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Abstract In recent years, low power wide area networks (LPWANS) have attracted considerable attention. These
networks adopt asynchronous random access protocols, such as the pure ALOHA protocol in the medium access con-
trol (MAC) layer. Thus, there is a high possibility that multiple nodes transmit packets simultaneously on the same
frequency channel, resulting in packet collisions. Carrier-sense multiple access/collision avoidance (CSMA/CA) and
centralized resource allocation are effective for avoiding such packet collisions. However, these schemes increase
the energy consumption of battery-powered LPWAN nodes. Thus, this paper proposes a simple but effective ma-
chine-learning-based scheme that tackles the packet collision problem by offsetting the transmission timings and
avoiding unnecessary packet transmission in an autonomous decentralized manner. The computer simulation re-
sults show that the proposed scheme can improve the average packet delivery ratio (PDR) by 60% compared to the
pure ALOHA protocol.
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1. FLC®IC

I, £/ DA ¥ &Z—% v b (IoT: Internet of Things) <
B (M2M: Machine-to-Machine) JE{E DR EHEIMIEW,
LoRaWAN (Long Range Wide Area Network) % SigFox 72 &
DEBNIEE A Y b7 —2 (LPWAN: Low Power Wide Area
Network) 257EHZHEH TV 3 [1]. LPWAN IXEE3HE K
Wb DD, KHEE TR km HIBEOBRELY 72 HBTE S
Zemo, AN— T4 RAY— FBEREADIGHHAG
EN T3 [2]. LPWAN TidiiROBELD 7=, MAC Eic
ALOHA 7z ¥ OffiZ 2 IFRMI 5 > & 57 272 27K DR &
NTW2S. 207D LPWAN T3, SHARKHHEMT 5 &,
DYHARD IR F U BT v 1T T v b EEET )6
DT IR 2720, N7y MEEPFEET L. FHZ, LPWAN
VAT ANZBWTEEREDA XY PRI SN 5E, £
BOGARDFERIC AT v PZREFET AR P UVHT—FF
T4 IDPFET B0, Ty MEZRIZTRAILEREE 23 [3].

NSy MEEEFLET 5720, LPWAN AOHZE
[ELEFERENT = % v U 72 X ZonHE (CSMA/CA: Carrier
Sense Multiple Access/Collision Avoidance) D3 fH2HER X
ATW3 4. UL, LPWAN BEWEETY 7070, CS
(CS: Carrier Sense) KT & 2 RN AREDFEE T 2 vl RE
P L, THITCSITL o THEBNIMEART 2MELD 5.
VY —=RED YT KB %7 v MEEEE X LTy F o7
HERICE O WEFHIHE O F » ANVE D B TT7 ALY ZLH
RBEINTWE B, LaL, TOFETEANRNYFRYH—F
774y 7R EDT XU 57 1 v 7 DRENEES
TWRW,

Z ZT, ARWTIE LPWAN B 24XV MU=+ F
7 4 v VFEROUGN o v MEZER LT 2720, B
BEID Ty FEAEHIEE 2R T 5. BT A X b 2880
ROBHI L7256, £ OMAMOREET —XIE@m W HEZFo
72, BTOWHRBARY MTEDERLZARY T » b
TEET AREEXRY. 20k, FRIT v M EEHE
RBEBEAL, ARV IRTy F2REETIHAREZRST I,
Ty MERHERZKET 22 A[RETH 5. £, b
ZEOMHAD—DTH 3 Q-learning & F W= EHI 7 v
FEEA 7Y PEIDETEITS. Q-learning I3 EH &I R
FLABRBENOHEE T 220, ZORBICHEIGL-REEL
DWARETH 5. £ T, FhiRZ &1 Q-learning 2 E e EHA
L, BEDEHINCA XY F%F v FOEFXA I v 72BN
WEbEESZ iz, 7y MEZERZ RS EL 2
HHEETH 5.

