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Abstract There have been many studies on biomimetics have applied swarm intelligence to network control. For

that purpose, we are now focusing on the sound communication of Japanese tree frogs. It is known that Japanese

tree frogs make a chorus synchronize, and avoid call overlap, which is called anti-phase synchronization. Moreover,

in order to save energy, a male frog sometimes rests without calling near another calling male frog, which is called

a satellite behavior. By applying a mathematical model that can reproduce the satellite behavior to wireless sensor

nodes, we propose a design method for the coverage in a low power wide area network (LPWAN) that can provide

a long-term service while maintaining constant network performance. Simulation results show that the proposed

method can extend the time by 20.9% that at least one device can sense 60% of the observed field

Key words satellite behavior, mathematical model, lower power wide area network (LPWAN), coverage

1. ͸ ͡ Ί ʹ

ੜ෺ͷৼΔ෣͍ʹண૝ΛಘΔ͜ͱͰ৽ͨͳٕज़Λ૑Γग़͢ɺ

όΠΦϛϝςΟΫεʹ஫໨͕ू·͍ͬͯΔɻզʑ͸৘ใ௨৴ٕ

ज़ͷ෼໺ʹ͓͍ͯɺੜ෺ͷࣗ཯෼ࢄతͳৼΔ෣͍ʹண໨͠ɺϩ

όετͰదԠੑͷ͋Δ੍ٕޚज़΁ͱԠ༻͖ͯͨ͠ [1]ɻݸମͷ

ࣗ཯తಈ͔࡞Βੜ͡Δڠௐతͳࣾձతߦಈ͸܈஌ೳͱݺ͹Εɺ

ωοτϫʔΫ੍܈ʹޚ஌ೳͷ஌ݟΛԠ༻ͨ͠ڀݚ΋ଟ͘ͳ͞Ε

— 1 —



ਤ 1 χϗϯΞϚΨΤϧ

͍ͯΔ [2]ɻ

զʑ͸ੜ෺ͷதͰ΋ɺχϗϯΞϚΨΤϧʢҎ߱ΧΤϧͱ΋ද

ʀਤه 1ʣͷڵͭ࣋ຯਂ͍ੜଶʹண໨͍ͯ͠ΔɻΧΤϧͷछͷ

