MIUZ X S FTHRETFHEIZ ALOHA

A



- -7
o8l - 7=s
mm Z=16
o.6f
x
a
A
04f
02f
0.0 ALOHA Random No Prob Proposed 0.0 ALOHA Random No Prob Proposed
(a) PDR (b) MAE
4 BFIEORE
1. 1.4
o08F 0.8
o 06F s
g [ 2
©oaf — Z-sALoHA ©oaf —— Z-16ALOHA
r = Z=8 Random = Z=16 Random
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