ARYMMUH =TT 4 v I0FET 5 LoRaWAN & X
T LA TREFEOEMELZFTMT 2. FEBES I 21 —>a >
12k D, RIEEFED ALOHA FRE B LT, 41 X2 b3
v bDF T v VELEHE (PDR: Packet Delivery Rate) %
BARTHI 60% 1A LATRETH 2 Z L 2R T, 7, AREFED
ALOHA FHELHEL T, ©— b Y =24 (GW: Gateway) TD
AR b F— XHEEMOF ZFiHE (MSE: Mean Squared

/
N ARV NEREL
—

~ J-K

K1 AXYFETIL
Error) Z&HATH 81% IKIRAIRETH 2 Z ¥ B/RT.
AFNIUTORRICR->TWS, &6 2 SiTAMTHEEL
LoRaWAN O 2 F A EFMIIOWTHIAL, & 3 HiTiREF
ETH 2 HESHEI O v PAEHIERCOWTHIAT 5.
A ETHERKY I 2L —Y a VIERICEDSWEIHER1TS .
FHHHEELDTH 5.

2. PATLETIL

ARTIE, Lx L [km®] O@EEFET) 7OFNC 1 AD GW 23
EEfExNh, I68 (T ={1, - ,i,---,I}) D LoRaWAN ¥
RKO—kE T ¥ & LICEERLE 215 LoRaWAN ¥ X7 L %48
ET 5. WAMIIERMTH2b DL T 5.

2.1 IRYLEFIL

WETY 7HNTT VX LREINIA XY S BFAET 2 LRE
T5. ARV POFAEMMIRINCS v X 2IRESh, LI
ZOMETRET 2D T3, RIIWRTEIITARY M3
R, ARV MERERAER S E DL T 3 FPRIC—EDRE
V [m/s] TIEME 2 LIREL, WK i 134 X2 PREEMEE D
FEBED HPE XN D A XY MREIER 5, CHOIEA RV MR
BHIT 5. 4 XY MREATEE 6, 3XATEZ 65N 3 [3).

(L' = 6iade’i’ (1)

ZZT aldA Ry MEWREL, de,i [m] 134 R M FEAHR
WK i OWBETH 5. 4 N> MEBUIT AR DB AT BE 22 50
T—RTHBARY PEET =X T € [Tmin, Tmax] ZTEI DD
53, 22T Tmin, Tmax FENENARY FEET XD
BMEEBKREEZRT. ARV FEREILZBER X, ARV
FEMET — X ¢ 22 —DEER CICER T 2 Bl E %
oty Y I F—& 23 RBET 3. LYYy rF—X&
[l = &/ G N G oY (-

sens

T, =T+e; (2)

Z 2T e 30, 7788 1 OREHETERI AR N (0, 1) W24E S #BiHl
WA R RT

2.2 N7y MEREEE

2.2.1 <#rv MR

AFRTE, SHARIIEHAAT Yy P2 ARV b RTy b 2
Hory beAERTS. —RERERS ekl BTOTy
NIRRTy b HAZXDPFELVERET S, BTy METD
PESNIERBEY G [sec] IEWER L 72%1C, TOREX

n
g
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N5, AR ¢ ORFDOREH T v b ORI Toser,s [sec] &
UO,Gp) POETREZND. ZIZT, U0,Gp) i3 [a,b] DEIFHT
BT 2 —RRELEERT. ARV M RTy MEIARY M EBE
L7Gaic i T 5.

2.2.2 N7y MEF

BRI KME (K ={1,--- k- ,K}) DEBEEF v L
P o—DFEIRL, ZOREBEF ¥ AL EHWT GW ATy
FEEFET S, GW ADARY MEHEEOEEELED 572
B, WRIEA XY Fotr v b E GW 205 DZEMRILNE (ACK:
Acknowledgment) % %2K§ % Confirmed X v £ — & LTk
%175, ZIT, HiKld GW 225D ACK (55 % AR Z
BRlRELIRE S 5. —7, A » M ACK ZER LRV
Unconfirmed X vt — ¢ L TERFEITS.

FHiARIE LoRa ZFEZHWT GW AT v M E%EFT 3.
LoRa ZFICIX 1 > YR B h DIREL v MR E T
# (SF: Spreading Factor) & FHENZ T X —X0HD, &
UHARIZEA S % SF 2 SF RE S0 6—0i#RF 5. SF S, &
RS 25K 1ICBIT % 13 Y RILORME Tu,:(S:) ERAT
LYY (-3

25
Ts:(S:) = 7 (3)
ZZT, WHz] 3WEIEZET. 2L T, WmRilBWT1D
DTy FEBIBERS VARV Ny i (S:) 3RXXTEHEZ S
na3.

a @)

T 2T, Osym FF—8—=~ ¥ Y HRNUB, Baata,i [bit] 1%
Ty M F=XF 4 X, RIEFFESRERT. F£7: (2] ERHM
BERT. Zho kb, WK 07y MEERME T, 13X
RTRINS.

