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࿦ จ ୊ ໨ ௨৴࿏มಈʹର͢ΔϩόετੑΛ༗ͨ͠ූ߸Խڠௐ௨৴ʹؔ͢Δڀݚ

ཁ ࢫ

ۙ೥ɼ਎ͷճΓͷ͋ΒΏΔ΋ͷ͕ωοτϫʔΫʹ͕ܨΔɼϞϊͷΠϯλʔωοτ (IoT: Internet of

Things)͕஫໨ΛूΊ͍ͯΔɽIoTͰ͸ڥ؀தʹແ਺ʹ഑ஔ͞Εͨ୺຤͕ڥ؀৘ใΛऔಘ͠ɼج
஍ہʹૹ৴͢Δ͜ͱʹΑ࣮ͬͯ͞ݱΕΔɽ͔͠͠ແઢ௨৴ʹ͓͍ͯ͸ɼϑΣʔσΟϯά΍γϟυ
΢Πϯάͱݺ͹ΕΔ෺ཧݱ৅ʹΑͬͯड৴৴߸ిྗͦͷ΋ͷ͕֬཰తʹมಈ͠ɼ҆ఆͨ͠௨৴Λ
อূ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽͦ͜ͰμΠόʔγςΟརಘʹՃ͑ͯɼූ߸Խརಘ΋ಉ࣌ʹಘΔ͜ͱ͕
Ͱ͖Δූ߸Խڠௐ௨৴͕ఏҊ͞Ε͍ͯΔɽ͜Ε͸֤୺຤͕ڞ༗͠߹ͬͨ৘ใ͔ΒύϦςΟΛੜ੒
͠ɼج஍ہʹૹ৴͢Δ͜ͱͰɼ୺຤ؒͰ෼ࢄతʹޡΓగਖ਼ූ߸Λߏ੒͢ΔํࣜͰ͋Δɽ
ɹۙ೥ɼූ߸Խڠௐ௨৴ͷҰํࣜͱͯ͠௿ԋྔࢉͰූ߸Խ͕ՄೳͰɼಛʹ༏Εͨ෮߸ಛੑΛ΋ͭ
ۭؒ݁߹ Repeat-Accumulate(SC-RA: Spatially Coupled Repeat-Accumulate)ූ߸ʹ͍ͨͮجɼ
SC-RAූ߸Խڠௐ (SC-RA-CC: SC-RA Coded Cooperation)͕ఏҊ͞Ε͍ͯΔɽ͜Ε͸ɼෳ਺
ͷRAූ߸Λϓϩτάϥϑͱݺ͹ΕΔάϥϑ্Ͱ݁߹͢Δ͜ͱʹΑΓߏ੒͞Ε͍ͯΔɽ
ɹҰํɼۭؒ݁߹ූ߸Ͱ͸௨৴࿏্ͰόʔετޡΓ͕ൃੜͨ͠৔߹ɼ֬཰఻ൖ๏ʹΑΔϓϩτάϥ
ϑ্Ͱͷ෮߸ͷ࿈͠ࢭఀ͕࠯ɼޡΓ཰ಛੑ͕ྼԽ͢Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔɽ͜ͷ໰୊ʹରͯ͠ɼ
ϓϩτάϥϑΛଟ࣍ݩͰߏ੒͢Δ͜ͱʹΑΓɼ෮߸ͷ࿈͢ࢭఀ͕࠯Δ֬཰Λখ͘͢͞Δଟۭ࣍ݩ
ؒ݁߹ූ߸͕ఏҊ͞Ε͍ͯΔɽ͜ͷූ߸ߏ଄Λ SC-RA-CCʹద༻͢Δ͜ͱʹΑΓɼόʔετޡΓ
ʹର͢ΔϩόετੑΛ෇༩ͨ͠ଟ࣍ݩ SC-RA-CC(MD-SC-RA-CC: Multi-Dimensional SC-RA-

CC)͕ఏҊ͞Ε͍ͯΔɽ͔͠͠MD-SC-RA-CCʹ͍ͭͯ͸ɼফࣦ௨৴࿏ʹ͓͚ΔղੳͷΈͰ͋
ΓɼόʔετޡΓ͕ൃੜ͢Δڥ؀ͰͷޡΓ཰ಛੑ͸ධՁ͞Ε͍ͯͳ͔ͬͨɽ·ͨMD-SC-RA-CC

ͷූ߸Խ๏ʹ͍ͭͯ΋े෼ͳٞ࿦͕ͳ͞Ε͍ͯͳ͔ͬͨɽ
ɹͦ͜ͰɼຊڀݚͰ͸όʔετޡΓ͕ൃੜ͢Δ௨৴࿏ʹ͓͍ͯɼ༏Εͨ෮߸ಛੑΛࣔ͢MD-SC-

RA-CCͷ݁߹ํ๏ΛఏҊ͢Δɽ·ͣɼߴ SNR(Signal-to-Noise Ratio)ྖҬʹ͓͚ΔϒϩοΫϨ
ΠϦʔϑΣʔσΟϯά௨৴࿏Λ໛฿ͨ͠ϒϩοΫফࣦ௨৴࿏ (BEC: Block Erasure Channel)Λ
Ծఆ͢ΔɽBEC্ͰͷMD-SC-RA-CCͷ෮߸ࣦഊ֬཰ͷԼքΛಋग़͠ɼԼքʹ઴ۙ͢Δූ߸Խ
๏͕࣋ͭ΂͖ઃࢦܭ਑ΛٻΊΔɽBEC্ʹ͓͍ͯͦͷઃࢦܭ਑Λຬͨ͢ූ߸Խ๏Λ୳͠ࡧɼͦΕ
͕༏Εͨ෮߸ಛੑΛ༗͢Δ͜ͱΛࣔ͢ɽػࢉܭʹޙ࠷γϛϡϨʔγϣϯΛ༻͍ͯɼϒϩοΫϨΠ
ϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͚Δ্هͷූ߸Խ๏ͷޡΓ཰ಛੑΛධՁ͠ɼఏҊํ͕ࣜ༏Ε͍ͯ
Δ͜ͱΛࣔ͢ɽ
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ͨΊɼ͍͔ͳΔޡΓగਖ਼ූ߸Λ༻͍ͯ΋ޡΓ֬཰Λ 0ʹ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽͦ͜Ͱූ߸Խརಘʹ
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͜Ε͸ωοτϫʔΫ্ͷશͯͷ୺຤͕͓͍ޓʹ৘ใΛڞ༗͠߹͍ɼ1ͭͷޡΓగਖ਼ූ߸Λ෼ࢄతʹ

খ͘͞ɼγϟ͕ྔࢉௐ௨৴ͷҰํࣜͱͯ͠ɼූ߸ԽԋڠΕΔɽූ߸Խ͞ݱ੒͢Δ͜ͱʹΑ࣮ͬͯߏ

ϊϯݶքʹ઴ۙ͢Δ෮߸ಛੑΛ༗͢Δۭؒ݁߹Repeat-Accumulate (SC-RA: Spatially coupledʣ

ූ߸ΛωοτϫʔΫ্Ͱߏ੒ͨ͠ɼSC-RAූ߸Խڠௐ (SC-RA-CC: SC-RA Coded Cooperation)

͕ఏҊ͞Ε͍ͯΔɽ͔͠͠௿଎ϑΣʔσΟϯά௨৴࿏ͷΑ͏ʹόʔετޡΓ͕ൃੜ͢Δڥ؀Ͱ͸ɼ

ۭؒ݁߹ූ߸ͷߏ଄ʹΑΓ෮߸ಛੑ͕ྼԽ͢Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔɽͦ͜ͰɼSC-RA-CCͷූ

ݩΓʹର͢ΔϩόετੑΛ෇Ճͨ͠ଟ࣍ޡԽ͢Δ͜ͱʹΑΓɼόʔετݩ଄Λଟ࣍ߏ߸ SC-RA-

CC(MD-SC-RA-CC: Multi-Dimensional SC-RA-CC)͕ఏҊ͞Ε͍ͯΔɽ͔͠͠ઌڀݚߦʹ͓͍

ͯ͸ɼফࣦ௨৴࿏ͰͷղੳͷΈͰ͋ΓɼόʔετޡΓ͕ൃੜ͢Δڥ؀Ͱͷಛੑ͸ධՁ͞Ε͍ͯͳ

͔ͬͨɽ·ͨMD-SC-RA-CCͷූ߸ߏ੒๏ʹ͍ͭͯ΋े෼ͳٞ࿦͕ͳ͞Ε͍ͯͳ͔ͬͨɽຊߘ

Ͱ͸ɼϒϩοΫϑΣʔσΟϯά௨৴࿏ʹ͓͍ͯɼ༏Εͨ෮߸ಛੑΛࣔ͢MD-SC-RA-CCͷූ߸Խ
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ୈ1ষ ং࿦

1.1 ܠഎڀݚ

ۙ೥ɼ਎ͷճΓͷ͋ΒΏΔ΋ͷ͕ωοτϫʔΫʹ͕ܨΔɼϞϊͷΠϯλʔωοτ (IoT: Internet

of Things)[1]͕஫໨ΛूΊ͍ͯΔɽIoTͰ͸ڥ؀தʹແ਺ʹ഑ஔ͞Εͨ୺຤͕ڥ؀৘ใΛऔಘ͠ɼ
ʹΕΔ୺຤͸ແ਺͞༺࢖͍͓ͯʹΕΔɽ͔͠͠ͳ͕ΒɼIoT͞ݱૹ৴͢Δ͜ͱʹΑ࣮ͬͯʹہ஍ج
഑ஔ͞ΕΔͨΊɼখܕͰ҆ՁͰ͋Δͱ͍͏੍໿Λड͚Δ͜ͱʹͳΔɽͦͷͨΊɼ୺຤ͷόοςϦ
αΠζ͸খܕʹͳΓɼ୺຤ͷૹ৴৴߸ిྗ͸Ͱ͖ΔݶΓখ͘͞཈͑Δඞཁ͕͋Δɽ·ͨࡁܦత؍
఺͔Βɼෳ਺ͷΞϯςφΛ۩උ͢Δ͜ͱ͕೉͍͠ɽ୺຤͸͜ͷΑ͏ͳ੍໿Λ࣋ͭҰํɼແઢ௨৴
ʹ͓͍ͯ͸ɼϑΣʔσΟϯά΍γϟυ΢Πϯάͱݺ͹ΕΔ෺ཧݱ৅ʹΑͬͯड৴৴߸ిྗͦͷ΋
ͷ͕֬཰తʹมಈ͢ΔͨΊɼ҆ఆͨ͠௨৴Λอূ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽ͜ͷ໰୊Λ୺຤ଆͰղܾ
͢Δखஈͱͯ͠ɼૹ৴μΠόʔγςΟٕज़ͷ̍ͭͰ͋Δۭ࣌ؒϒϩοΫූ߸ (STBC:Space Time

Block Code)[2]͕ AlamoutiʹΑΓఏҊ͞Ε͍ͯΔɽ͜Ε͸ූ߸Խ͞Εͨ৴߸Λ୺຤ʹ۩උ͞Ε
ͨෳ਺ͷΞϯςφ͔Βૹ৴͠ɼड৴ଆͰ͸ͦͷ৴߸Λ্࣌ؒ࣠Ͱ෼཭͢ΔํࣜͰ͋Δɽ͜ΕʹΑ
ΓμΠόʔγςΟޮՌΛಘΔ͜ͱ͕Ͱ͖ɼ҆ఆͨ͠௨৴Λ͜͏ߦͱ͕ՄೳʹͳΔɽ͔͠͠ͳ͕Βɼ
͜ͷํࣜ͸ IoTʹ͓͍ͯ͸ࡁܦత؍఺͔Β࣮ݱతͰ͸ͳ͍ɽ
͜ΕΒͷཁٻʹରͯ͠ɼڠௐ௨৴ٕज़ [3]͕ఏҊ͞Ε͍ͯΔɽ͜Ε͸৘ใΛૹ৴͢Δ୺຤ͷۙ๣

ʹଞͷ୺຤͕ଘ͢ࡏΔͱ͖ɼͦͷ୺຤Λྗڠ୺຤ͱΈͳͯ͠৘ใύέοτΛڞ༗͠ɼಉҰͷ৘ใ
ύέοτΛෳ਺ͷ୺຤͔Βૹ৴͢ΔํࣜͰ͋Δɽڠௐ௨৴ʹ͸ɼྗڠ୺຤͕ड৴ͨ͠৴߸Λͦͷ
··૿෯ͯ͠ૹ৴͢Δ૿෯ɾసૹ (Amplify-and-Forware)ڠௐ [4]΍ɼ෮ௐɾ෮߸Λ͍ߦૹ৴͢Δ
෮߸ɾసૹ (Decode-and-Forward)ڠௐ [5, 6]͕ଘ͢ࡏΔɽ͜ΕΒͷํࣜͰ͸μΠόʔγςΟޮՌ
ʹΑΓɼ௨৴࿏ͷมಈʹΑΔӨڹΛ؇࿨҆͠ఆͨ͠௨৴Λ࣮͢ݱΔ͜ͱ͕Ͱ͖ΔɽҰํɼಉҰͷ
৘ใύέοτΛෳ਺ͷ୺຤Ͱڞ༗͠ૹ͍ͬͯΔͨΊɼ͜Ε͸୯७ͳ܁Γฦ͠ූ߸ͱ͑ߟΔ͜ͱ͕
Ͱ͖ɼଳҬར༻ޮ཰ͱ͍͏؍఺Ͱ͸ඇৗʹແବ͕ଟ͘ɼ͞Βʹූ߸ͦͷ΋ͷʹΑΔޡΓగਖ਼ೳྗ
͸΄ͱΜͲظ଴͢Δ͜ͱ͕Ͱ͖ͳ͍ɽ
ͦ͜Ͱ֤୺຤͕ڞ༗ͨ͠৘ใύέοτ͔ΒύϦςΟύέοτΛੜ੒͠ɼͦΕΛج஍ہʹૹ৴͢