ଟ͘Ͱ͸ɺΦε͕ϝεΛҾ͖ͤدΔͨΊʹࠂ޿Իͱݺ͹ΕΔٻ

ѪͷͨΊͷ໐͖੠Λൃ͢ΔɻҰൠతʹମ௕͕େ͖͍ݸମΛϝε

͕બͿ͕͋޲܏Γɺ໐͖੠͕௿͘ɺ߹এʹ͓͚Δൃ੠ස౓͕ߴ

ѪͷଞʹΦٻԻͷ໾ׂ͸ɺࠂ޿ΒΕΔɻݟԻʹ͸ࠂ޿͕޲܏͍

εಉ࢜ͷೄுΓͷओுͰ͋Δͱ΋͑ߟΒΕ͍ͯΔ [3]ɻ͋Δछͷ

ΧΤϧͰ͸ɺࠂ޿ԻΛಉ૬ಉظతʹൃ͢Δɺ͋Δ͍͸ٯ૬ಉظ

తʹൃ͢Δ͜ͱ͕஌ΒΕ͍ͯΔɻࣗ਎͕ൃ੠͍ͯ͠ͳ͍ࡍʹɺ

ଞͷݸମ͕໐͖࢝ΊΔͱɺଞͷݸମʹϝεΛ֫ಘ͞Εͳ͍Α͏

ʹൃ੠࢝͠Ίɺ߹এ͕ऴΘΕ͹ɺ֎ఢʹࣗ਎Λൃ͞ݟΕΔϦε

ΫΛԼ͛ΔͨΊʹࣗ਎ͷൃ੠΋΍ΊΔɻ͜ΕʹΑΓɺಉ૬ಉظ

తͳ߹এ͕ݟΒΕΔɻ·ͨɺ߹এͷதͰࣗ਎ͷଘࡏΛϝεʹΞ

ϐʔϧ͢ΔͨΊʹɺٯ૬ಉظతʹൃ੠λΠϛϯάΛͣΒ͢ͱ

ମͷۙྡͰݸΒΕ͍ͯΔɻ·ͨɺൃ੠͍ͯ͠Δݟಈ΋ߦ͍ͨͬ

Θݴಈͱߦಈ͸αςϥΠτߦମ΋֬ೝ͞Ε͓ͯΓɺ͜ͷݸΉٳ

Ε͍ͯΔɻମ௕΍੠ͷ࣭ɺൃ੠ճ਺ͳͲɺϝεʹͱͬͯͷັྗ

౓ʹ͕ࠩ͋Δݸମ͕ۙ͘ʹଘ͢ࡏΔ৔߹ʹɺαςϥΠτߦಈ͕

ΒΕΔݟ [4]ɻັྗ౓͕௿͍ݸମ͕ɺັྗ౓ͷݸ͍ߴମͷۙ͘Ͱ

ൃ੠ͤͣʹ଴͠ػɺັྗ౓ͷݸ͍ߴମʹऒ͖͚ͭΒΕͨϝε͕

͍ۙͮͯ͘ΔͱͦΕΛୣ͏ͱ͍ͬͨߦಈͰ͋Δɻൃ੠ʹ͸ଟ͘

ͷମྗ͕࢖༻͞ΕΔͨΊɺαςϥΠτߦಈͰ͋Δݸମ͕ೖΕସ

ΘΔݱ৅΋ΈΒΕ͍ͯΔɻ͜ΕΒͷߦಈ͸ɺ֤ݸମͷൟ৩ͨΊ

ͷརݾతͳߦಈͰ͋Δͱ͍͑Δ͕ɺ܈ΕશମͰΈΔͱɺলΤω

ϧΪʔͰޮ཰తͳߦಈͰ͋Δͱ΋͍͑Δɻ܈ΕશମͰͨݟ৔߹

ʹ͸ɺಉ૬ಉظతʹ߹এΛ͜͏ߦͱͰɺ߹এ͕େ͖͘ɺൟ৩஍

ͱͯ͠ͷ࣭͕͍ߴͱ͍͏ΞϐʔϧΛϝεʹ͜͏ߦͱ͕ग़དྷΔɻ

·ͨɺ߹এΛ܁Γฦ͢தͰɺαςϥΠτߦಈʹΑͬͯҰఆͷׂ

߹Εશମ͕܈ମ͕ೖΕସΘ͍ͬͯ͘͜ͱͰɺݸΉٳΈɺٳ͕߹

এΛଓ͚ΒΕΔؒ࣌ΛԆ͹͢͜ͱ͕ग़དྷ͍ͯΔɻ

ಉ૬ಉظͱٯ૬ಉظͷҧ͍ͷΑ͏ʹɺΧΤϧͷछྨ͕ҟͳΔ

ͱɺ߹এͷ୹ظతؒ࣌εέʔϧɺ௕ظతؒ࣌εέʔϧͰݟΒΕ

Δಉظঢ়ଶʹࠩҟ͕ݱΕΔ͜ͱ͕஌ΒΕ͍ͯΔɻ͜ͷҧ͍͸ɺ

൴Βͷଘ͢ࡏΔ֎෦ڥ؀ͷࠩҟ͕ݪҼͰ͋Δͱ͍͏Ծઆ͕͋

Γɺ܈Εͷੜଘ཰ΛߴΊΔͨΊͷॏཁͳઓུ͕ͦͷதʹજΜͰ

͍ΔՄೳੑ͕͋ΔɻχϗϯΞϚΨΤϧ͸୹͍ؒ࣌εέʔϧͰ͸

తظεέʔϧͰ͸ಉ૬ಉؒ࣌ԻΛൃ͠ɺ௕͍ࠂ޿ʹతظ૬ಉٯ

ʹ߹এΛ͏ߦΧΤϧͷҰछͰ͋Γɺ͜ͷΑ͏ͳಛ௃Λ৘ใωο

τϫʔΫ΁Ԡ༻ͨ͠औΓ૊Έʹ͍ͭͯ͸ɺ͍͔ͭ͘ͷڀݚ੒Ռ

͕ಘΒΕ͍ͯΔ [1], [5]ɻ

զʑ͸ࡏݱχϗϯΞϚΨΤϧͷԻ੠ίϛϡχέʔγϣϯಛੑ

ͷ͏ͪɺαςϥΠτߦಈʹͱ͘ʹ஫໨͓ͯ͠ΓɺαςϥΠτߦ

ಈʹண૝Λಘͨແઢ୺຤ͷ੍ޚΛ͜͏ߦͱͰɺແઢωοτϫʔ

Ϋશମͷ௕ण໋Խ͕ՄೳͰ͋Δͱ͍ͯ͑ߟΔɻಛʹຊߘͰ͸ɺ

ҰఆͷωοτϫʔΫͷੑ݈ؤΛอͪͭͭɺ࣋ଓతͳαʔϏεΛ

ఏڙՄೳͳ LPWAN ͷઃܭʹɺχϗϯΞϚΨΤϧͷαςϥΠ

τߦಈʹண૝Λಘͨແઢ୺຤ͷ੍ޚΛ͏ߦɻ

ແઢ୺຤ͷҐஔͱ૬͕͍ؔڧηϯγϯάσʔλ Թɺ࣪౓ؾ)