B ata,i R
Ns,i(Si) - Osym + IV(HY/—‘

Tv,i = T5,:(S:) x Ns,i(Si) (5)

ARTE, 7y FORXREHGBIORERTETEREE 7 = —
R ERT 5. RO AY v VEBIZT2a—F 4 —H 4 2L
(DC: Duty Cycle) 12 & 21lf2Z35bDE L, #ET7 = —
T, TPC [sec] ORI, Hilzl o v FOREEEITS
LIIRTERV. TP 3R TH5E5N 5.

TaiDC — (1 _DDC) TL,i (6)

ZZT, D€ (0,1] 1 Duty tb2ET. FEE7 = —X, X
X DC 2 & B HIRIAR TPC AicHirzic B L7 v Mg,
Ny 7 7L, DCIC X AHIBEM TPC B THRICKET
2350535,

2.2.3 [cigET L

ARETIE, ARy Fvg Y7 2EBR L EREET
NeHT 5. WK »OEBINLEEDO GW KB 5%
&N P 3WXXTHEZLNS.

Pr,i = ]Dt - PLoss(di) - w (7)

ZZT, P [dBm] B2UHARTHEDEEES, Pross(di) [dB]

# 1 SNR HfER & SIR FfE (8], [9].

op | SNR i STR. [fH
Fsnr,s; dB | Tsir,s; dB

-7.5 -11

-10 -13

-12.5 -16

10 -15 -19

Bokz2u R, o [dB] BRBIERAMICKES >y N o4 v 7%
KT, XWR[6] XD, WAV R Pross(d;) [dB] EXATEHHE X
ns.

Pross(di) = 10plog, o di + v + 10€1ogqg fo + ¢ (8)

ZZT, d; (m] 35K i & GW OFERE, f. [GHz] &% E
B, CIEN(,0%) DY AGHITHES 5V BB, p,v,€
FZ2heNEMRREK, BiERA 72y b, BIEBUREERT.
2.2.4 GW TO7 v M ZERIHIE

ARETE, ¥ IF Y MREERT 2720, KiERd S D%
BEEDEEEIINHEL (SNR: Signal-to-Noise Ratio) ¥
S MEEE ST (SIR: Signal-to-Interference Ratio) %
MWT GW TO 37 v PREEIHIEZITS. SNR U SIR
B, £ 1UITRT ENZENORIME Tsnr,s;, [sir,s, & L7235
&, GW TOZBIIHEIT2HDET 5 (7).

3. REF &

REITIE, HEREHWTA XY b3T v N OEEHIE N,
Q-learning & FHl\W/2EIG 7 v FiEEA 7k y MEID HT
W2 &2 BEDTBEL S v FAEHIET AT Y X 220 WTEH
35,

3.1 ARY Ny hX(ERESR

ARy SDRELIZHE, BROMARDBEDA XY M EIZIF
FERFICHET LR v M EEET B0, 7 v MEZEDFHAEE
BMREL RSB, £, ATARY MERAIL iREOE > >
VI F=REFEVHEEEROEX OND. 2D, GW T
BAOEDARY b RT v N TARY FVEMET— & ¢ OHEED
ARETH D, ZBOWHADBFECA RS M2 SAER LA XY b
X7y MR GW AR T 2R EMIIEN. 22T, KR
ARV PRTy MAMEMER pss € (0,1] ZHAT ST, A
RNy I Ty PEEETIMABEHIET 2. M2 R-T &S
12, FERP T v FEEHIEEITS 22T, HHiCE DIHAD
ARY PERET 20% GW R L TWie TH, —HDiH
RKDARY b RT v bOREFEFIEIVHLZNTES. ZL
T, AT v N BEET 2WHABD DT 2720, 7y
MEZEHEREZETIEE ZeHARETH S, ik i DA RV b
Ry MIEEHER pe;s € (0,1] IR TEHEZ HN 5.