Δ͜ͱʹΑΓɼ୺຤ؒͰ෼ࢄతʹޡΓగਖ਼ූ߸Λߏ੒͢Δූ߸Խڠௐ௨৴ [7, 8]͕ఏҊ͞Ε͍ͯ
Δɽ͜ͷํࣜͰ͸ɼڠௐ௨৴ʹΑΔμΠόʔγςΟརಘʹՃ͑ͯɼޡΓగਖ਼ූ߸ʹΑΔූ߸Խར
ಘ΋ಉ࣌ʹಘΔ͜ͱ͕Ͱ͖Δͱ͍͏ར఺͕͋Δɽූ߸ԽڠௐͰ෼ࢄతʹੜ੒͢ΔޡΓగਖ਼ූ߸ʹ
͍ͭͯ͸ɼ༷ʑͳ΋ͷ͕ఏҊ͞Ε͖ͯͨɽγϟϊϯͷ௨৴࿏༰ྔʹഭΔಛੑΛࣔ͢λʔϘූ߸Λ
༻͍ͨූ߸Խڠௐ௨৴ [9]΍ɼߴ଎ϑΣʔσΟϯά௨৴࿏ʹ͓͍ͯ༏ΕͨޡΓ཰ಛੑΛۭࣔ࣌ؒ͢
ϒϩοΫූ߸Խڠௐ [9]ͳͲ͕͋Δɽ͔͠͠લऀͷํࣜͰ͸ɼ୺຤਺͕ 2୆ͷΈͱ͍͏੍໿Λड
͚ɼऀޙͷํࣜͰ͸୺຤਺͕૿େͨ͠ͱ͖ʹූ߸Λߏ੒͢ΔͨΊͷΦʔόʔϔου͕େ͖͘ͳΔ
ͱ͍͏໰୊͕͋ͬͨɽ
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ͦ͜Ͱ୺຤਺͕େ͖͍ঢ়گʹ͓͍ͯ΋ɼΦʔόʔϔου͕খ͘͞ූ߸Խڠௐ௨৴Λ࣮͢ݱΔ͜ͱ͕
Ͱ͖Δํࣜͱͯ͠ɼదԠωοτϫʔΫූ߸Խڠௐ (ANCC: Adaptive Network Coded Cooperation)[10]

͕ఏҊ͞Ε͍ͯΔɽ͜ͷํࣜͷ௨৴ϓϩτίϧ͸ɼϒϩʔυΩϟετͱϦϨʔͷ 2ϑΣʔζʹ෼͔
Ε͓ͯΓɼ·ͣϒϩʔυΩϟετϑΣʔζʹ͓͍ͯશͯͷ୺຤͕ࣗ਎ͷ৘ใύέοτΛϒϩʔυ
Ωϟετ͠ωοτϫʔΫશମͰڞ༗Λ͏ߦɽ࣍ʹɼϦϨʔϑΣʔζʹ͓͍ͯڞ༗͞Εͨ৘ใύέο
τΛܾΊΒΕͨ਺͚ͩબ୒͠ɼͦΕΒͷഉଞత࿦ཧ࿨ΛͱΔ͜ͱͰύϦςΟύέοτΛੜ੒͠ɼͦ
ΕΛج஍ہʹૹ৴͢ΔɽANCCΛ࣮͢ݱΔͨΊͷલॲཧͱͯ͠͸ɼϦϨʔϑΣʔζʹ͓͍֤ͯ୺
຤͕બ୒͢Δύέοτͷݸ਺Λڞ༗͢Δ͜ͱͷΈͰ͋ΔɽANCCʹ͓͍ͯߏ੒͞ΕΔޡΓగਖ਼ූ
߸͸ɼ1960೥୅ʹGallagerʹΑͬͯఏҊ͞Εͨ௿ີ౓ύϦςΟࠪݕ (LDPC: Low-Density Parity

Check)ූ߸ [11]ͷҰछͷɼ௿ີ౓ੜ੒ྻߦ (LDGM: Low-Density Generate Matrix)ූ߸Ͱ͋Γɼ
ඇৗʹૄͳྻߦࠪݕʹΑΓఆٛ͞ΕΔɽ͔͠͠ɼANCCͷྻߦࠪݕ಺ʹ͸௕͞ 4ͷγϣʔτϧʔ
ϓ͕͍֬ߴ཰Ͱൃੜ͢ΔͨΊɼ෮߸ಛੑ͸ޡ͍ߴΓ཰ʹ͓͍ͯΤϥʔϑϩΞΛࣔ͢ [12]ɽ͜ͷ໰
୊ʹରͯ͠ɼANCCΛվྑͨ͠ํ͕ࣜจݙ [13]ʹ͓͍ͯఏҊ͞Ε͍ͯΔɽ͜Ε͸ූ߸Խڠௐ௨৴
ʹઌ͚ͯۦɼ௕͞ 4ͷγϣʔτϧʔϓ͕ͳ͍ྻߦࠪݕΛੜ੒͠ɼͦΕΛશͯͷ୺຤ͱڞ༗͢Δํ
ࣜͰ͋Δɽ͜ͷํࣜʹΑΓ༏ΕͨޡΓ཰ಛੑΛࣔ͢Ұํɼූ߸Խڠௐ௨৴Λͨ͏ߦΊͷΦʔόʔ
ϔου͸େ͖͘ͳΓɼANCCͷར఺Λଛͳ͏ɽ
ۙ೥ɼ௿ԋྔࢉͰූ߸Խ͕ՄೳͰɼಛʹ༏Εͨ෮߸ಛੑΛ΋ۭͭؒ݁߹Repeat-Accumulate(SC-

RA: Spatially Coupled Repeat-Accumulate)ූ߸ [14]͕ఏҊ͞Ε͍ͯΔɽSC-RAූ߸ͷۭؒ݁
߹ූ߸͸ɼ1999೥ʹจݙ [15]ʹ͓͍ͯൃද͞Εͨ৞ΈࠐΈ LDPCූ߸͔Βൃలͨ͠΋ͷͰ͋Δɽ
৞ΈࠐΈ LDPCූ߸͸౷ܭతʹಠཱͳෳ਺ͷ LDPCූ߸ʹରͯ͠ɼ஗ԆثΛ༻͍ͨ৞ΈࠐΈॲ
ཧΛ͜͏ߦͱʹΑͬͯߏ੒͞ΕΔ૊৫ූ߸Ͱ͋Δɽ͜ͷ৞ΈࠐΈූ߸ʹରͯ͠ऴ୺ॲཧΛͨͬߦ
ූ߸͕ۭؒ݁߹ LDPCූ߸ͱݺ͹ΕΔɽ͜ͷූ߸ͷಛ௃ͱͯ͠͸ɼ৞ΈࠐΈॲཧͷ։࢝࣌ͱऴྃ
࣌ʹ͸ɼූ߸Խ཰ͷ௿͍ύϦςΟύέοτ͕ੜ੒͞ΕɼͦΕҎ֎ͷॲཧ࣌ʹ͸ූ߸Խ཰ͷ͍ߴύ
ϦςΟύέοτ͕ੜ੒͞ΕΔ͜ͱʹ͋ΔɽΑͬͯɼ֬཰఻ൖ (BP: Belief Propagation)๏ [16]ʹ
෮߸Ͱ͸ɼූ߸Խ཰ͷ௿͍։࢝࣌ͱऴྃ࣌ʹੜ੒͞ΕͨύϦςΟύέοτ͔Β։࢝͞ΕΔɽͮ͘ج
ʹతʹූ߸શମ࠯Γɼ͞Βʹ࿈͕޿ʹ߸Γగਖ਼͕ྡ઀͢Δූޡͱʹɼ͜ͷ͝͏ߦΓฦ͠෮߸Λ܁
େͷར఺Ͱ͋Δɼᮢ஋๞࿨࠷଄ʹΑΓɼۭؒ݁߹ූ߸ͷߏ߸ɽ͜ͷූ͍ͯ͘͠ࢄ֦ [17]ͱ͍͏ݱ
৅͕ൃੜ͢Δɽ͜Ε͸ۭؒ݁߹ූ߸ͷBPᮢ஋͕ɼͦΕΛߏ੒͢Δ୯Ұͷූ߸ͷMAP(Maximum

A Posteriori)ᮢ஋ʹ઴ۙతʹҰக͢Δͱ͍͏΋ͷͰ͋Δɽ΋͏̍ͭͷಛ௃ͱͯ͠͸ɼ͋ΒΏΔ௨
৴࿏ڥ؀ʹ͓͍ͯɼγϟϊϯͷ௨৴࿏༰ྔʹ઴ۙ͢ΔϢχόʔαϧੑΛ࣋ͭූ߸Ͱ͋Δ͜ͱ͕ূ
໌͞Ε͍ͯΔ͜ͱͰ͋Δ [18]ɽ
࣍ʹɼSC-RAූ߸Λߏ੒͢Δ Repeat-Accumulate(RA)ූ߸ [19]͸ LDPCූ߸ͷҰछͰ͋Γɼ

ૄͳͮ͘جʹྻߦࠪݕ༏Εͨ෮߸ಛੑΛ΋ͭɽRAූ߸ͷූ߸Խث͸ɼ୯७ͳϏοτ܁Γฦ͠ͱɼ
௿஗ԆͰූ߸Խ͔ͭྔࢉ੒͞ΕΔͨΊɼLDPCූ߸ͱൺֱͯ͠௿ԋߏͷΈʹΑͬͯثಈූ߸Խ࡞
͕ՄೳͰ͋ΔɽҎ্͔ΒɼSC-RAූ߸͸ LDPCූ߸ʹมΘͬͯɼRAූ߸Λۭؒ݁߹ͤͨ͞ූ߸
Ͱ͋Δͱ͑ݴΔɽ
ͦͯ͠ɼ͜ͷූ߸ʹූ͍ͨͮج߸Խڠௐ௨৴ͱͯ͠ɼSC-RAූ߸Խڠௐ (SC-RA-CC: SC-RA

Coded Cooperation)[20]͕ఏҊ͞Ε͍ͯΔɽSC-RA-CCͷར఺͸ɺ௿ԋࢉͳූ߸Խͱ༏Εͨ෮߸
ಛੑʹՃ͑ɼ֤୺຤͕ૹ৴͢Δ৘ใύέοτ͕୹͍৔߹ʹ͓͍ͯ΋ɺෳ਺ͷ৘ใύέοτΛ৞Έ
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߸੒Ͱ͖Δ͜ͱͰ͋Δɽ͜ΕʹΑΓ༏Εͨ෮ߏΛޠ߸ΉͨΊʹɼ୺຤શମͰ͸ޮՌతʹ௕͍ූࠐ
ಛੑΛಘΔ͜ͱ͕Ͱ͖Δɻ
͔͠͠ͳ͕Βɼ௨৴࿏্ͰޡΓ֬཰ͷ͍ߴঢ়͕گҰఆؒظ࿈ଓ͢ΔόʔετޡΓ͕ൃੜͨ͠৔

߹ɼBP๏ʹΑΔۭؒ݁߹ූ߸ͷ෮߸ͷ࿈͠ࢭఀ͕࠯ɼޡΓ཰ಛੑ͕ྼԽ͢Δ͜ͱ͕ใ͞ࠂΕ͍ͯ
Δ [21]ɽແઢ௨৴ͷ؍఺Ͱͨ͑ߟͱ͖ɼόʔετޡΓͷΑ͏ͳڥ؀͸ɼϑΣʔδϯάʹΑͬͯड
৴৴߸ిྗ͕௕ؒظམͪࠐΜͩͱ͖ʹରԠ͢Δɽͦ͜Ͱจݙ [21]Ͱ͸ɼ৞ΈࠐΈํ๏Λ޻෉͢Δ
͜ͱʹΑΓɼූ߸Խ཰͕௿͍ύϦςΟύέοτΛ਺ଟ͘ੜ੒͠ɼBP๏ʹΑΔ෮߸ͷ࿈͠ࢭఀ͕࠯
଄Λߏ߸ఏҊ͞Ε͍ͯΔɽͦͯ͠ɼ͜ͷූ͕߸ූ߹ۭ݁ؒݩ଄Λ΋ͭɼଟ࣍ߏ͍͘ʹ SC-RA-CC

ʹద༻͢Δ͜ͱʹΑΓɼόʔετޡΓʹର͢ΔϩόετੑΛ෇༩ͨ͠ଟ࣍ݩ SC-RA-CC(MD-SC-

RA-CC: Multi-Dimensional SC-RA-CC)͕ఏҊ͞Ε͍ͯΔ [22]ɽจݙ [22]Ͱ͸ɼফࣦ௨৴࿏ʹ͓
͚ΔղੳͷΈͰ͋ΓɼόʔετޡΓ͕ൃੜ͢Δڥ؀ͰͷޡΓ཰ಛੑ͸ධՁ͞Ε͍ͯͳ͔ͬͨɽ·
ͨMD-SC-RA-CCͷූ߸ߏ੒๏ʹ͍ͭͯ΋े෼ͳٞ࿦͕ͳ͞Ε͍ͯͳ͔ͬͨɽ
ͦ͜ͰɼຊڀݚͰ͸όʔετޡΓ͕ൃੜ͢Δ௨৴࿏ʹ͓͍ͯɼ༏Εͨ෮߸ಛੑΛࣔ݁͢߹ํ๏

ΛఏҊ͢Δɽ·ͣɼߴ SNR(Signal-to-Noise Ratio)ྖҬʹ͓͚ΔϒϩοΫϨΠϦʔϑΣʔσΟϯ
ά௨৴࿏Λ໛฿ͨ͠ϒϩοΫফࣦ௨৴࿏ (BEC: Block Erasure Channel)ΛԾఆ͢ΔɽBEC্Ͱ
ͷMD-SC-RA-CCͷ෮߸ࣦഊ֬཰ͷԼքΛಋग़͠ɼԼքʹ࠷΋઴ۙ͢Δූ߸Խ๏Λ୳͢ࡧΔɽ࠷
ͷهγϛϡϨʔγϣϯΛ༻͍ͯɼϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͚Δ্ػࢉܭʹޙ
ූ߸Խ๏ͷޡΓ཰ಛੑΛධՁ͠ɼఏҊํ͕ࣜैདྷํࣜΑΓ΋༏Ε͍ͯΔ͜ͱΛࣔ͢ɽ