ͳͲ) Λऩू͢Δ LPWAN Λ૝ఆ͍ͯ͠Δɻ͜ͷ૝ఆͷԼͰ

͸ɺۙྡͷແઢ୺຤ͷ಺ɺҰఆׂ߹ͷ୺຤͕ηϯγϯάσʔλ

Λج஍ہʹૹ৴͠ɺ࢒Γͷ୺຤͕εϦʔϓ͢Δ͜ͱͰɺΑΓ࣋

ଓతͳαʔϏεΛఏ͢ڙΔ͜ͱ͕ग़དྷΔͱ͑ߟΒΕΔɻηϯγ

ϯάͷੑ݈ؤ΍ਫ਼౓͕ٻΊΒΕΔ৔߹ʹ͸ɺҰఆͷηϯγϯά

ΧόϨοδΛอͭඞཁ͕͋Δ [6]ɻαςϥΠτߦಈʹண૝Λಘͨ

୺຤ͷ੍ޚΛ͜͏ߦͱͰɺҰఆͷΧόϨοδΛอͭ͜ͱ͕Մೳ

ͳؒ࣌Λ৳͹͢͜ͱ͕Ͱ͖Δ͜ͱΛࣔ͢ɻ

ຊߘͷߏ੒͸ҎԼͷͱ͓ΓͰ͋Δɻ2. ষʹ͸ɺχϗϯΞϚΨ

Τϧͷ߹এͱαςϥΠτߦಈʹண૝Λ͑ͨ LoRaWANΤϯυ

σόΠε΁ͷεϦʔϓ੍ޚʹ͍ͭͯड़΂ɺ3. ষʹγϛϡϨʔ

γϣϯʹΑΔධՁ݁ՌΛड़΂ɺ4. ষͰ݁࿦Λड़΂Δɻ

2. εϦʔϓ੍ޚϞσϧ

ҎԼͰ͸χϗϯΞϚΨΤϧͷ߹এͱαςϥΠτߦಈʹண૝Λ

ಘͨɺLoRaWAN ΤϯυσόΠεͷεϦʔϓ੍ޚख๏ʹ͍ͭ

ͯड़΂ΔɻχϗϯΞϚΨΤϧͷ߹এʹ͓͚Δ਺ཧϞσϧ͕จ

ݙ [5]ͰఏҊ͞Ε͓ͯΓɺຊߘͰ͸ɺαςϥΠτߦಈʹண໨͠ɺ

LoRaWAN ͷ Class Λ֬཰తʹ੾Γସ͑ΔϞσϧͷఏҊΛߦ

͏ɻLoRaWANΤϯυσόΠε͸ snɺθnɺTnɺEn ͷ 4ͭͷ

ม਺ʹޚ੍ʹجΛ͏ߦͱ͠ɺҎԼͰઆ໌Λड़΂Δɻ

a ) ঢ় ଶ (sn)