14 Mpk

= 1_|_Mitran (9)

ps,i

T T, MR ¢ pZIE LT ACK 288, Ma» 3R
P DARY Py POREEREREET. X (9) TIE, ACK
BILICBIMARTDARY b 37y MRERIRZHET S, &
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L km 4 E E E A
m] ¥ fﬁ‘ ;\ * * *

. <: Control by p, ;
et M) TN
S| B CJ o

No
m] Transmission transmission
o (Tr gy
. ol &8 =

B2 ps; IT&BARY PSSy b OEISHIE

ARy MR

3 ZAsR0y FEAVWEARY P37y FOIE(E.
LD, ARV by MREERYIER DR WEHAR ISR DE
EHEENE Y B Tonb0, SFy MEEHERZEKTXE3
ZEMTES.

3.2 Q-learning IC & 2EIGRY Y YV — X FIfE

BR DMK A XY s 2BE L7256, RENC Sy B3
BIGEESIND 72087 v MESERDEL RS, £ T, %
RKIBWRZARY I Ty FOREFRA 2 V72 BERNICELX
BBIET, Ry MERHERZIRT I E 2 Z LD ARETH 5.
ARIETIE, Q-learning % FWT, BEINCA XY b7 v FD
EEA 7Ly MREOEID BTEITS.

3.2.1 #EA 7€y MFHE

BIARIC T ¥ R LREEDOEEFA 7y MEFHES D; &E
DYT3. EEA 7y MERES D, 3IXATEZ SIS,

D; ={0,Di1,Diz,...,Di g|Dij ~U' (1, Dmax)}  (10)

T, JREEA Ty MEFEL, Dmax @ERARA 7€y PR
vy M, U'(a,b) 1 [a,b] OHEIFATER S 2 BEESME RS
HIHARIX Q-learning Z FHWT, EEA 7Ly MERESH S
EEAT7XEy PRy M D; j« ZUETS. K3 ITRT LS
ARy M7y FEERNC, RRATEZONZEELF 7Y
MR TP % [sec] 1155 5.

TP = T7° X Dy e (11)

ZIT, TNy FREEREEOREX EROZX 4 20y
b, 7% 1% Q-learning 12 & o THEIRSINIZEEA 7 v MeEf
DAVT Y I AERT.

3.2.2 FHEEFL

RIHARIZ Q-learning T—Y = ¥ P EREA L, FiHARIIMAIC
REEA 72y MREOEEZITS. ARTE, UTIORTER
FAIN% 1 TRy J L ERT .

(1) ARV OFA R HBFL.

(2) #EA7€y bRoy VD, j« DUE.

(3) AN MEEIR TP 15815, 1NV R /7y DREE.

(4) WMEOFEKR D Q [EDEH.
F72, WK B3 Q-learning T— = >~ b DIREES D;
MOITEHEEZUTO LS ITERT 5.

o KBRS D WK ¢ HNEIRATRELRIEE A 7 £ v MERHD
A

op

o ITEIEAS A BEEATEY P Ruy MIEEAEOES.
ZZTA={1,0,-1} THYH, 11ZZAT vy MDA KE VRN
DERE, 0132 vy MIOKER:, -11328 v MDYV WS
NDERERT.

RIZ, WA D Q-learning T—I =¥ DI Ry 7 2 2B
BIREE s;., 118 ai., RINME 7., QE Q(si2,ai.) BUAT
DEICEHKRT 5.

e 5. €D BRLTWEREELS 7Y bRy MK

o ai. €A fTo7EELF 7y b Ruy NIOEHEEE

o 7 ATE ai . 12 & o TH S N2 EREE

* Q(siz,aiz): IREE s, 1B 21TH) a,,. DIfifE
Q-learning TIXIRE D BEMPRA L R 21TE 22 E T35 72
B, N7y MEEBREE LD o 5E, BRI E RIS
ZWMBIEE WS Z T, Sy MEZEE BT 235E4 7
ty b RBy VMEOFEEDAREL RS, GW 256D ACK 5
FARY Ty FOZEPHI UIZGEDAREIN L7290,
ACK 8B %7 v MEZOFAHEDEEL LTHVWS Z
DHRETH B. £ 2T, RERTHAT 2 HMBEBIRA TS
Zohb.