1.2 ຊ࿦จͷߏ੒

ຊ࿦จ͸࣍ͷΑ͏ʹߏ੒͞ΕΔɽୈ̎ষͰ͸ɼຊڀݚͰѻ͏γεςϜϞσϧʹ͍ͭͯड़΂ɼ௨
৴࿏ϞσϧΛఆٛ͢Δɽୈ̏ষͰ͸ɼଟۭ࣍݁ؒݩ߹RAූ߸Խڠௐ௨৴ͷූ߸Խ๏ͱɼྻߦද
RAූ߹ۭ݁ؒݩઆ໌͢Δɽୈ̐ষͰ͸ɼ؆қͳ௨৴࿏Λಋೖ͠ɼଟ͍࣍ͯͭʹݱɼάϥϑදݱ
߸Խڠௐͷූ߸Խઃܭʹ͍ͭͯٞ࿦͢Δɽୈ̑ষͰ͸ɼ࠷దԽ͞Εͨଟۭ࣍݁ؒݩ߹RAූ߸Խ
ɼୈ͍ߦγϛϡϨʔγϣϯʹΑΓධՁΛػࢉܭௐͷූ߸Խํ๏ʹ͍ͭͯɼڠ 6ষͰຊ࿦จΛ૯ׅ
͢Δɽ
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ຊڀݚʹ͓͍ͯ૝ఆ͢ΔωοτϫʔΫߏ੒Λਤ 2.1ʹࣔ͢ɽ
ωοτϫʔΫ্ʹ͸ɼN୆ͷ৘ใݯ୺຤ͱ̍ͭͷڞ௨ͷج஍͕ہଘ͢ࡏΔͱԾఆ͢Δɽ֤୺຤͸

ҰຊͷΞϯςφΛ۩උ͓ͯ͠Γɼ൒ೋॏ௨৴ͷ੍໿ͷ΋ͱ࣌෼ׂଟݩ઀ଓ (TDMA: Time-Division

Multiple Access)ʹΑͬͯ௨৴Λ͏ߦɽ֤୺຤͸ɼαΠζM [bits]ͷ౷ܭతʹಠཱͳ T ͷ৘ใݸ
ύέοτΛ͍࣋ͬͯΔͱ͢Δ.

ਤ 2.2ʹɼωοτϫʔΫ಺ͷ୺຤͕ै͏ૹ৴εέδϡʔϧΛࣔ͢ɽ
ૹ৴εέδϡʔϧ͸ɼϒϩʔυΩϟετϑΣʔζͱऴ୺ॲཧϑΣʔζͷ̎ͭʹ෼ׂ͞ΕΔɽϒ

ϩʔυΩϟετϑΣʔζ͸ T .੒͞ΕΔߏͷϒϩοΫʹΑͬͯݸ ֤ϒϩοΫ͸ N ͷλΠϜεݸ
ϩοτ͔Βߏ੒͞Εɼ֤ϒϩοΫͷ i, i = 1, 2, . . . , N ൪໨ͷλΠϜεϩοτ͸ඞͣ i൪໨ͷ୺຤ʹ
ׂΓ౰ͯΒΕΔɽ
ϒϩοΫ tʹ͓͍ͯ୺຤ i͕ϒϩʔυΩϟετΛ͏ߦ৘ใύέοτΛ u(t)

i ͱ͢Δɽͨͩ͠ɼt =

1, 2, . . . , T Ͱ͋Γɼu(t)
i ͸ iͱ tʹؔͯ͠౷ܭతʹಠཱͰ͋ΔɽҎ߱Ͱ͸આ໌ͷ؆୯ԽͷͨΊʹɼ

εϩοτ൪߸ jΛҎԼͷΑ͏ʹఆٛ͢Δɽ

j = i+ (t− 1)N (2.1)

εϩοτ൪߸Λ༻͍ͯɼϒϩοΫ tʹ͓͍ͯ୺຤ i͕ϒϩʔυΩϟετ͢Δ৘ใύέοτΛuj ! u(t)
i

ͱද͢ɽ
ූ߸Խڠௐ௨৴ʹ͓͍ͯ͸ɼ֤εϩοτ൪߸ʹରԠ͢Δ୺຤ i͕ࣗ਎ͷ৘ใύέοτΛϒϩʔυ

Ωϟετ͠ɼଞ୺຤ͱͦͷ৘ใύέοτΛڞ༗͢Δɽεϩοτ൪߸͕ jͷͱ͖ɼͦΕʹରԠ͢Δ
୺຤ i͸ͦΕ·Ͱʹڞ༗ͨ͠৘ใύέοτू߹ {u1, . . . ,uj−1}Λอ͍࣋ͯ͠ΔɽύϦςΟύέο
τ pj ͸ɼ͜ΕΒͷ৘ใύέοτΛ༻͍ͯ࣍ࣜͷΑ͏ʹੜ੒͞ΕΔɽ

pj ! ⊙l∈C(j)ul (2.2)

ͨͩ͠ɼύϦςΟύέοτ pj ͷαΠζ͸৘ใύέοτͱ౳͘͠M [bits]Ͱ͋Γɼ⊙͸೚ҙͷූ߸
Խૢ࡞ (ྫɽϏοτ͝ͱͷഉଞత࿦ཧ࿨ԋࢉ)Λද͠ɼC(j)͸εϩοτ൪߸ jʹ͓͍ͯύϦςΟύ
έοτͷੜ੒ʹ༻͍ΒΕΔ৘ใύέοτͷεϩοτू߹Λද͢ɽ͜ͷූ߸Խૢ࡞⊙ͱɼ৘ใύέο
τͷεϩοτू߹ C(j)Λ೚ҙʹఆٛ͢Δ͜ͱʹΑͬͯɼූ߸Խڠௐ௨৴͕ఆٛ͞ΕΔɽޙ࠷ʹɼ
୺຤ i͸৘ใύέοτͱύϦςΟύέοτΛ࿈઀ͨ͠αΠζ 2M [bits]ͷූ߸ޠΛϒϩʔυΩϟε
τ͢Δɽ
ຊڀݚͰ͸ɼූ߸ޠͷมௐํࣜͱͯ͠BPSK(Binary Phase-Shift Keying)ΛԾఆ͢Δɽϒϩο

Ϋ tʹ͓͍ͯ୺຤ i͕ූ߸ޠΛมௐͨ͠ૹ৴৴߸ϕΫτϧΛ x(t)
i ∈ {+1,−1}2M ͱ͢Δɽ͜ͷͱ

͖ɼج஍ہʹ͓͚Δड৴৴߸ϕΫτϧ͸࣍ࣜʹΑͬͯ༩͑ΒΕΔɽ

y(t)
i = h(t)i x(t)

i + n(t)
i (2.3)
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ୈ 2 ষ γεςϜϞσϧ

ਤ 2.1: ຊڀݚʹ͓͍ͯ૝ఆ͢ΔωοτϫʔΫ

ͨͩ͠ɼh(t)i ͸ϒϩοΫ tʹ͓͚Δ୺຤ iͱج஍ؒہͷνϟωϧ܎਺Ͱ͋Γɼ୺຤ iʹؔͯ͠౷ܭ
తʹಠཱͰ͋ΔҰํɼϒϩοΫ tʹؔͯ͠͸௨৴ڥ؀ʹґଘ͢Δɽh(t)i ͸ฏۉ 0ɼ෼ࢄ 1ͷԁରশ
ෳૉΨ΢ε෼෍ʹै͍ɼ͜ͷ஋͸ج஍ط͍͓ͯʹہ஌ͱ͢Δɽn(t)

i ͸αΠζ 2M ͷՃ๏ੑന৭Ψ
΢εࡶԻ (AWGN: Additive White Gaussian Noise)ϕΫτϧͰ͋Γɼ֤ཁૉ͸ฏۉ 0, ෼ࢄN0ͷ
ԁରশෳૉΨ΢ε෼෍ʹै͏ɽ
֤୺຤͸୺຤ͱج஍ہͱͷڑ཭ͱൺֱͯ͠ɼ͓͍ޓʹۙ๣ʹҐஔ͍ͯ͠ΔͱԾఆ͢Δɽ͜ͷͱ

͖ɼ୺຤ؒͷ௨৴࿏ʹ͓͚Δ͓͍ޓͷड৴৴߸ిྗ͸े෼ʹେ͖͍ͱ͑ߟΔ͜ͱ͕Ͱ͖ɼ୺຤ؒ
ͷ௨৴ʹ͓͍ͯ͸ޡΓ͸ൃੜ͠ͳ͍ͱ͢Δɽ
T ϒϩοΫ͔Βߏ੒͞ΕΔϒϩʔυΩϟετϑΣʔζͷޙɼ∆T ϒϩοΫ͔Βߏ੒͞ΕΔऴ୺

ॲཧϑΣʔζ͕։࢝͞ΕΔɽલϑΣʔζʹ͓͍ͯNT ͷશͯͷ৘ใύέοτ͕ૹ৴͞Ε͍ͯΔݸ
ͨΊʹɼຊϑΣʔζʹ͓͍ͯ͸ύϦςΟύέοτͷΈ͕ੜ੒͞Εૹ৴͞ΕΔɽύϦςΟύέοτ
͸εϩοτ jʹ͓͚Δεϩοτू߹ C(j)ʹରԠ͢Δ৘ใύέοτΛ༻͍ͯɼࣜ (2.2)ʹΑΓੜ੒
͞ΕΔɽ|C(j)| = 0ͱͳͬͨͱ͖ʹɼූ߸Խڠௐ௨৴͕ऴྃ͢Δɽ͜ͷऴ୺ॲཧϑΣʔζ͸ɼۭؒ
݁߹ූ߸ʹ͓͚Δ৞ΈࠐΈූ߸Խͷऴ୺ॲཧʹରԠ͢Δɽ
ຊڀݚʹ͓͍ͯ͸ɼόʔετޡΓʹର͢Δූ߸Խڠௐ௨৴ͷޡΓ཰ಛੑΛධՁ͢ΔͨΊʹɼҎ

Լͷ̎ͭͷಛघͳ௨৴࿏Λ͑ߟΔɽ

1-ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏

ຊ௨৴࿏ʹ͓͍ͯɼ௨৴࿏܎਺͸ 1ϒϩοΫ͝ͱʹมԽ͢Δɽͭ·Γɼh(t)i ͸୺຤ iͱϒϩοΫ
tʹؔͯ͠౷ܭతʹಠཱʹมԽ͢Δͱ͑ݴΔɽ͜Ε͸ɼ௨৴࿏ঢ়ଶ͕؇΍͔ʹมಈ͢Δ͜ͱʹରԠ
͢Δɽ
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ୈ 2 ষ γεςϜϞσϧ

ਤ 2.2: ωοτϫʔΫ಺ͷ֤୺຤͕ै͏ૹ৴εέδϡʔϧ

T -ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏

ຊ௨৴࿏ʹ͓͍ͯɼ௨৴࿏܎਺͸ T +∆T ϒϩοΫ͝ͱʹมԽ͢Δɽͭ·Γɼh(t)i ͸୺຤ iͷΈ
ʹؔͯ͠౷ܭతʹಠཱʹมԽ͠ɼεϩοτ tʹؔͯ͠͸Ұ੾มԽ͠ͳ͍ɽ͜Ε͸ɼ௨৴࿏ঢ়ଶ͕
΄ͱΜͲมಈ͠ͳ͍͜ͱʹରԠ͢Δɽ
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ୈ3ষ ଟۭ࣍݁ؒݩ߹Repeat-Accumulateූ
߸Խڠௐ

ຊষʹ͓͍ͯ͸ɼۭؒ݁߹ Repeat-Accumulate ූ߸Խڠௐ (SC-RA-CC) ͱଟۭ࣍݁ؒݩ߹
Repeat-Accumulateූ߸Խڠௐʹ͍ͭͯઆ໌͢Δɽ·ͣ͸͡ΊʹɼLDPCූ߸ͷҰछͰ͋ΔRA

ූ߸ͷූ߸Խ๏ͱͦͷ෮߸๏ʹ͍ͭͯઆ໌͠ɼۭؒ݁߹RAූ߸ʹ͍ͭͯड़΂Δɽ͜ͷූ߸Λූ
߸Խڠௐ௨৴ʹൃలͤ͞Δ͜ͱʹΑΓɼSC-RA-CCͱɼMD-SC-RA-CCʹ͓͍ͯɼ֤୺຤͕ै͏
ූ߸Խ๏Λઆ໌͠ɼූ߸Խڠௐ௨৴શମͰͷූ߸ԽͱύϦςΟྻߦࠪݕͱͷରԠؔ܎ʹ͍ͭͯड़
΂Δɽ͞ΒʹɼύϦςΟ͔ྻߦࠪݕΒఆٛ͞ΕΔάϥϑදݱΛ༻͍ͯઆ໌Λ͏ߦɽ

3.1 Repeat-Accumulateූ߸

ຊઅͰ͸ɼRAූ߸ͷූ߸Խɾ෮߸ํ๏ʹ͍ͭͯड़΂Δɽ

3.1.1 ූ߸Խ๏

͸͡ΊʹɼRAූ߸͸ූ߸Խثʹ͓͍ͯ͸ɼ৘ใύέοτu(t)
i ΛQճ܁Γฦ͠ɼαΠζQM [bits]