LoRaWAN ͷ୺຤ʹ͸ ClassAɼClassBɼClassC ͷ 3 छྨ

ͷ௨৴Ϟʔυ͕͋ΔɻClassA͸ج஍͔ہΒACKΛड͚औΔλ

ΠϛϯάͰ͔͠ड৴ͤͣɺClassB͸ҰఆͷִؒͰج஍͕ہϏʔ

ίϯΛૹ৴͠ɺϏʔίϯΛड͚औΔλΠϛϯάͰड৴͕Մೳɺ

ClassC ͸ৗʹड৴ՄೳͰεϦʔϓΛߦΘͳ͍ɻड৴͢Δඞཁ

ͷ༗ແʹԠͯ͡ɺ͜ͷ 3छྨͷϞʔυΛద੾ʹ੾Γସ͑Δ͜ͱ

ͰɺফඅిྗΛ͢ݮ࡟Δ͜ͱ͕ՄೳͰ͋Δɻఆظతʹηϯαʔ

σʔλΛૹ৴͢Δঢ়ଶɺελϯόΠϞʔυͱ͠ҰఆִؒͰηϯ

γϯάΛ͏ߦঢ়ଶɺεϦʔϓΛ͍ߦσʔλͷૹड৴΍ηϯγϯ

άΛߦΘͳ͍ঢ়ଶɺͦΕͧΕΛΞΫςΟϒঢ়ଶɺελϯόΠঢ়

ଶɺεϦʔϓঢ়ଶͱఆٛ͢Δɻn൪໨ͷແઢηϯαʔϊʔυͷ

ঢ়ଶΛ sn ͱͯ͠ද͢ͱɺsn = 0͸ΞΫςΟϒঢ়ଶɺsn = 1Λ

ελϯόΠঢ়ଶɺsn = 2ΛεϦʔϓঢ়ଶͱରԠͤ͞Δɻsn = 0

ͷ৔߹͸ Class C ʹରԠͤ͞Δɻsn = 1, 2 ͷ৔߹ʹ͸ɺॳΊ

͸ ClassA Ͱड৴ΛߦΘͣɺҰఆޙؒظʹ ClassC ʹ੾Γସ͑

Δ͜ͱͰड৴Λ͏ߦɻsn = 0, 1, 2ͷؒͷঢ়ଶભҠ͸ࣜ (10)ʙ

ɻClass͏ߦ͖ͮجʹ13 A͔Β C΁͸ λ ×∆Tinter աܦؒ࣌

͢Δͱঢ়ଶભҠΛ͜ىͳ͏ɻ͜͜Ͱ∆Tinter ͸σϡʔςΟʔα

ΠΫϧͷฏۉ஋ͱ͢ΔɻClass Cͷ࣌ʹɺµ× 2π
ω ͷؒɺଞͷΤ

ϯυσόΠεͷిྗ৘ใΛ஌ΔͨΊʹɺड৴εϩοτΛ։์͠ɺ
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ͦͷؒʹঢ়ଶભҠ͕ൃੜ͠ͳ͍৔߹͸ Class A΁ͷ੾Γସ͑Λ

ɻ͏ߦ

b ) σʔλૹ৴λΠϛϯά (θn)

sn = 0ͷࡍʹɺΤϯυσόΠε͕ج஍ہ΁ηϯγϯάσʔλ

Λૹ৴͢ΔɻσʔλΛૹ৴͢ΔλΠϛϯά͸Ґ૬Ͱ͋Δ θn ʹ

ఆ͢Δɻθnܾ͍ͯͮج = 0ͷλΠϛϯάͰσʔλΛૹ৴͠ɺଞ

ͷ୺຤͕ηϯγϯάσʔλΛૹ৴͍ͯ͠Δ͜ͱΛड৴͢Δͱɺ

ࣗ਎ͱͷҐ૬ࠩʹ͍ͯͮجҐ૬ͷߋ৽Λ͏ߦɻ֯଎౓͸ ωͱ͢

Δɻηϯγϯάσʔλͷૹ৴࣌ʹ͸ɺϔομʹόοςϦʔྔ࢒

Λ෇༩͠ɺαςϥΠτ΁ͷભҠ͸ϔομͷόοςϦʔྔ࢒৘ใ

ఆ͢Δͱ͢Δɻܾ͖ͮجʹ

c ) σϡʔςΟʔαΠΫϧ (Tn)

ඞཁͳ஋ʹԠͯ͡ Tn Λௐ੔͢Δ͜ͱͰɺηϯγϯάσʔλ

Λऩू͢ΔִؒΛܾఆ͢ΔσϡʔςΟαΠΫϧΛܾఆͰ͖·͢ɻ

d ) όοςϦʔ (En)

ΤϯυσόΠεͷόοςϦʔ༰ྔ (mAh)Λ En ͱͯ͠ද͢ɻ

͜͜Ͱ͸ηϯγϯάʹ͓͚ΔόοςϦʔফඅ͸ແ͢ࢹΔ͜ͱ͠ɺ

ද 1ͷελϯυόΠϞʔυɺϨγʔϒϞʔυɺτϥϯεϛοτ

ϞʔυͷΈͷిྗফඅΛ͑ߟΔɻද 1 ͸ Semtech ࣾͷ LoRa

௨৴Ϟδϡʔϧ SX1276 [7]ͷσʔλγʔτ͔Βൈਮ͍ͯ͠Δɻ

θnɺTnɺEn ͸ঢ়ଶʹҎԼͷΑ͏ʹঢ়ଶʹΑͬͯมԽ͢Δɻ

• ΞΫςΟϒঢ়ଶ

dθn
dt

= ω +
N∑

m for rnm<r0

δ(θm)Γnm(θn − θm) (1)

dEn

dt
=





−ι if δ(θn) = 1,

−κ otherwise
(2)

dTn

dt
= δ(θn) (3)