1 if ACK is received
Ti,z = (12)
—1 otherwise

ARTIE, Q-learning ICBF2HER 7 LTV XL LT e
greedy 7 V3V XL EEHAT2. TRy 7 2 ICBI28K O
€i,2 €[0,1]1FA R bR v b DEEEAITIR o 2O AEHTT
250k L, XATRINS.

(13)

IZT Z3RRIRy Z7EERT. $4-8mKD Q A
Q (Si,Z7 ai,z) @E%ﬁciﬁﬁf?ﬁ‘bﬂ% [10]

Q (sizraiz) = Q(siz,aiz) +nE.Y (14)

TITnEFEEERT. £/ EfD 13 TD (Temporal Differ-
ence) AR RL, KA TEZ LN S.

TD
E. . =ri.n1+p8 max
a*€A(S; 2 4+1)

Q(siz41,a") — Q (54,2, ai,z))
(15)
ZIZT, fIEEEIEERT.
3.3 BESEHENTy FEEHETILIUIL
KFRDORBRE7 LT Y XL DHEH 2 — K% Algorithm 1 1271~
. FTEKR ST VR LRERETF v vk ZEIDET, DL
BREABEF v 2k DAERHWTAY v FOEEEITI DD
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Algorithm 1 Autonomous Decentralized Packet Transmis-

sion Control Algorithm

1: Input:
2: K={1,---,k,--- K}, T>0,J >0,
D; ={0,D;,1,D;,2,..., Di s|Dj j ~U' (1, Dmax)}
3: Initialization:
4: Epoch counter z =1
Allocated frequency channel k; € K
Transmission probability ps; = 1
Set of states D;
Set of actions A = {1,0, -1}
Q-table Q (s;,z,a4,,) ~U(0,1)

5: while z < Z do

6 Determine D; j+« by Q-learning agent
7: if Generate event packet then

8 if 24(0,1) > ps,; then

9 Transmit event packet

10: Update Man «— Miran 41
11: Calculate reward r; , by (12)
12: Update Q-table Q (s;,2,a4,2) by (14)
13: else

14: Discard event packet

15: end if

16: Update ps,; by (9)

17: end if

18: Update z +— z+1
19: end while

20: Output:

21: Fix ps,; and D; j«

YT 5. ARY FERAILME 1, 4R h Ty FkETE
Ry, KEDSEALARY PRry FOREEHEZETS. AV
RT v NeEET A5E, WK i 1E Q-learning T—Y = ¥ MZ
Lo TIRESNIEEA 71 v NI 70T S L 728, A x>
FRTy FERET S, 20K, GW 250 ACK OH#EICE
DERMEZEEL, QHOEHEITS. TRy 7B 2=2
i oG, ARY My FEERER p; OFHIKU Q F
HEKTL, ARV bRTy MEEHER p; NOREEL 72y
FRB Yy MID; - ZEEML, ATV RLEKTT 5.

4. YZal—TariER

YIal—vaVERRUPFEERI XA - EhEhE 2, 3
IR, BHARDBEE T A —RIZHATD LoRaWAN D
E AS923 ICHEHLL 7= [11].

4.1 5T ffi 5 &

ARTIE, 4 XY by b PDR ZMWEEFEMICH W 3.
AXRY + %7y D PDR AR TERENS.

PD é succ 1
R Ntran ( 6)

Z 2T, Nsuce & GW TEZBIZHRINILIZARY 3T v M,
Nian W ERIHERIEEFB LA XY b T v " ERT. T/,
CGW TRZERENLEE Y v I F—E22 64 RV FEHE

#* 2 Simulation parameters.