ͷྻܥΛग़ྗ͢Δɽ࣍ʹग़ྗྻܥͷ֤ϏοτΛަޓʹೖΕସ͑Δ೚ҙͷΠϯλʔϦʔόʹೖྗʹ͢
Δɽͦͯ͠ɼϕΫτϧͷઌ಄͔Β a[bits]ͣͭͷཁૉͷഉଞత࿦ཧ࿨ΛͱΔɽޙ࠷ʹAccumulator

ͱݴΘΕΔ఻ୡؔ਺ 1/(1−D)ͷ৞ΈࠐΈූ߸Ͱූ߸Խ͢Δ͜ͱʹΑΓॴ๬ͷූ߸͕ޠಘΒΕΔɽ
Ҏ߱ʹ͓͍ͯɼ্هͷූ߸ԽΛৄ͘͠આ໌͠ɼͦͷྻߦࠪݕදݱɼάϥϑදݱΛઆ໌͢Δɽ

(1) ූ߸Խث

RAූ߸ԽثΛਤ 3.1ʹࣔ͠ɼD͸ 1bit஗Ԇث (Delay Device)ɼ⊕͸ഉଞత࿦ཧ࿨ԋࢠࢉΛද͢ɽ
·ͣ৘ใύέοτΛߏ੒͢Δ֤ཁૉ u = [u1, . . . , um, . . . , uM ]͸RepetitionʹΑͬͯQճ܁Γ

ฦ͞ΕɼαΠζQM ͷu′͕ੜ੒͞ΕΔɽͨͩ͠ɼum͸ϕΫτϧuͷୈm൪໨ͷཁૉΛද͢ɽ͜
ͷੜ੒͞Εͨग़ྗྻܥ͸࣍ࣜͰද͞ΕɼͦͷαΠζ͸QM [bits]ͱͳΔɽ

u′ = [u1, . . . , u1, . . . , uM , . . . , uM ] (3.1)

࣍ʹɼग़ྗྻܥu′ͷ֤ཁૉ͸ InterleaverྻߦHʹΑͬͯฒͼସ͑ΒΕΔɽྻߦH͸ߦॏΈͱ
ྻॏΈ͕ͱ΋ʹ 1Ͱ͋Δ̎ݩQM ×QM ͷϕΫτϧw͸ҎԼͷޙͰ͋ΔɽΠϯλʔϦʔϒྻߦ
ࣜͰද͞ΕΔɽ

w = u′H (3.2)
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ୈ 3 ষ ଟۭ࣍݁ؒݩ߹Repeat-Accumulateූ߸Խڠௐ

ਤ 3.1: RAූ߸Խث (D͸ 1bit஗Ԇث (Delay Device)ɼ⊕͸ഉଞత࿦ཧ࿨ԋࢠࢉ)

ͦͯ͠ɼΠϯλʔϦʔό͞Εͨग़ྗྻܥw͸ઌ಄ͷཁૉ͔Βॱ൪ʹ abitsͣͭഉଞత࿦ཧ࿨ԋ
ೖྗ͞ΕɼαΠζʹࢠࢉ L = (Q/a)M ͷग़ྗྻܥ s͕ੜ੒͞Εɼs͸࣍ࣜͰද͞ΕΔɽ

s = [w1 ⊕ · · ·⊕ wa, . . . , w(QM−a+1) ⊕ · · ·⊕ w(QM)]

= [s1, . . . , sL]
(3.3)

͜ͷॲཧ͸Combinerͱݺ͹Εɼabitsͷഉଞత࿦ཧ࿨Λ͢ࢉܭΔCombinerΛɼϨʔτ aͷCom-

binerͱͯ͠ఆٛ͢Δɽ
Combiner͔Βͷग़ྗྻܥ sΛAccumulaterͱݺ͹ΕΔ৞ΈࠐΈූ߸Խثʹೖྗ͠ɼύϦςΟϕ

Ϋτϧ pΛੜ੒͢ΔɽAccumulator͸ਤ 3.1ʹࣔ͢Α͏ʹ̍ͭͷ̍Ϗοτ஗Ԇثͱ̍ͭͷഉଞత
࿦ཧԋ͔ࢠࢉΒߏ੒͞ΕΔϑΟʔυόοΫճ࿏Ͱ͋Γɼ͜ͷ৞ΈࠐΈූ߸ͷ఻ୡؔ਺͸ 1/(1−D)

Ͱද͞ΕΔɽॴ๬ͷύϦςΟύέοτ͸ͦͷαΠζΛ Lbitsͱ͠ɼ࣍ࣜͰఆٛ͞ΕΔɽ

p = [s1, s2 ⊕ p1, . . . , sL ⊕ p(L−1)]

= [p1, . . . , pL]
(3.4)

cޙ࠷ʹɼ ຊઅͰ͸૊৫ූ߸ԽͷRAූ߸Λ͑ߟΔͨΊɼ৘ใύέοτ uͱύϦςΟύέοτ
pΛ݁߹͠ɼ࣍ࣜͰࣔ͢ූ߸ޠϕΫτϧ cΛಘΔɽ

c =
[
u p

]
(3.5)

͜ͷͱ͖ (Q, a)-regular RAූ߸ͷූ߸Խ཰ rRA͸ҎԼͷࣜͰද͞ΕΔ.

rRA =
M

M + L
=

M(
1 +

Q

a

)
M

=
a

a+Q
(3.6)

ͭ·ΓɼRAූ߸ͷූ߸Խ཰͸Repetitionͷ܁Γฦ͠ճ਺Qͱ Combinerͷ aͷΈʹґଘ͢Δɽ
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ୈ 3 ষ ଟۭ࣍݁ؒݩ߹Repeat-Accumulateූ߸Խڠௐ

(2) ݱදྻߦࠪݕ

ຊઅͰ͸ɼલઅͰઆ໌ͨ͠RAූ߸Խثͷߏ଄͔Βఆٛ͞ΕΔྻߦࠪݕΛઆ໌͠ɼූ߸Խثͱ
ͷؔੑ܎ʹ͍ͭͯड़΂Δɽ
(Q, a)-regular RAූ߸Λఆٛ͢ΔྻߦࠪݕHRA͸N × (M + L)ྻߦͰ͋ΓɼL×M ྻߦ B

ͱ L×N AΛ༻͍ͯɼ࣍ࣜͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɽྻߦ

HRA =
[
B A

]
(3.7)

ͷϕΫτϧثB͸ූ߸Խྻߦ u′ɼwɼsͷੜ੒ॲཧʹରԠ͠ɼྻॏΈQɼߦॏΈ aͷ৚݅ͷ΋
ͱ 0ͱ 1͕ϥϯμϜʹ഑ஔ͞ΕͨྻߦͰ͋ΔɽྻߦB͸ɼసஔྻߦBT ܥΒ৘ใύέοτ͔ࠨʹ
ྻ uΛ৐͢ࢉΔ͜ͱʹΑΓɼϕΫτϧ sΛಘΒΕͨ͜ͱ͔Βɼූ߸Խثͷߏ଄ʹରԠ͢Δ͜ͱ͕
Θ͔Δɽ·ͨɼྻߦBͷߦॏΈ͸ύϥϝʔλQɼྻॏΈ͸ύϥϝʔλ aʹΑܾͬͯఆ͞ΕΔɽ
A͸ྻߦʹ࣍ L× LྻߦͰ͋ΓɼҎԼͷࣜʹΑͬͯఆٛ͞ΕΔɽ

A =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

1 1

1
. . .
. . . 1

1 1

1 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3.8)

͜Ε͸ɼߦॏΈͱྻॏΈ͕ͱ΋ʹ 2(ͨͩ͠ 1 ໨ͱMߦ ྻ໨ͷॏΈ͸̍) ͷଳର֯ྻߦͰ͋Γɼ
AccumulatorͷॲཧͷྻߦදݱͰ͋Δɽ͜ͷྻߦAͷಛ௃ʹ͍ͭͯઆ໌͢Δɽ·ͣྻߦࠪݕHRA

ʹରͯ͠جߦຊมܗΛ͏ߦɽୈ l ∈ {2, . . . , L}൪໨ͷߦʹୈ l− 1൪໨ͷߦΛՃ͑ΔͱɼྻߦAͷ
ଳର֯ྻߦ͸ର֯ྻߦͱͳΓɼྻߦB͸ࣜ (3.4)ͷૢ࡞Λྻߦͨͬߦͱ౳ՁʹͳΔɽΑͬͯɼྻߦ
A͕ූ߸Խثʹ͓͚ΔAccumulatorͷॲཧΛද͢ͱ͑ݴΔɽҎ্ΑΓɼαΠζL× (M +L)ͷݕ
ϕΫτϧޠ߸Βఆٛ͞Εɼූ͔ثHRA͸RAූ߸ͷූ߸Խྻߦࠪ cʹରͯ͠ɼ͕࣍ࣜ੒ཱ͢Δɽ

HRAc
T = 0 (3.9)

3.1.2 άϥϑදݱ

ຊઅͰ͸ɼલઅͷRAූ߸ͷྻߦࠪݕʹΑΓఆٛ͞ΕΔແ̎ੑ޲෦άϥϑͰ͋Δλφʔάϥϑ
Λઆ໌͢Δɽਤ ߏHRAʹΑͬͯఆٛ͞ΕΔλφʔάϥϑΛࣔ͢ɽλφʔάϥϑΛྻߦࠪݕʹ3.2
੒͢Δϊʔυ͸ 3ͭͷάϧʔϓʹ෼͚ΒΕΔɽ̍ͭ໨ͷάϧʔϓ͸৘ใύέοτྻܥ uͷM ݸ
ͷཁૉʹରԠ͠M ͷϊʔυ͔ΒͳΔϝοηʔδϊʔυݸ (നؙ ◦)ɼ̎ͭ໨ͷάϧʔϓ͸ϕΫτϧ
sͷN ͷཁૉʹରԠ͠ɼύϦςΟύέοτͷ੍໿৚݅Λ༩͑Δݸ Lݸͷϊʔυ͔ΒͳΔνΣοΫ
ϊʔυ (࢛֯ ("))ɼ̏ͭ໨͸ύϦςΟύέοτྻܥ pͷ LݸͷཁૉʹରԠ͠ Lݸͷϊʔυ͔Βͳ
ΔύϦςΟϊʔυ ؙࠇ) •)Ͱ͋Δɽ
Ҏ߱ɼm൪໨ͷϝοηʔδϕΫτϧཁૉʹରԠ͢ΔϝοηʔδϊʔυΛu(m)ͱද͢هΔɽνΣο

ΫϊʔυɼύϦςΟϊʔυʹ͍ͭͯ΋ಉ༷ʹɼf(l)ɼp(l)ɼl ∈ {1, . . . , L}ͱද͢هΔɽ
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ୈ 3 ষ ଟۭ࣍݁ؒݩ߹Repeat-Accumulateූ߸Խڠௐ

ਤ 3.2: (Q, a)-regular RAූ߸ͷλφʔάϥϑදݱ

͜͜Ͱɼϝοηʔδϊʔυʹ͸ u(m) m ∈ {1, . . . ,M}ɼνΣοΫϊʔυ͸ f(l) l ∈ {1, . . . , L}ɼ
ύϦςΟϊʔυ͸ p(l) l ∈ {1, . . . , L}ͷྻߦ൪߸ʹରԠͨ͠ݻ༗ͷه߸͕ͦΕͧΕ༩͑ΒΕΔɽݕ
Bͷྻߦ੒͢ΔߏHRAΛྻߦࠪ lߦmྻ໨ཁૉ͕̍ͳΒ͹ɼλφʔάϥϑʹ͓͍ͯϝοηʔδ
ϊʔυ u(m)ͱνΣοΫϊʔυ f(l)͕ΤοδͰ݁͹ΕΔɽύϦςΟϊʔυͱνΣοΫϊʔυͷΤο
δͷ݁߹΋ಉ༷Ͱ͋Δɽ͜ͷΑ͏ʹͯ͠ఆٛ͞Εͨλφʔάϥϑ͸ɼ͋Δϊʔυʹ࿈͍݁ͯ͠Δ
Τοδͷ਺ͱͦͷϊʔυʹରԠ͢Δ্ྻߦࠪݕͷߦ (΋͘͠͸ྻ)ͷॏΈ͸౳͘͠ͳΔɽInterleaver
Hྻߦ ͸ϝοηʔδϊʔυͱνΣοΫϊʔυͷؒͷΤοδͷ݁߹Λܾఆ͠ɼ͢΂ͯͷϝοηʔδ
ϊʔυ͸QຊͷΤοδΛ࣋ͭɽҰํɼ֤νΣοΫϊʔυͷϝοηʔδϊʔυଆʹग़ΔΤοδͷ਺
͸͢΂ͯ aຊͰ͋Γɼ͜ͷΑ͏ͳλφʔάϥϑͷߏ଄Λ࣋ͭRAූ߸Λ (Q, a)-regular RAූ߸ͱ
͹ΕΔɽͭ·Γɼ֤ϝοηʔδϊʔυͱνΣοΫϊʔυؒʹ͓͍ͯೖྗ͞ΕΔΤοδͷ਺͕શݺ
ͯ౳͍͠ͱ͖ʹɼ͜ͷRAූ߸͸Regularͱݺ͹ΕΔɽҰํɼ͜ͷఆٛͱ͸൓ରʹ֤ϝοηʔδ
ϊʔυͱνΣοΫϊʔυؒͰ݁߹͞ΕΔΤοδͷ਺͕౳͘͠ͳ͋͘Δ֬཰ີ౓෼෍Λ࣋ͭ֬཰ม
਺ʹै͏ͱ͖ɼ͜ͷRAූ߸͸ Irregular RAූ߸ͱఆٛ͞ΕΔɽ
·ͣɼϝοηʔδϊʔυ u(m)͸ϕΫτϧuͷཁૉ umʹରԠ͓ͯ͠Γɼϝοηʔδϊʔυ u(m)