• ελϯόΠঢ়ଶ

dθn
dt

= 0 (4)

dEn

dt
=





−η if ClassC,

−κ otherwise
(5)

dTn

dt
= −α (6)

• εϦʔϓঢ়ଶ

dθn
dt

= 0 (7)

dEn

dt
=





−κ if ClassC,

0 otherwise
(8)

dTn

dt
= −α (9)

rnm ͸ n൪໨ͱm൪໨ͷ୺຤ͷڑ཭Ͱ͋Γɺr0 ͸ଞ୺຤ͷ

σʔλૹ৴ʹΑΔӨڹΛड͚Δ࠷େڑ཭Λܾఆ͢Δύϥϝʔλ

Ͱ͋ΔɻΓnm(θn−θm)͸पظ 2πͷ૬࡞ޓ༻ؔ਺Ͱ͋Γɺδ(θn)

͸σΟϥοΫͷσϧλؔ਺Ͱ͋Δɻ͜ΕΛ༻͍Δ͜ͱͰɺڑ཭

͕ r0 ҎԼͷ୺຤ͷσʔλૹ৴ʹΑͬͯҐ૬͕ߋ৽͞Εɺࣗ਎͕

σʔλΛૹ৴͢Δ͝ͱʹόοςϦʔ En ͸ ιͣͭݮগ͠ Tn ͸ 1

ͣͭ૿Ճ͢Δɻ͜Ε͸ΧΤϧ͕ٯ૬ಉظతͳൃ੠Λ͜͏ߦͱΛ

ද͓ͯ͠ݱΓɺLoRaWANΤϯυσόΠεͰ͸σʔλૹ৴λΠ

ϛϯάΛͣΒ͠িಥճආΛ͜͏ߦͱ͕ՄೳͰ͋ΔɻόοςϦʔ

En ͱ Tn ʹ͸ͦΕͧΕ্ݶͱԼ͕ݶଘ͠ࡏʢ0 <= En <= Emax

͓Αͼ 0 <= Tn <= Tmaxʣɺ্ݶ΋͘͠͸ԼݶΛ௒͑Δ͜ͱ͸ͳ

͍͜ͱͱ͢Δɻ

ελϯόΠɾεϦʔϓঢ়ଶͰ͸ൃ੠͸ߦΘΕͳ͍ͨΊɺҐ૬ͷ

ͱ࣌ΘΕͳ͍ɻόοςϦʔ͸ελϯόΠϞʔυߦ৽͸ߋ Class

Cͷࡍʹফඅ͢Δɻർ࿑౓͸Ұఆͷׂ߹ αͰճ෮͢Δɻ

ʹ࣍ 3ঢ়ଶͷભҠ֬཰ʹ͍ͭͯ͢ࡌهΔɻ͜͜ͰɺεϦʔϓ

ঢ়ଶͱΞΫςΟϒঢ়ଶؒʹ͸௚઀ͷભҠ͸ແ͍͜ͱͱ͠ɺελ

ϯόΠঢ়ଶΛհͯ͠ 3ͭͷঢ়ଶ͕੾ΓସΘΔ͜ͱͱ͢Δɻ

P active→standby
n = F1(En)G1(Tn) (10)

P standby→active
n = F2(En)G2(Tn)H(*s) (11)

P standby→sleep
n = I1(En) (12)

P sleep→standby
n = I2(En) (13)

ΞΫςΟϒঢ়ଶ͔ΒελϯόΠঢ়ଶ΁ͷભҠ͸ɺମྗͷ͋Δ

ΧΤϧ͕໐͖ଓ͚ɺମྗ͕ͳ͘ͳͬͯ͘ΔͱٳΉͱ͍ͬͨߦಈ

ʹண૝ΛಘͯભҠ֬཰Λࣜ (14)ɺ(15)ͷΑ͏ʹܾఆͨ͠ɻ·ͨ

σϡʔςΟʔαΠΫϧΛ͋ΔҰఆͷ஋ʹอͭͨΊɺࣜ (15) ͷ

Α͏ʹϩδεςΟοΫؔ਺Λ࢖༻ͯ͠ɺTn ͷ஋ʹΑͬͯભҠ

֬཰͕େ͖͘Ө͞ڹΕΔΑ͏ʹͨ͠ɻ

F1(En) = − 0.5
Emax

En + 1 (14)

G1(Tn) =
1

exp(−γ(Tn −∆T )) + 1
(15)