¥Ial—YaryxzV7,LxL 2 x 2 [km?]
PIal—a VIR 10 [min]
AR, 1 500
EEEN, P 13 [dBm]
WOR PR B, fe 0.923 [GHz]
IR, W 125 [kHz]
JEBEF v AV, K {1,2,4,8,16}
SF, S {7,8,9,10}
FEIHE R 47
Duty tt, D, 0.01
MEBENARTY b J LHEE, No | —174 [dBm/Hz)
J AR NF 10 [dB]
R20 28, 1 4.0
EHRERA 72 b v 9.5
TEHRIFIBRUREL, & 4.5
NRABRT X LERIRZE, o 7.6 [dB]
Py RNy g v IRE 3.48 [dB]
=Ny R Y FE, Ocym 20.25
Ry N F—=ZH 4 X, Baatai 160 [bits]
2y MERJE, Gy 10 [min]
BARAT7Ey bAB Y MY, Dmax 64
AR ISR 1 [/epoch]
ARy MEWREL, o 0.01
ARy MEHGRE, V 1000 [m/s]
K3 FHEAIA—R
IRy 7 FEE 10 [min]
MRy 78, Z 2000
FERE g 0.3
H51%E B 0.95
REEL 72y MERIE, J 3

F—X ¢ OHEEE & ZRRD LSk 3.

AN ]- sens
2 T 17
Nsucc Z ! ( )

i€y

z

ZZT, Il GW TDA RY b%FT v b DZFITHI L 725
RKOEEGERT. ARV MEMET—X v LH#EEM £ © MSE %
RN TERT 5.

MSE £ E[(& — z)?] (18)

ZIZT, Eldida%®yIal—a YEETHEILT 28ER
£Y. £z, GW ARV b Ty b E—DOD EZEICHKII L
7256, GW TDARY MEFIEIE $5%. GW TDOA XY b
MEIERIX, GW TOA XY MREIBIEEE S I 21— 3
YDA RNV FFAERTEH > 72b DL ERT 5.

4.2 PDR 48

4 IR RTRE 22 BB F v 2 VB K 12t %25 PDR
Btk R VR v 2L K = 21281F % PDR O EREH TR
% (CDF: Cumulative Distribution Function) F#t %2R
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0.8

PDR
CDF

! [—Proposed ,’

-e-Proposed

-»-Proposed w/o p.;
RANDOM

=~ ALOHA

0.2

! |-Proposed w/o p
RANDOM
-- ALOHA

0.0'

2 4 6 8 10 12 14 16

0.2 0.4 - 0.6 0.8
Number of channels K P

(a) AT v 2B K 23 278
PDR F#t

(b) PDR @ CDF ffk (K = 2)

X 4 PDR it

X 4(a) &b, BEFHF ALOHA ¥ KL TLTORERETF v
VBB WTHFEY PDR FHEDSHEL TV Z e dibh 5.
B, BT » 2B K =2 O, 82T ALOHA ¥
Eb# U CFS PDR BE 2K 60% HETETWVWA Z 2 3bh
5. THIT, ARV MTy MEETHER p; I X BHIIZITD
205 E (Proposed w/o ps) RUEREA 7ty MREZE Z >~
X LIRET 5355 (RANDOM) & HE LT, #ETFHREILT
DJEBETF % AN BWTEE PDR FEZHETE TV S
Zedbhb. £, K4b) &b, HOFEL L TRE
FEEIRDBEWVCDF FiEe ko TWwWa Z e bhd. Ik
D, ARV bRTy FEEHER ps; XU Q-learning 1T & % #
JORVIRIEEA 72y P Ray FEOEID Y TEITH Z LT, 8
7y MEZEERNEA L, PDR 2 KEICKEARETHZ 2k
Hbhs.

4.3 GW TOARY MEH

5 I RTREZR BB v A VB K W20bs % MSE Rk
O GW TOARY MEFIERZTRT. Mb5(a) Kb, BEFIE
¥ ALOHA ¥ I L T2 TOREEET ¥ x L EBIcE W T MSE
PEPLTWD Z e DHERTE S, Fig, FERTF v 2L
K =1 O, $#RFEE ALOHA ¥ [t# L T MSE %4 81%
BRTETVWBZedlbh s, ZhE, REFERCEIY Ty
MMEZEHERMET L, GW TREIENT 24NV FF v b
BOWA 0l EZoN3. £KX5(@) &b, Proposed
w/o ps; DREFHELD bRBEN MSE Rt koTWw3
Zehbhb. ZHUuX, Proposed w/o ps; D34 XY MRy
FEEHERIZ L B4 RV b ooy DA EHARBOHIEET-> T
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