͔Βग़ΔQຊͷΤοδʹΑͬͯϕΫτϧ uͷཁૉ um͕Qճ܁Γฦ͞ΕΔɽͦͯ͠ Interleaving

Hྻߦ ʹΑΓϝοηʔδϊʔυ u(m)ͷ࣋ͭΤοδ͸νΣοΫϊʔυ f(l′) ∈ D(u(m))ʹ݁߹͞
ΕΔɽͨͩ͠ɼD(u(m))͸ϝοηʔδϊʔυ u(m)ͱ݁߹͢ΔνΣοΫϊʔυͷू߹Ͱ͋Γɼཁ
ૉ਺͸QͰ͋Δɽ
࣍ʹɼνΣοΫϊʔυ f(l)ͷ࣋ͭΤοδ͸ϝοηʔδϊʔυ u(m′) ∈ E(f(l))\{p(l), p(l−1)}ͱ

݁߹͞ΕΔɽͨͩ͠ɼE(f(l))͸νΣοΫϊʔυ f(l)ͱ݁߹͢ΔϝοηʔδϊʔυͱύϦςΟϊʔ
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ਤ 3.3: 3ม਺ϑΝΫλʔάϥϑͷҰྫ

υͷू߹Ͱཁૉ਺͸ a+ 2Ͱ͋Γɼه߸ \͸ࠨͷू߹ʹӈͷཁૉΛؚ·ͳ͍͜ͱΛࣔ͢ɽͨͩ͠ɼ
l = 1ͷͱ͖ཁૉ਺͸ a+ 1Ͱ͋Δɽ͜ͷૢ࡞͸νΣοΫϊʔυ f(l)ͱ݁߹͢Δϝοηʔδϊʔυ
ʹରԠ͢Δ΂Ϋτϧཁૉ um′ ͷഉଞత࿦ཧ࿨ΛͱΔ͜ͱͰ͋Γɼࣜ (3.2)ͱҰக͢Δɽ
ͦͯ͠ɼύϦςΟϊʔυ p(l)͕νΣοΫϊʔυ f(l)ɼf(l + 1)ͱΤοδͰ݁߹͍ͯ͠Δߏ଄͸

AccumulatorͷॲཧͰ͋Δࣜ (3.4)ʹରԠ͢ΔɽΑͬͯɼλφʔάϥϑ্ͷύϦςΟϊʔυ͸ූ߸
Խ͞ΕͨύϦςΟϕΫτϧ pͱҰக͢ΔɽҎ্͔Βɼλφʔάϥϑ͸ྻߦࠪݕʹΑͬͯఆٛ͞Ε
RAූ߸Խثͷߏ଄Λද͢͜ͱ͕͑ݴΔɽ

3.1.3 ෮߸๏

ຊઅͰ͸ɼຊষͰઆ໌͖ͯͨ͠ RAූ߸ͷ෮߸๏ [23, 24]Λઆ໌͢Δɽ·ͣଟม਺ؔ਺ͷपล
Խ໰୊Λఆٛ͠ɼͦͷपลԽΛߴ଎ʹ͏ߦ sum-productΞϧΰϦζϜΛಋೖ͢Δɽͦͯ͠ɼ༩͑
ΒΕͨ؍ଌ஋ʹ֬ͮ͘ج཰ਪ࿦ʹ sum-productΞϧΰϦζϜΛద༻Ͱ͖Δ͜ͱΛࣔ͠ɼRAූ߸
ͷ෮߸ʹར༻͞ΕΔ sum-product෮߸๏ɼಛʹର਺ྖҬ sum-product෮߸๏Λࣔ͢ [25]ɽͨͩ͠ɼ
ຊઅͰ༻͍Δه߸ f(x)ͱD(v)͸લઅͷ΋ͷͱؔ܎Λ࣋ͨͳ͍ɽ

(1) ଟม਺ؔ਺ͷपลԽ໰୊

ू߹V ! {x1, . . . , xI}Λ Iݸͷม਺ͷू߹ͱ͠ɼxiɼi ∈ {1, . . . , I}ͷͱΓ͏Δ஋ͷू߹ΛD(xi)

ͱ͢Δɽ͜͜Ͱɼม਺ू߹ V ʹґଘ͢Δଟม਺ؔ਺ f(V ) = f(x1, . . . , xI)Λ͑ߟΔͱɼม਺ xiʹ
ؔ͢ΔपลԽؔ਺͸ҎԼͷࣜͰද͞ΕΔɽ

gi(xi) !
∑

V \xi

f(V ) (3.10)

දه V \xi͸ɼxiΛআ͘ V ʹؚ·ΕΔ͢΂ͯͷม਺͕͢΂ͯͷՄೳͳ஋ (ఆٛҬ಺ͷ͢΂ͯͷ஋)

ΛͱΔ͜ͱΛҙຯ͠ɼؔ਺ f(V )Λάϩʔόϧؔ਺ͱݺ͹ΕΔɽपลԽ໰୊͸্هͷपลԽؔ਺
ΛٻΊΔ໰୊ͱఆࣜԽ͞ΕΔɽ
͔͠͠ɼपลԽ໰୊͸Ұൠʹྔࢉܭతʹࠔ೉ͳ໰୊ͱͳΔɽͦͷཧ༝ʹ͍ͭͯྫΛ༻͍ͯઆ໌

͢Δɽ؆୯ͷͨΊʹɼD(xi) = {0, 1}Ͱ͋Δ͢΂ͯͷม਺ͷఆٛҬ͕̎஋Ͱ͋Δ৔߹ʹ͍ͭͯߟ
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ୈ 3 ষ ଟۭ࣍݁ؒݩ߹Repeat-Accumulateූ߸Խڠௐ

͑ΔɽपลԽؔ਺ͷࣜ (3.10)Λఆٛࣜʹैͬͯ͢ࢉܭΔ৔߹ʹ͸ɼI − ͷม਺ʹ͍ͭͯͷ࿨Λݸ1
ͱΔඞཁ͕͋Γɼͦͷύλʔϯ਺͸ 2I−1ͱͳΔɽఆٛࣜ (3.10)௨Γʹ͏ߦͱɼ͜ͷ࿨ͷධՁʹ͸
ม਺ͷݸ਺ I ʹରͯ͠ࢦ਺తͳԋ͕ྔࢉඞཁʹͳΔɽΑͬͯɼपลԽ໰୊Λղ͘͜ͱ͸ྔࢉܭత
Δɽ͑ݴ೉Ͱ͋Δ͜ͱ͕ࠔʹ
I ͷม਺ΛؚΉάϩʔόϧؔ਺ݸ f(V )ͷҼࢠ෼ղ͕ҎԼͷࣜͰ༩͑ΒΕ͍ͯΔ΋ͷͱ͢Δɽ

f(V ) = f1(A1) . . . fJ(AJ) (3.11)

A1, . . . , AJ ͸ม਺ू߹ V ͷ෦෼ू߹Ͱ͋ΓɼͦΕͧΕͷҼࢠ fj(Aj)ɼj ∈ {1, . . . , J}ΛϩʔΧϧ
ؔ਺ͱݺͿɽ͜͜Ͱɼଟม਺ؔ਺ f(V )ͷҼࢠ෼ղΛ֮ࢹతʹࣔ͢άϥϑදݱͱͯ͠ɼϑΝΫλʔ
άϥϑΛಋೖ͢Δɽ্هͷҼࢠ෼ղʹରԠ͢ΔϑΝΫλʔάϥϑ͸ɼ(1)ϩʔΧϧؔ਺ fj(Aj)ʹର
Ԡ͢ΔҼࢠϊʔυɼ(2)ม਺ xi ∈ V ʹରԠ͢Δม਺ϊʔυͷ̎छͷϊʔυ͔Βߏ੒͞ΕΔɽfj(Aj)

ʹରԠ͢ΔҼࢠϊʔυͱAjʹؚ·ΕΔม਺ʹରԠ͢Δม਺ϊʔυؒʹ͸Τοδ͕ଘ͠ࡏɼΤοδ
͕ଘ͢ࡏΔͷ͸͜ͷ৚͕݅੒Γཱͭͱ͖ʹݶΒΕΔɽ
Ұͭͷྫͱͯ͠ɼҼࢠ෼ղ

f(x1, x2, x3) = f1(x1)f2(x1, x2)f3(x2, x3) (3.12)

ʹରԠ͢ΔϑΝΫλʔάϥϑΛਤ 3.3 ʹࣔ͢ɽͨͩ͠ɼV = {x1, x2, x3}ɼA1 = {x1}ɼA2 =

{x1, x2}ɼA3 = {x2, x3}Ͱ͋Γɼനؙ (◦)͸ม਺ϊʔυɼ࢛֯ࠇ (#)͸ҼࢠϊʔυʹͦΕͧΕҰ
க͢Δɽ͜Ε͸ϑΝΫλʔάϥϑͷఆٛ௨ΓɼҼࢠϊʔυ f2(x1, x2)ͷ৔߹ɼม਺ϊʔυ x1ͱ x2
ͱ݁߹͍ͯ͠Δ͜ͱ͕Θ͔Δɽ

(2) sum-productΞϧΰϦζϜ

sum-productΞϧΰϦζϜ͸ɼલઅͰઆ໌ͨ͠ଟม਺ؔ਺ͷपลԽ໰୊Λߴ଎ʹղͨ͘ΊͷΞ
ϧΰϦζϜͰ͋ΓɼϑΝΫλʔάϥϑ্Ͱͷϝοηʔδަ׵ॲཧʹͮ͘جΞϧΰϦζϜͰ͋Δɽά
ϩʔόϧؔ਺ f(V )͕ଟ਺ͷϩʔΧϧؔ਺ fj(Aj)ͷੵʹҼࢠ෼ղͰ͖Δ৔߹ʹ͸ɼͦͷؔ਺ͷߏ
଄Λར༻͠पลԽ໰୊Λղͨ͘ΊͷྔࢉܭΛେ෯ʹݮ࡟Ͱ͖Δɽ
·ͣɼؔ਺पลԽ໰୊ʹݱΕΔࢉܭ͸ɼϩʔΧϧؔ਺ fj(Aj)ͷੵͷ࿨Ͱ͋Γɼੵ࿨ࢉܭͷܗΛ

͍ͯ͠Δɽͦ͜Ͱɼੵ࿨ࢉܭͷԋྔࢉΛ௿͢ݮΔͨΊʹ෼഑ଇ͕ར༻͞ΕΔɽ༩͑ΒΕͨੵ࿨Λ
ͷҐஔހͷҐஔͱׅ߸ه஫ҙͯ͠࿨ʹ܎Δʹ͸ɼม਺ͷґଘؔ͢׵มʹܗͷগͳ͍ྔࢉܭ (ԋࢉ
ͷॱ൪)Λಈ͔͢͜ͱ͕ඞཁͰ͋Δɽ෼഑ଇΛར༻ͨ͠पลԽࢉܭͷҰྫΛࣔ͢ɽ
ؔ਺ f(x1, x2, x3, x4)ʹରͯ͠ɼҼࢠ෼ղ

f(x1, x2, x3, x4) = f1(x1)f2(x1, x2)f3(x1, x3)f4(x3, x4) (3.13)

͕༩͑ΒΕ͍ͯΔɽपลԽؔ਺ g1(x1)ΛΛٻΊΔͨΊʹ͸ɼ

g1(x1) =
∑

x2

∑

x3

∑

x4

f1(x1)f2(x1, x2)f3(x1, x3)f4(x3, x4) (3.14)
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ਤ 3.4: ϝοηʔδަ׵ʹΑΔपลԽࢉܭͷҰྫ

ΛධՁ͢Δඞཁ͕͋Δ͕ɼ͜ͷࣜΛ࣍ࣜͷΑ͏ʹ࿨ه߸ͷҐஔͱׅހͷҐஔΛಈ͔͢͜ͱʹΑΓɼ
Λখ͘͢͞Δ͜ͱ͕Ͱ͖Δɽྔࢉܭ

g1(x1) = f1(x1)

(
∑

x2

f2(x1, x2)

)(
∑

x3

f3(x1, x3)

(
∑

x4

f4(x3, x4)

))
(3.15)

|D(xi)| = 10ɼi ∈ {1, . . . , 4}ͱԾఆͨ͠৔߹ɼࣜ (3.14)Ͱ͸ 103 − 1 = 999ճͷ࿨ΛධՁ͢Δඞ
ཁ͕͋ΔҰํɼ෼഑ଇΛར༻ͨࣜ͠ (3.15)Ͱ͸ 108ճͷ࿨Ͱؔ਺ͷपลԽ͕ߦΘΕΔɽࣜ (3.15)

ͷࢉܭ͸άϩʔόϧؔ਺ f(x1, x2, x3, x4)ͷϑΝΫλʔάϥϑ্Ͱہॴੵ࿨Λ఻ൖ͍ͤͯ͞Δ΋ͷ
ͱݟΔ͜ͱ͕Ͱ͖Δɽਤ 3.4ͷΑ͏ʹม਺ϊʔυ x1Ͱ͸ɼͦͷϊʔυʹྲྀΕࠐΉ͢΂ͯͷہॴੵ
࿨ΛͱΔ͜ͱʹΑΓɼपลԽؔ਺ g1(x1)͕ಘΒΕ͓ͯΓɼࣜ (3.15)ͷࢉܭͱҰக͢Δɽ
sum-productΞϧΰϦζϜ͸ɼઌʹड़΂ͨ෼഑ଇʹΑΔԋݮ࡟ྔࢉΛܥ౷తʹ͏ߦख๏Ͱ͋Γɼ

ͦͷॲཧ͸ҎԼͷྲྀΕʹै͏ɽ
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εςοϓ̍ (ϑΝΫλʔάϥϑͷߏ੒) ର৅ͱ͢Δάϩʔόϧؔ਺ f(V )ͷҼࢠ෼ղ͕ɼࣜ (3.11)