ελϯόΠঢ়ଶ͔ΒΞΫςΟϒঢ়ଶ΁ͷભҠ͸ɺମྗͷ͋Δ

ΧΤϧ͕໐͖࢝Ί΍͍͢ͱ͍ͬͨߦಈʹண૝ΛಘͯɺભҠ֬཰

Λࣜ (16)ͷ F2ɺ G2 Λఆٛͨ͠ɻΞΫςΟϒঢ়ଶ͔Βελϯ

όΠঢ়ଶ΁ͷભҠͱಉ༷ʹσϡʔςΟʔαΠΫϧΛ͋ΔҰఆͷ

ൣғ಺ʹอͭͨΊɺࣜ (17)ͷΑ͏ʹܾఆͨ͠ɻ·ͨɺχϗϯΞ

ϚΨΤϧΛ͸͡Ίͱ͢Δଟ͘ͷछͰɺ͋Δݸମ͕໐͖࢝ΊΔͱ

ͦΕʹ௥ैͯ͠पลͷݸମ͕໐͖࢝ΊΔಛ௃͕ݟΒΕΔɻ͜ͷ

ಛ௃ʹண૝Λಘͯࣜ (16)ͷ H ͷΑ͏ʹϞσϧԽͨ͠ɻଞ୺຤

ͷঢ়ଶͷ೺Ѳʹؔͯ͠͸ɺ֤୺຤͸ࣗ਎͔ΒҰఆڑ཭ʢr0ʣ಺

ʹଘ͢ࡏΔ֤୺຤͕ɺࣗ਎͕ Class CͰ؍ଌͰ͖͍ͯΔޙ࠷ͷ

σʔλૹ৴ࠁ࣌Λ͓֮͑ͯΓɺ֤୺຤ʹ͍ͭͯ࣍ͷσʔλૹ৴

ଌͰ͖ͨ৔߹ʹ͸ɺૹ৴ִؒ؍ʹ࣌ f Λ೺ѲͰ͖Δͱͨ͠ɻҎ

্͔Βɺࣜ (11)ͷ F2(En)ɺG2(Tn)ɺ͓ΑͼH(*f)Λࣜ࣍ͷΑ

͏ʹఆٛ͢Δɻͨͩ͠ɺH(*f)͸ɺۙ͘ʹσʔλૹ৴͢Δ୺຤

͕͍Δ৔߹ͱ͍ͳ͍৔߹ͰɺҟͳΔ̎஋ΛͱΔɻ

F2(En) =
0.5

Emax
En + 0.5 (16)

G2(Tn) =
1

exp(γ(Tn − (Tmax −∆T ))) + 1
(17)
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ද 1 LoRaແઢϞδϡʔϧͷ SX1276ʹ͓͚Δফඅిྲྀ (DC=3.3V)

Ϟʔυ ઃఆ ஋

sleep 0.2(uA)

standby 1.6(mA)

receive mode
bands 2&3 12.0(mA)

band 1, LNA boost ON 11.5(mA)

transmit mode
TX power=13dBm 29(mA)

TX power=7dBm 20(mA)

H(*f) =

{
phigh if f < ∆Tcall ∃f ∈ *f,

plow otherwise.
(18)

ελϯόΠঢ়ଶ͔ΒεϦʔϓঢ়ଶɺεϦʔϓঢ়ଶ͔Βελϯ

όΠঢ়ଶ΁ͷભҠ͸αςϥΠτߦಈʹண૝ΛಘͯભҠ֬཰Λܾ

ఆͨ͠ɻαςϥΠτߦಈ͸ϝεΛୣ͏͜ͱ͕Մೳͳڑ཭ʹࣗ਎

ΑΓັྗతͳΦε͕ଘ͢ࡏΔ৔߹ʹݟΒΕ͍ͯΔɻΧΤϧͷັ

ྗ౓͸ମ௕΍߹এʹ͓͚Δൃ੠ස౓ͩͱ͑ߟΒΕ͓ͯΓɺൃ੠

ස౓͸ମྗʹґଘͯ͠มԽ͢Δͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻͦ͜Ͱ

ࣗ਎ͷۙ͘ʹόοςϦʔʹ༨༟͕͋Δ୺຤͕ଘ͢ࡏΔ৔߹ʹε

ϦʔϓΛ͜͏ߦͱͰΧόϨοδͷ௿ԼΛ๷͗εϦʔϓ͕ՄೳͰ

͋Δɻ

Esleep2
n = max( *E) (19)

Esleep1
n = *̃E (20)

I1(En) =
1

exp(−ε(Esleep
n − En − δ)) + 1

(21)

I2(En) =
1

exp(ε(Esleep
n − En + δ)) + 1

(22)

͜͜ͰɺEsleep
n ͸εϦʔϓঢ়ଶʹભҠ͢Δ͔Ͳ͏͔ͷج४

ͱͳΔόοςϦʔྔ࢒Λද͓ͯ͠Γɺ *E ͸ࣗ਎͔Β r0 Ҏ಺Ͱ

Ͱ͋Δɻࣜྔ࢒ଌͰ͖ͨΤϯυσόΠεͷόοςϦʔ؍ (19)ɺ

(20)ͷΑ͏ʹۙྡͷ୺຤ͷόοςϦͷ಺Ͳͷ୺຤Λج४ͱͯ͠

εϦʔϓΛ͔͏ߦΛબ୒͢Δ͜ͱʹΑΓɺεϦʔϓ͢Δ୺຤ͷ

ׂ߹Λܾఆ͢Δ͜ͱ͕ՄೳͰ͋Δɻ

3. γϛϡϨʔγϣϯධՁ

γϛϡϨʔγϣϯʹΑΔ LPWAωοτϫʔΫͷΧόϨοδ

ઃܭͷ݁ՌΛड़΂Δɻ͜ͷষͰ͸αςϥΠτߦಈΛ LoRaWAN

ΤϯυσόΠεʹద༻͢Δ͜ͱʹΑͬͯɺҰఆͷΧόϨοδΛ

อͪͭͭɺεϦʔϓΛ͜͏ߦͱͰ௕ण໋Խ͕ਤΕΔ͜ͱΛγ

ϛϡϨʔγϣϯʹΑͬͯࣔ͢ɻαςϥΠτߦಈͷ༗ޮੑΛࣔ

ͨ͢Ίɺ2. ষʹࣔͨ͠εϦʔϓ੍ޚख๏ͱɺεϦʔϓঢ়ଶʹ

ભҠ͠ͳ͍ख๏ͱͷൺֱΛͨͬߦɻLoRaWAN͸ LPWA֨ن

ͷҰͭͰ͋Γɺैདྷͷແઢ௨৴ͱಉఔ౓ͷૹ৴ग़ྗͰ௕ڑ཭

ͷ௨৴͕ՄೳͰ͋ΔɻLoRaWANͷ௨৴Մೳڑ཭ʹ߹Θͤͯɺ

1 km×1 kmͷ؍ଌྖҬʹ 100୆ͷΤϯυσόΠεΛϥϯμϜ

ʹઃஔͨ͠ɻ؍ଌྖҬΛ 20 m×20 mͷਖ਼ํܗͰ෼ׂͨ͠ࡍͷ

Δɻຊ࿦จͰ͸ɺ1ͭ͢ࢉܭͷަ఺্ʹର͠ΧόϨοδΛࢠ֨

Ҏ্ͷηϯαʹΑͬͯηϯγϯά͞Ε͍ͯΔަ఺ͷશަ఺ͷ਺

ʹର͢Δׂ߹ͱͯ͠ΧόϨοδΛఆٛ͢Δɻද 2ʹύϥϝʔλ

ද 2 ύϥϝʔλઃఆ

ύϥϝʔλ ஋ આ໌

r0 200
ɹ ଞ୺຤ͷσʔλૹ৴ʹΑΔ

ӨڹΛड͚Δ࠷େڑ཭

r1 100
όοςϦʔྔ࢒Λൺֱ͢Δ

୺຤ؒͷ࠷େڑ཭

r2 150 ηϯγϯάՄೳͳ࠷େڑ཭

α 0.39 ർ࿑౓ͷճ෮ׂ߹

Tmax 100.12 ർ࿑౓ͷ࠷େ஋

∆T Tmax/1.2
ࣜ (15)ɺ(17) ʹ͓͚Δ

มۂ఺Λܾఆ͢Δύϥϝʔλ

γ 0.5
ࣜ (15)ɺ(17) ʹ͓͚Δ

ϩδεςοΫؔ਺ͷύϥϝʔλ

Emax 500 όοςϦʔ༰ྔ (mAh)