ʹΑͬͯ༩͑ΒΕ͍ͯΔͱ͢Δɽ͜ͷҼࢠ෼ղʹରԠ͢ΔϑΝΫλʔάϥϑΛGͱ͢ΔɽҎ
ԼͰ͸ɼϑΝΫλʔάϥϑ͸࿈݁άϥϑͰ͋Γɼ͔ͭϧʔϓΛ࣋ͨͳ͍ͱԾఆ͢Δɽ·ͨɼ
ม਺ xiʹରԠ͢Δม਺ϊʔυͷ໊લΛ xiͱ͠ɼҼࢠ fj ʹରԠ͢ΔҼࢠϊʔυͷ໊લΛ fj
ͱ͢Δɽ

पลԽؔ਺Λ͍ͨ͠ࢉܭ gr(xr)ɼr ∈ {1, . . . , N}ͱ͢Δͱ͖ɼGΛ xr Λϧʔτͱ͢Δ໦ͱ
Έͳ͠ɼάϥϑG͸ϧʔτΛ্ʹͯ͠ඳ͔Ε͍ͯΔ΋ͷͱ͢Δɽޙ࠷ʹɼϑΝΫλʔάϥ
ϑGʹؚ·ΕΔϊʔυ vʹ݁߹͢Δϊʔυͷू߹ΛN(v)ͱ͢Δɽ

εςοϓ̎ (ม਺ϊʔυॲཧ) ม਺ϊʔυ xk͔ΒҼࢠϊʔυ fi΁ͷϝοηʔδ͸ҎԼͷΑ͏ʹܭ
ΕΔɽ͞ࢉ

Mxk→fi(xk) =
∏

a∈N(xk)\fi

Ma→xk(xk) (3.16)

ͨͩ͠ɼxk ͕༿ϊʔυͷ৔߹ʹ͸ɼॳظ৚݅ͱͯ͠Mxk→fi(xk) = 1ͱ͢Δɽ͜ͷه๏͸
Mxk→fi(xk)͸ɼxk → fiํ޲ʹ఻ୡ͞ΕΔϝοηʔδͰ͋Γɼม਺ xkͷؔ਺ʹͳ͍ͬͯΔ
͜ͱΛࣔ͢ɽ

εςοϓ̏ (Ҽࢠϊʔυॲཧ) Ҽࢠϊʔυ fi͔Βม਺ϊʔυ xk΁ͷϝοηʔδ͸ҎԼͷΑ͏ʹܭ
ΕΔɽ͞ࢉ

Mfi→xk
(xk) =

∑

N(fi)\xk

fi(Ai)
∏

a∈N(fi)\xk

Ma→fi(a) (3.17)

ͨͩ͠ɼfi͕༿ϊʔυͷ৔߹ɼॳظ৚݅ͱͯ͠Mfi→xk
(xk) = fi(xk)ͱ͢Δɽ

εςοϓ̐ (पลԽؔ਺ͷࢉܭ) εςοϓ̎ͱεςοϓ̏ΛϑΝΫλʔάϥϑͷԼྲྀ͔Β্ྲྀʹ
ΛਐΊΔɽϧʔτϊʔυࢉܭʹॱ͚ͯ޲ xrʹϝοηʔδ͕౸ୡͨ͠ͱ͖ɼϧʔτϊʔυ xr
ʹ͓͍ͯҎԼͷࢉܭΛ͏ߦɽ

Mxr(xr) =
∏

a∈N(xr)

Ma→xr(xr) (3.18)

͢ͳΘͪɼϧʔτϊʔυ xr͸Լྲྀ͔Β౸ୡͨ͢͠΂ͯͷϝοηʔδͷੵΛ͢ࢉܭΔ͜ͱͰ
͋Γɼ͜ͷੵ͕पลԽؔ਺ gr(xr)ͱҰக͢Δɽ

͜͜·Ͱ͸ɼҰͭͷม਺ʹର͢ΔपลԽؔ਺ͷํࢉܭ๏Λ͖͕ࣔͯͨ͠ɼ͢΂ͯͷม਺ʹ͍ͭͯ
ͦͷपลԽؔ਺Λޮ཰ྑ͓͘͜ͳ͏ํࢉܭ๏ʹ͍ͭͯड़΂Δɽͦͷख๏͸ಉ࣌ߋ৽ sum-product

ΞϧΰϦζϜͱݺ͹ΕɼҎԼͷखॱʹΑͬͯߦΘΕΔɽ

1. ม਺ϊʔυ͔ΒҼࢠϊʔυͷํ޲ʹϝοηʔδΛૹΔɽ

2. ͢΂ͯͷҼࢠϊʔυʹ͓͍ͯҼࢠϊʔυ͔Βม਺ϊʔυํ޲΁ͷϝοηʔδΛ͠ࢉܭɼ݁߹
͢Δม਺ϊʔυ΁ૹΔɽ

3. ͢΂ͯͷม਺ϊʔυʹ͓͍ͯม਺ϊʔυ͔ΒҼࢠϊʔυํ޲΁ͷϝοηʔδΛ͠ࢉܭɼ݁߹
͢ΔҼࢠϊʔυ΁ૹΔɽ
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4. ϝοηʔδ͕ऩଋ͔ͨ͠Ͳ͏͔Λ൑ఆ͠ɼऩଋ͍ͯ͠ͳ͚Ε͹ɼ”2”ʹ໭Δɽ

5. ϩʔΧϧؔ਺ʹ૬౰͢ΔੵΛ֤ϊʔυʹ͓͍ͯ͢ࢉܭΔɽ

৽ߋಉ࣌ͨࣔ͠ʹه্ sum-productΞϧΰϦζϜ͸ɼҼࢠϊʔυͷॲཧͱϝοηʔδૹ৴ɼม਺
ϊʔυॲཧͱϝοηʔδૹ৴͕ަޓʹҰ੪ʹߦΘΕΔɽ͔͠͠ɼߋ৽ͷεέδϡʔϧʹ͸༷ʑͳ
΋ͷ͕ଘ͠ࡏɼϑΝΫλʔάϥϑͷߏ଄ʹΑΓ๬·͍͠εέδϡʔϧ͸ҟͳΔɽ

(3) γϯϘϧMAP෮߸๏

ຊઅͰ͸ɼγϯϘϧMAP(Maximum A posteriori Probability)෮߸๏ͷఆٛΛड़΂ɼલઅͰઆ
໌ͨ͠पลԽ໰୊ͱͷؔੑ܎ʹ͍ͭͯड़΂Δɽ͜͜Ͱ͸ɼૹ৴ΞϧϑΝϕοτ͕̎஋χ = {0, 1}Ͱ
͋Δͱ͠ɼड৴ΞϧϑΝϕοτΛ Y ͱ͢Δɽ·ͨɼ৚݅෇֬཰ PY |X(y|x)ʹΑΓఆٛ͞ΕΔ௨৴
࿏ΛԾఆ͠ɼૹ৴ޠ͸ූ߸௕N ͷ̎ݩઢූܗ߸ Cͷූ߸ޠͰ͋Δͱ͢Δɽड৴͕ث y ∈ YN Λड
৴ͨ͠ͱ͍͏ԾఆͰϕΠζଇʹࢉܭͮ͘جΛ͏ߦͱɼҎԼͷࣜͰఆٛ͞ΕΔ֬ޙࣄ཰͕ಘΒΕΔɽ

PX|Y (x|y) =
PX(x)PY |X(y|x)

PY (y)
(3.19)

ૹ৴ූ߸ޠΛද֬͢཰ม਺ΛX = (X1, . . . , XN )ͱ͢Δͱ͖ɼ্هͷ֬ޙࣄ཰͸࣍ࣜͷΑ͏ʹॻ
͖௚͢͜ͱ͕Ͱ͖Δɽ

PX|Y (x|y) = PX1...XN |Y (x1, . . . , xN |y) (3.20)

͜͜Ͱɼม਺ू߹ V Λ V ! {x1, . . . , xN}ͱఆٛ͠ɼ͋Δૹ৴γϯϘϧXnɼn ∈ {1, . . . , N}ʹ஫
໨͢Δͱɼͦͷ֬ޙࣄ཰͸࣍ࣜͰࣔ͞ΕΔɽ

PXn|Y (xn|y) =
∑

V \xn

PX1...XN |Y (x1, . . . , xN |y) (3.21)

͜ͷ PXn|Y (xn|y)͸ɼ֬ޙࣄ཰ΛपลԽͯ͠ಘΒΕΔͨΊɼपล֬ޙࣄ཰ͱݺ͹ΕΔɽ͜͜Ͱɼ
xn = 0ͷ࣌ͷ֬ޙࣄ཰͸ɼ࣍ࣜͷΑ͏ʹද͞ݱΕɼ

PXn|Y (0|y) =
1

PY (y)

∑

V \xn

PX1...XN (x1, . . . , xn−1, 0, xn+1, . . . , xN )

× PY |X1...XN
(y|x1, . . . , xn−1, 0, xn+1, . . . , xN ) (3.22)

߸ූܗઢݩ̎ Cͷූ߸ޠҎ֎Λૹ৴͢Δ֬཰͸ 0ɼͭ·Γ PX(x) = 0 (x /∈ C)Ͱ͋ΔͷͰɼ্ࣜ
ͷࣄલ֬཰͸࣍ͷΑ͏ʹ؆୯Խ͞ΕΔɽ

PXn|Y (0|y) =
1

PY (y)

∑

x∈C,xn=1

PX(x)PY |X(y|x) (3.23)

ಉ༷ʹɼxn = 1ͷͱ͖͸࣍ࣜͰ༩͑ΒΕΔɽ

PXn|Y (1|y) =
1

PY (y)

∑

x∈C,xn=1

PX(x)PY |X(y|x) (3.24)
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Ҏ্͔ΒɼγϯϘϧMAP෮߸๏ʹΑͬͯɼୈ nૹ৴γϯϘϧͷਪఆ஋ x̂n͸ࣜ (3.23)ͱࣜ (3.24)

ͰಘΒΕͨγϯϘϧ୯Ґͷ֬ޙࣄ཰ʹܾ͍ͯͮجఆ͞ΕΔɽ͢΂ͯͷγϯϘϧ xnʹରͯ͠ର਺
཰ൺ֬ޙࣄ

Ln = ln
PXn|Y (0|y)
PXn|Y (1|y)

= ln

∑
x∈C,xn=0 PX(x)PY |X(y|x)

∑
x∈C,xn=1 PX(x)PY |X(y|x)

(3.25)

Λ্ͨ͠ࢉܭͰਪఆγϯϘϧ x̂nΛ࣍ͷΑ͏ʹఆΊΔɽ

x̂n =

⎧
⎨

⎩
0 Ln ≥ 0

1 Ln < 0
(3.26)

ࣜ (3.23)ͱࣜ (3.24)ͷ஋ΛٻΊΔͨΊʹ͸ɼࣜதͷଟม਺ؔ਺ͷपลԽΛ͏ߦඞཁ͕͋Γɼ͜
ͷࢉܭ͸લઅͰઆ໌ͨ͠ sum-productΞϧΰϦζϜΛ༻͍Δ͜ͱʹΑΓߴ଎ʹղΛٻΊΔ͜ͱ͕
ՄೳͰ͋ΔɽΑͬͯɼsum-productΞϧΰϦζϜ͸༩͑ΒΕͨ؍ଌ஋ʹ֬ͮ͘ج཰ਪ࿦ʹద༻Ͱ
͖Δ͜ͱ͕Θ͔Δɽ

(4) ର਺ྖҬ sum-product෮߸๏

ର਺ྖҬ sum-product෮߸๏͸ɼ͢΂ͯͷϝοηʔδΛର਺ൺͷܗͰද͠ݱɼର਺ྖҬʹ͓͍ͯ
ϝοηʔδͷߋ৽Λ͏ߦΞϧΰϦζϜͰ͋ΔɽRAූ߸ͷΑ͏ͳ̎ݩ௿ີ౓ύϦςΟࠪݕ (LDPC

: Low Density Parity Check)ූ߸ͷ৔߹ɼΞϧΰϦζϜ͕؆ܿʹͳΓ਺஋ࢉܭతʹ΋҆ఆ͢Δͨ
Ίɼιϑτ΢ΣΞ࣮૷ɼϋʔυ΢ΣΞ࣮૷ʹ͍͍ͯ޲Δɽର਺ྖҬ sum-product෮߸๏ͷৄࡉΛ
ҎԼʹࣔ͢ɽRAූ߸ͷ෮߸͕ثड৴৴߸ϕΫτϧ y ∈ RM+LΛड͚औͬͨͱ͢Δɽ͜Ε͸ୈ 2

ষͷࣜ (2.3)ʹΑΓఆٛ͞ΕΔɽ͜ͷड৴৴߸ϕΫτϧΛ༻͍ͯҎԼͷ෮߸๏Λ࣮͠ߦɼූ߸ޠΛ
ਪఆ͢Δɽ

εςοϓ̍ (ॳظԽ) ɹ֤νΣοΫϊʔυ f(l) ͷ࣋ͭ͢΂ͯͷΤοδʹରͯ͠ɼର਺֎෦஋ൺ
αf(l)→ψα

, ψα ∈ E(f(l)) ΛҎԼͷࣜͰఆٛ͠ 0 Λ୅ೖ͢Δɽ࣍ʹɼ֤ϝοηʔδϊʔυ
u(m)ͷ࣋ͭ͢΂ͯͷΤοδʹରͯ͠ɼର਺ࣄલ஋ൺ βu(m)→ψɼψ ∈ D(u(m))ΛҎԼͷࣜͰ
ఆٛ͠ 0Λ୅ೖ͢Δɽޙ࠷ʹɼ֤ύϦςΟϊʔυ p(l)ͷ࣋ͭ̎ͭͷΤοδʹରͯ͠ɼର਺
લ஋ൺࣄ βp(l)→ψβ

ɼψβ ∈ {f(l), f(l + 1)}Λఆٛ͠ 0Λ୅ೖ͢Δɽͨͩ͠ɼψ͸ϊʔυؒͷ
Τοδͷू߹ͷҰͭͷཁૉΛද͢ɽ

αf(l)→ψα
! ln

(
Mf(l)→ψα

(0)

Mf(l)→ψα
(1)

)
(3.27)

βp(l)→ψβ
! ln

(
Mp(l)→ψβ

(0)

Mp(l)→ψβ
(1)

)
(3.28)

·ͨɼ֬཰఻ൖͷ൓෮ճ਺Λද͢ม਺Λ It = 0ͱ͠ɼ൓෮࠷େճ਺Λม਺ Itmaxʹઃఆ͢Δɽ
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εςοϓ̎ (ର਺໬౓ൺͷࢉܭ) ɹAWGN௨৴࿏ʹ͓͚Δड৴৴߸ϕΫτϧ yͷୈ j൪໨ͷཁૉ
yj ΛؚΉ໬౓ؔ਺ P (yj |xj)͸࣍ࣜͰද͞ΕΔɽ

P (yj |xj) =
1√
2πσ2

exp

(
−(yj − xj)2

2σ2

)
(3.29)

͜ͷͱ͖ɼyj ʹؔ͢Δର਺໬౓ൺ λj ͸࣍ࣜͰද͞ΕΔɽ

λj ! ln
P (yj |xj = 1)

P (yj |xj = −1)

=
−(yj − 1)2 + (yj + 1)2

2σ2

=
2yj
σ2

(3.30)

ͨͩ͠ɼxj͸ૹ৴৴߸ϕΫτϧ xͷୈ j൪໨ͷཁૉͰ͋Γɼj ∈ {1, . . . ,M +L}Ͱ͋Δɽ͜
͔͜Βɼ̎ݩೖྗ AWGN௨৴࿏ͷ৔߹ͷର਺໬౓ൺ λj ͸ड৴৴߸ yj ͱ௨৴࿏ͷࡶԻ σ2

ͷΈʹΑΓܾఆ͞ΕΔ͜ͱ͕Θ͔Δɽશͯͷཁૉ j ∈ {1, . . . ,M + L}ʹରͯࣜ͠ (3.30)Λ
ద༻͠ɼର਺໬౓ൺϕΫτϧ Λ ∈ RM+L͕ಘΒΕΔɽ·ͨɼड৴৴߸ϕΫτϧ yͷୈ j൪
໨ͷཁૉ yj ͕ύϯΫνϟϦϯά͞Ε͍ͯΔͱ͖ର਺໬౓ൺ λj ͸ 0ͱͳΔɽ

εςοϓ̏ (ύϦςΟϊʔυॲཧ) ɹύϦςΟϊʔυ p(l)ɼl ∈ {1, . . . , L}ʹରͯ͠ҎԼͷࢉܭΛ
લ஋ൺࣄɼର਺͍ߦ βΛߋ৽͢Δɽ

βp(l)→f(l′) =

⎧
⎨

⎩
λp(l) l = L ͷͱ͖

λp(l) + αf(l′′)→p(l) ͦΕҎ֎ͷͱ͖
(3.31)

ͨͩ͠ɼ(f(l′), f(l′′)) = (f(l), f(l + 1)), (f(l + 1), f(l))Ͱ͋Δɽ

εςοϓ̐ (ϝοηʔδϊʔυॲཧ) ɹϝοηʔδϊʔυ u(m)ɼm ∈ {1, . . . ,M}ʹରͯ͠ҎԼ
ͷࢉܭΛ͍ߦɼର਺ࣄલ஋ൺ βΛߋ৽͢Δɽ

βu(m)→f(l) = λu(m) +
∑

f(l′)∈D(u(m))\f(l)

αf(l′)→u(m) (3.32)

εςοϓ̑ (νΣοΫϊʔυॲཧ) ɹνΣοΫϊʔυ f(l)ɼl ∈ {1, . . . , L}ʹରͯ͠ҎԼͷࢉܭΛ
ɼର਺֎෦஋ൺ͍ߦ αΛߋ৽͢Δɽ

αf(l)→p(l) =

⎛

⎝
∏

ψ∈E(f(l))\p(l)

sign(βψ→f(l))

⎞

⎠ f

⎛

⎝
∑

ψ∈E(f(l))\p(l)

f(|βψ→f(l)|)

⎞

⎠ (3.33)

αf(l)→u(m) =

⎛

⎝
∏

ψ∈E(f(l))\u(m)

sign(βψ→f(l))

⎞

⎠ f

⎛

⎝
∑

ψ∈E(f(l))\u(m)

f(|βψ→f(l)|)

⎞

⎠ (3.34)
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ͨͩ͠ɼ

sign(x) !

⎧
⎨

⎩
1 x ≥ 0

−1 x < 0
(3.35)

Ͱ͋Γɼؔ਺ f(x)͸

f(x) ! ln
exp(x) + 1

exp(x)− 1
(3.36)

ͱఆٛ͞ΕΔɽ

εςοϓ̒ (Ұ࣌ਪఆޠͷಋग़) ϝοηʔδϕΫτϧ uͷୈm൪໨ͷཁૉ um ͷҰ࣌ਪఆޠ ûm
͸ҎԼͷࣜͰද͞Εɼ

ûm =

⎧
⎨

⎩
0 sign

(∑
f(l′)∈D(u(m)) βu(m)→f(l′)

)
= 1ͷͱ͖

1 sign
(∑

f(l′)∈D(u(m)) βu(m)→f(l′)

)
= −1ͷͱ͖

(3.37)

·ͨɼύϦςΟϕΫτϧ pͷୈ l൪໨ͷཁૉ plͷҰ࣌ਪఆޠ p̂l͸ҎԼͷࣜͰද͞ΕΔɽ

p̂l =

⎧
⎨

⎩
0 sign

(∑
f(l′)∈{f(l),f(l+1)} βp(l)→f(l′)

)
= 1ͷͱ͖

1 sign
(∑

f(l′)∈{f(l),f(l+1)} βp(l)→f(l′)

)
= −1ͷͱ͖

(3.38)

ͨͩ͠ɼl = L ͷͱ͖ύϦςΟϊʔυ p(l) ʹ݁߹͢ΔνΣοΫϊʔυ͸Ұ͚ͭͩͳͷͰ
f(l′) ∈ {f(l)}ͱͳΔɽҎ্͔ΒɼҰ࣌ਪఆޠϕΫτϧ ĉΛҎԼͷΑ͏ʹఆٛ͢Δɽ

ĉ =
[
û1 . . . ûM p̂1 . . . p̂L

]
(3.39)

εςοϓ̓ (ύϦςΟࠪݕ) Ұ࣌ਪఆޠϕΫτϧ ĉ͕ޡΓͳ͘ූ߸ޠϕΫτϧ cʹ෮߸͞Ε͍ͯ
Δ͔Λࠪ͢ݕΔɽ΋͠ɼҰ࣌ਪఆޠϕΫτϧ ĉ͕

ĉ HT
RA = 0 (3.40)

Λຬͨͤ͹ɼϕΫτϧ ĉΛਪఆޠϕΫτϧͱͯ͠ग़ྗ͠ɼΞϧΰϦζϜΛऴྃ͢Δɽ

εςοϓ̔ (൓෮ճ਺ͷߋ৽) ɹ൓෮ճ਺ͷม਺ ItΛ 1͚ͩ૿Ճͤ͞ɼ΋͠ It < ItmaxͳΒ͹ε
ςοϓ̏ʹ໭ΔɽͦΕҎ֎ͷͱ͖͸ɼҰ࣌ਪఆޠϕΫτϧ ĉΛਪఆޠϕΫτϧͱͯ͠ग़ྗ
͠ɼΞϧΰϦζϜΛऴྃ͢Δɽ

3.2 ۭؒ݁߹RAූ߸

ຊઅͰ͸ɼۭؒ݁߹RAූ߸ [14]Λઆ໌͠ɼͦͷූ߸ͷάϥϑදݱʹ͍ͭͯड़΂Δɽ

3.2.1 ූ߸Խ๏

ຊઅͰ͸ɼۭؒ݁߹RAූ߸ͷූ߸Խූͮ͘جʹث߸Խ๏Λઆ໌͢Δɽ·ͨɼූ߸ԽثʹରԠ
ड़΂Δɽ͍ͯͭʹੑ܎Λಋೖͦ͠ͷؔݱͱάϥϑදݱදྻߦࠪݕͨ͠
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ਤ 3.5: (Q, a, L)-ۭؒ݁߹RAූ߸ͷූ߸Խثͷߏ଄

(1) ූ߸Խث

ۭؒ݁߹ RAූ߸ͷූ߸Խثͷߏ଄Λਤ 3.5ʹࣔ͢ɽਤதͷه߸M͸ ମݶ༗ݩ2 F2Λཁૉʹ
΋ͪαΠζM ͷϕΫτϧΛ֨ೲ͢ΔϝϞϦΛҙຯ͠ɼ֨ೲͰ͖ΔϕΫτϧͷ਺͸೚ҙͰ͋Δɽ
·ͣॳΊʹɼූ߸Խثʹ৘ใύέοτuk ∈ FM

2 ͕ೖྗ͞ΕΔɽූ߸Խثʹೖྗ͞Εͨ৘ใύέο
τuk͸ϝϞϦMʹ֨ೲ͞ΕΔɽϝϞϦʹ֨ೲ͞Ε͍ͯΔϝοηʔδϕΫτϧuk′ɼk′ ∈ {1, . . . , k}
͸ͦΕͧΕܭQճ͔ͭɼϕΫτϧ൪߸ k′͕খ͍͞΋ͷ͔Βॱʹͱ͍͏৚݅ͷ΋ͱɼϝϞϦ͔Β a

ଘϕΫτϧ਺͕࢒ͷϕΫτϧ͕ग़ྗ͞ΕΔɽͨͩ͠ɼϝϞϦ಺ͷݸ aະຬͷ৔߹͸ɼϝϞϦ಺ͷ
શͯͷϕΫτϧ͕ग़ྗ͞ΕΔɽͨͩ͠ɼϝϞϦ͔ΒQճग़ྗ͞ΕͨϝοηʔδϕΫτϧ uk′ ͸ϝ
ϞϦ͔Βফ͞ڈΕΔɽ·ͨɼϕΫτϧ u′(a′)

l ͷӈԼͷఴࣈ l ∈ {1, . . . , L}͸ූ߸ԽثͰੜ੒͞ΕΔ
ύϦςΟϕΫτϧͷ൪߸Ͱ͋Γɼܭ LݸͷύϦςΟϕΫτϧ͕ੜ੒͞ΕΔɽl ∈ NͰ͋Δ͜ͱ͔
Βɼl͕ 1͔Β a− 1ͷͱ͖ग़ྗ͞ΕΔϕΫτϧͷ਺͸ aະຬͱͳΓɼ·ͨ l͕ L− a+ 1͔Β L

ͷͱ͖΋ಉ༷ʹ aະຬͱͳΔɽ͜Ε͸ɼۭؒ݁߹ RAූ߸ͷූ߸Խ͕ثϝϞϦMΛॴ͍࣋ͯ͠
Δ͜ͱͷಛ௃Ͱ͋Δɽ
࣍ʹɼInterleavingʹ͍ͭͯͰ͋ΔɽϕΫτϧ u′(a′)

l ͸ͦΕͧΕͷ൪߸ a′ʹରԠ͢Δ Interleaver

ʹೖྗ͞Εɼͦͷॲཧ͸ InterleavingྻߦH(a′)
l ʹΑܾͬͯఆ͞ΕΔɽͨͩ͠ɼೖྗϕΫτϧ͕

ଘ͠ࡏͳ͍ͱ͖ Interleavingྻߦ͸ଘ͠ࡏͳ͍΋ͷͱ͢ΔɽྻߦH(a′)
l ͸̎ݩM × M Ͱ͋ྻߦ

ΓɼߦॏΈͱྻॏΈ͕ͱ΋ʹ̍ͱͳΔ੍໿ͷ΋ͱϥϯμϜʹ̍ͱ͕̌഑ஔ͞ΕͨྻߦͰ͋Δɽୈ
(1)અͰ঺հͨ͠ྻߦH ͱ͸ྻߦͷαΠζͱॏΈ͕ҟͳΔ͜ͱʹ஫ҙ͍ͨ͠ɽ·ͨ͢΂ͯͷྻߦ
H(a′)

l ͸ a′΍ lͷ஋ʹؔ܎ͳ͘ɼ౷ܭతʹಠཱͰ͋Δɽ͜ͷ InterleavingྻߦH(a′)
l ͱୈ (1)અͷ
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ࣜ (3.2)ʹΑͬͯɼೖΕସ͑ޙϕΫτϧw(a′)
l ͕ੜ੒͞ΕΔɽ

CombinerͷॲཧͰ͸ɼ࠷େ aݸͷϕΫτϧw(a′)
l ͕ഉଞత࿦ཧ࿨Λग़ྗ͢Δ࿦ཧԋࢠࢉʹೖྗ

͞ΕΔɽग़ྗ͞ΕΔ౷߹ޙϕΫτϧ͸ࣜ (3.3)Λॻ͖͑׵ҎԼͷࣜͰఆٛ͞ΕΔɽ

sl = w(1)
l ⊕ · · ·⊕w(a)

l ∈ FM
2 (3.41)

AccumulatorʹΑΔූ߸Խ͸ࣜʹޙ࠷ (3.4)ʹΑΓύϦςΟύέοτ pl͕ٻΊΒΕΔɽ͜͜Ͱ
஫ҙ͍ͨ͜͠ͱ͸ɼAccumulatorͷॲཧʹ͓͍ͯɼϕΫτϧ sl−1ͷޙ࠷ඌͷཁૉͱϕΫτϧ slͷ
ઌ಄ཁૉ΋ಉ༷ʹූ߸Խ͞ΕΔ͜ͱͰ͋Δɽͨͩ͠ɼl = 1ͷͱ͖͸͜ͷॲཧΛআ͘ɽ
Ҏ্ͷූ߸ԽΛ l ∈ {1, . . . , L}ʹରͯ͜͠͏ߦͱʹΑΓۭؒ݁߹ RAූ߸ͷූ߸ޠύέοτ͕