phigh 0.8 ࣜ (18) ʹ͓͚Δύϥϝʔλ

plow 0.01 ࣜ (18) ʹ͓͚Δύϥϝʔλ

ε 0.5
ࣜ (21)ɺ(22) ʹ͓͚Δ

ϩδεςοΫؔ਺ͷύϥϝʔλ

λ 0.7
Class A ͔Β C ΁ͷ

੾Γସ͑ؒ࣌Λܾఆ͢Δύϥϝʔλ

µ 20
Class C ʹཹ·Δ

Λܾఆ͢Δύϥϝʔλؒ࣌େ࠷

η 1.6
ελϯόΠϞʔυʹ͓͚Δ

όοςϦʔফඅྔ

ι 29.0 ૹ৴࣌ͷόοςϦʔফඅྔ

κ 12.0 ड৴࣌ͷόοςϦʔফඅྔ

ͷઃఆΛࣔ͢ɻΤϯυσόΠεΛத৺ͱͨ͠൒ܘ r2 ͷԁ಺Λ

ηϯγϯάՄೳͱ͢ΔɻຊߘͰ͸ θ ʹΑΔηϯγϯάσʔλૹ

৴λΠϛϯάͷγϛϡϨʔγϣϯ͸͓ͯͬߦΒͣɺ4.4 secΛ 1

λΠϜεςοϓͱͨ͠γϛϡϨʔγϣϯΛͨͬߦɻΞΫςΟϒ

ঢ়ଶͷࡍʹ͸ɺ1λΠϜεςοϓͰ 1ճσʔλૹ৴Λ͜͏ߦͱ

ͱ͠ɺηϯγϯάσʔλૹ৴࣌ʹ͸ 400 msecૹ৴ϞʔυͰ͋

Δͱ͠ɺόοςϦʔফඅΛͨ͠ࢉܭɻ

ΧόϨοδɺόοςϦʔͷมԽΛਤ 2ɺ3ʹࣔ͢ɻαςϥΠ

τʹண૝ΛಘͨεϦʔϓ੍ޚΛ͜͏ߦͱʹΑͬͯɺΧόϨοδ

Λམͱͣ͞ʹεϦʔϓΛ͍ߦɺηϯγϯάՄೳͳؒ࣌Λͷ͹ͤ

Δ͜ͱ͕ग़དྷ͍ͯΔ͜ͱ͕ࣔͤͨɻਤ 2Ͱ͸ɺ60%ͷྖҬΛη

ϯγϯάՄೳͳ͕ؒ࣌ 20.9%৳͹͢͜ͱ͕ՄೳͰ͋Δ͜ͱΛࣔ

͍ͯ͠Δɻ·ͨɺࣜ (21)ɺ(22)ʹ͓͚ΔεϦʔϓΛج͏ߦ४Ͱ

͋Δ Esleep
n Λ Esleep1

n ɺEsleep2
n ʹઃఆͨ͠৔߹ͷશ୺຤਺ʹ

ର͢Δ֤ঢ়ଶͷ୺຤਺ͷׂ߹Λਤ 4ɺ5ʹࣔ͢ɻεϦʔϓঢ়ଶ

ʹೖΔج४ΛมԽͤ͞Δ͜ͱͰɺٻΊΒΕΔण໋΍ΧόϨοδ

ʹԠͨ͡ௐ੔͕ՄೳͰ͋Δ͜ͱ΋ࣔͤͨɻ

4. · ͱ Ί

ຊߘͰ͸χϗϯΞϚΨΤϧͷαςϥΠτߦಈʹண૝Λಘͨ

LoRaWANΤϯυσόΠεͷεϦʔϓ੍ޚͷఏҊͱγϛϡϨʔ

γϣϯʹΑΔධՁΛͨͬߦɻ1 km×1 kmͷྖҬʹ 100୆ͷΤ

ϯυσόΠεΛϥϯμϜʹ഑ஔͨ͠γϛϡϨʔγϣϯ݁ՌΑΓɺ

60%ͷྖҬΛηϯγϯάՄೳͳ͕ؒ࣌ 20.9%৳͹͢͜ͱ͕Մೳ

Ͱ͋Δ͜ͱΛࣔͤͨɻޙࠓ͸ɺΧΤϧͷ୹ؒ࣌εέʔϧͷٯ૬
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(a) ఏҊख๏

(b) εϦʔϓΛߦΘͳ͍ख๏

ਤ 2 ΧόϨοδ ͷมԽ (Esleep
n = Esleep1

n )

(a) ఏҊख๏

(b) εϦʔϓΛߦΘͳ͍ख๏

ਤ 3 όοςϦʔͷมԽ (Esleep
n = Esleep1

n )

ಉظΛͨ͠ݱ࠶਺ཧϞσϧΛ LPWAN ʹద༻ͨ͠ࡍͷɺিಥ

ճආͷධՁ΍ɺطଘํ๏ͱͷൺֱʹऔΓ૊ΜͰ͍͘ɻ
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