ੜ੒͞ΕɼҎԼͷࣜͰఆٛ͞ΕΔɽ
C =

[
U P

]
(3.42)

ͨͩ͠ɼU = [u1, . . . ,uK ]ɼP = [p1, . . . ,pL]Ͱ͋Δɽ·ͨූ߸ޠύέοτC͸ઌ಄ʹ৘ใύέο
τU͕෇Ճ͞Ε͍ͯΔ͜ͱ͔Βɼ૊৫ූ߸Ͱ͋Δ͜ͱ͕͑ݴΔɽ

(2) ݱදྻߦࠪݕ

ຊষͰઆ໌͖ۭͯͨؒ݁͠߹RAූ߸ͷූ߸Խثͷߏ଄͔Βఆٛ͞ΕΔۭؒ݁߹RAූ߸ͷݕ
Λઆ໌͢Δɽྻߦࠪ
͜ͷූ߸ͷྻߦࠪݕHSC−RA͸ҎԼͷࣜͰఆٛ͞ΕΔɽ

HSC−RA =
[
Π A

]
(3.43)

ྻߦ A͸ୈ (2)અͷࣜ (3.8)Ͱఆٛͨ͠ଳର֯ྻߦͰ͋Γɼୈ (1)અʹ͓͍֤ͯ౷߹ྻܥޙ sl
͸ಠཱͰ͸ͳ͘ɼϕΫτϧ sl−1 ͷޙ࠷ඌͷཁૉͱϕΫτϧ sl ͷઌ಄ཁૉ͸ූ߸Խ͞ΕΔͱఆٛ
ͨ͜͠ͱʹΑΓɼRAූ߸ͷྻߦAͷαΠζ͸ύϦςΟϕΫτϧͷ਺͚ͩ૿Ճ͠ɼྻߦαΠζ͸
LM × LM ͱͳΔɽ
ҰํɼҰͭͷྫͱ֤ͯ͠ϓϩτάϥϑ্ͷAccumulatorͷॲཧ͕ಠཱͰ͋Δͱఆٛ͢Δͱɼͦ

ͷྻߦ͸ҎԼͷΑ͏ʹଳର֯ྻߦAͷର֯ྻߦͱͯ͠ද͞ΕΔɽ

A′ =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A

A
. . .

. . .

A

A

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3.44)

ͨͩ͠ɼྻߦAͷαΠζ͸M ×M Ͱ͋ΓɼLݸͷྻߦA͕ର֯ʹฒΜͩߏ଄Λࣔ͢ɽ
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ݩΠ͸̎ྻߦʹ࣍ LM ×KM Ͱ͋Γɼ࣍ࣜͰఆٛ͞ΕΔɽྻߦ

Π =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

H(1)
1

H(1)
2 H(2)

2
...

...
. . .

H(1)
Q H(2)

Q
. . .

H(1)
Q+1

. . .

. . . H(a)
L−Q−1

. . . H(a−1)
L−Q H(a)

L−Q
. . .

...
...

H(a−1)
L−1 H(a)

L−1

H(a)
L

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3.45)

InterleavingྻߦH(a′)
l ͸ୈ (1)અʹ͓͍ͯఆٛ͞Εͨ΋ͷͰ͋ΔɽྻߦΠΛྻํ޲ʹΈΔͱQݸ

ͷྻߦH(a′)
l ͕ॎʹฒͼɼ৘ใύέοτ uk͕Qճ܁Γฦ͞Ε͍ͯΔ͜ͱΛࣔ͢ɽ·ͨ޲ํߦʹΈ

Δͱ a′′ ∈ {1, . . . , a}ݸͷྻߦH(a′)
l ͕ԣʹฒͼɼCombinerʹ͓͍ͯ৘ใύέοτ u’(a

′′)
l ͕౷߹

͞Ε͍ͯΔ͜ͱΛࣔ͢ɽ·ͨɼ͋ΔҰͭͷ InterleavingྻߦH(a′)
l ʹ஫໨ͨ͠ͱ͖ɼͦΕ͸৘ใύ

έοτ u′(a′)
l ͷཁૉͷฒͼΛྻߦH(a′)

l ʹΑͬͯɼྻஔ͢׵Δ͜ͱʹରԠ͢Δɽ

3.2.2 ϓϩτάϥϑදݱ

ຊઅͰ͸ɼۭؒ݁߹RAූ߸ͷάϥϑදݱͱͯ͠ϓϩτάϥϑΛಋೖ͢ΔɽҰൠతʹɼۭؒ݁
߹ RAූ߸ͷλφʔάϥϑ͸ϊʔυ਺͕๲େʹͳΓɼͦͷූ߸ͷάϥϑߏ଄Λཧղ͢Δ͜ͱ͕೉
͍͠ɽͦ͜Ͱɼۭؒ݁߹RAූ߸ͷෳ਺ͷRAූ߸͕ۭؒతʹۙ๣͢Δ΋ͷͱ݁߹͢Δͱ͍͏ߏ
଄Λར༻ͯ͠ɼλφʔάϥϑදݱΛ؆୯Խͨ͠΋ͷ͕ϓϩτάϥϑදݱͰ͋Δɽ

(1) RAූ߸ͷϓϩτάϥϑදݱ

ਤ 3.6ʹ (Q, a)-regular RAූ߸Λද͢ݱΔϓϩτάϥϑΛࣔ͢ɽ͜ͷάϥϑ͸Ұͭͷϝοηʔ
δϊʔυͱҰͭνΣοΫϊʔυɼҰͭͷύϦςΟϊʔυʹΑͬͯද͞ΕΔɽͦͯ͠஫໨͢Δ΂͖͜
ͱ͸ɼ͜ͷϓϩτάϥϑ͸ୈ 3.1.2અͷਤ 3.2ʹࣔ͞ΕΔ (Q, a)-regular RAූ߸ͷλφʔάϥϑ
ͱ౳ՁͰ͋Δͱ͍͏͜ͱͰ͋Δɽͭ·Γɼϓϩτάϥϑ্ͰͷҰͭͷϝοηʔδϊʔυ͸λφʔά
ϥϑ্ͰM ͷϝοηʔδϊʔυʹରԠ͠ɼҰͭͷνΣοΫϊʔυͱύϦςΟϊʔυ͸λφʔάݸ
ϥϑ্ͰN ͷνΣοΫϊʔυͱύϦςΟϊʔυʹରԠ͢Δɽϓϩτάϥϑ্ͷϝοηʔδϊʔݸ
υ͕࣋ͭΤοδͷ਺͸ύϥϝʔλQʹΑͬͯࣔ͞ΕQຊͰ͋Δɽͭ·Γɼϓϩτάϥϑ্ͰͷQ

ຊͷΤοδ͸λφʔάϥϑ্Ͱ͸ɼ͢΂ͯͷϝοηʔδϊʔυ͕ͦΕͧΕ Qຊɼ߹ܭͰ QM ຊ
ͷΤοδΛ͍࣋ͬͯΔ͜ͱʹͳΔɽಉ༷ʹɼϓϩτάϥϑ্ͰνΣοΫϊʔυ͕࣋ͭϝοηʔδ
ϊʔυͱ݁߹͢ΔΤοδͷ਺͸ aຊͰ͋Γλφʔάϥϑ্Ͱ͸ͦΕͧΕͷνΣοΫϊʔυ͕ aຊɼ
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ਤ 3.6: (Q, a)-regular RAූ߸ͷϓϩτάϥϑදݱ

Ͱܭ߹ aN ຊͷϝοηʔδϊʔυͱ݁߹͢ΔΤοδΛ͍࣋ͬͯΔ͜ͱΛࣔ͢ɽ·ͨɼϝοηʔδ
ϊʔυͱνΣοΫϊʔυؒʹ Interleaver͕ڬ·Ε͓Γɼϓϩτάϥϑ্Ͱͦͷه߸͸লུ͞Εͯ
͍Δɽޙ࠷ʹɼϓϩτάϥϑ্ͰͷνΣοΫϊʔυͱύϦςΟϊʔυؒͷΤοδͷ݁߹͸ɼλφʔ
άϥϑ্ͰAccumulatorͷॲཧʹରԠ͢ΔΤοδͷ݁߹Ͱ͋Δɽ

(2) ۭؒ݁߹RAූ߸ϓϩτάϥϑදݱ

ຊઅͰ͸ɼલઅͰઆ໌ͨ͠ϓϩτάϥϑΛ༻͍ۭͯؒ݁߹RAූ߸ͷϓϩτάϥϑදݱʹ͍ͭ
ͯड़΂Δɽ
ۭؒ݁߹͸ෳ਺ͷϓϩτάϥϑͷΤοδΛ͓͍ޓʹ݁߹͢Δ͜ͱʹΑΓ͏ߦɽਤ 3.7͸ਤ 3.6ʹ

ࣔ͢ (Q, a)-regular RAූ߸ͷϓϩτάϥϑΛK Βϓϩτάϥϑ͔ࠨԣʹฒ΂ͨ΋ͷͰ͋Γɼݸ
߸༗ͷ൪ݻʹ k ∈ {1, . . . ,K}Λ༩͑Δɽ֤ϓϩτάϥϑͷϝοηʔδϊʔυ͸ QຊͷΤοδΛ
͓࣋ͬͯΓɼͦͷΤοδΛӈଆ͔ͭۙ๣ʹଘ͢ࡏΔϓϩτάϥϑ্ͷνΣοΫϊʔυ (ࣗ෼ࣗ਎ͷ
νΣοΫϊʔυ΋ؚΉ)ʹ̍ຊͣͭ݁߹ͤ͞Δɽͨͩ͠ɼ͋ΔҰͭͷνΣοΫϊʔυʹ݁߹Ͱ͖Δ
Τοδͷ਺͸࠷େ aຊͰ͋ΔɽҎ্ͷ৚݅ͷ΋ͱΤοδΛ݁߹͢Δͱɼਤ 3.7্ͷϓϩτάϥϑ͸
ਤ 3.8ͷΑ͏ʹ݁߹͞ΕΔɽ͜ͷΤοδͷ݁߹Λλφʔάϥϑ্Ͱද͢ݱΔͱɼϓϩτάϥϑ্
ͷҰͭͷϝοηʔδϊʔυʹؚ·ΕΔM ͷϝοηʔδϊʔυͱϓϩτάϥϑ্ͷҰͭͷνΣοݸ
Ϋϊʔυʹؚ·ΕΔM Έ݁߹͞ΕΔɽڬͷνΣοΫϊʔυ͕ΠϯλʔϦʔϰΝΛݸ
ਤ 3.8ʹ͓͍ͯ஫໨͢Δ΂͖͜ͱ͸ɼ੺৭ͷϓϩτάϥϑ͕͍ࣔͯ͠ΔΑ͏ʹɼਤ 3.7ͱൺֱ

ͯ͠ϓϩτάϥϑ্ͷνΣοΫϊʔυͱύϦςΟϊʔυ͕ͦΕͧΕKex͍ͯ͑૿ݸΔ͜ͱͰ͋Δɽ
͜Ε͸ۭؒ݁߹Λ৚݅௨Γʹͨͬߦͱ͖ʹ෇Ճ͞ΕΔ௥ՃͷϊʔυͰ͋ΔɽΑͬͯɼۭؒ݁߹RA

ූ߸ʹ͓͍ͯ͸͜ͷ௥Ճͷϊʔυͷ਺͕ූ߸Խ཰ rSC−RAΛܾఆ͠ɼৄ͘͠͸ޙ΄Ͳઆ໌͢Δɽ
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ਤ 3.7: (Q, a)-regular RAූ߸ͷϓϩτάϥϑΛK ίϐʔ͠ฒ΂ͨ΋ͷݸ

ਤ 3.8ʹ͓͚ΔL͸ϓϩτάϥϑ্ͰͷνΣοΫϊʔυ΋͘͠͸ύϦςΟϊʔυͷ਺Λද͠ɼҎ
ԼͷࣜͰఆٛ͞ΕΔɽ

L =

⌈
Q

a
K

⌉
+ (a− 1) (3.46)

ͨͩ͠ɼ⌈x⌉͸ x ∈ Rʹରͯ͠ xҎ্ͷ࠷খͷ੔਺ͱఆٛ͢Δɽ͜ͷࣜ͸֤ϓϩτάϥϑͷϝο
ηʔδϊʔυ͕ QຊͷΤοδΛӈଆ͔ͭۙ๣ʹଘ͢ࡏΔϓϩτάϥϑ্ͷνΣοΫϊʔυ (ࣗ෼
ࣗ਎ͷνΣοΫϊʔυ΋ؚΉ)ʹ̍ຊͣͭ݁߹ͤ͞ɼ͋ΔҰͭͷνΣοΫϊʔυʹ݁߹Ͱ͖ΔΤο
δͷ਺͸࠷େ aຊͰ͋Δͱ͍͏৚݅Λຬͨ͢ͱ͖ʹݶΓɼ͢΂ͯͷQͱ aʹ͍ͭͯ੒Γཱͭɽ
Ҏ্͔Βɼ௥ՃͷνΣοΫϊʔυ΋͘͠͸ύϦςΟϊʔυͷ਺͸ҎԼͷࣜʹΑΓ༩͑ΒΕΔɽ

Kex = L−K =

⌈
Q− a

a
K

⌉
+ a− 1 (3.47)

·ͨϓϩτάϥϑ্ͷνΣοΫϊʔυͱύϦςΟϊʔυʹ΋ϝοηʔδϊʔυͱಉ༷ʹ͔ࠨΒ
߸༗ͷ൪ݻ l ∈ {1, . . . , L}͕༩͑ΒΕΔͱ͠ɼϓϩτάϥϑ্ͷνΣοΫϊʔυ l − 1ͷλφʔά
ϥϑ্Ͱͷޙ࠷ඌͷϊʔυͱύϦςΟϊʔυ lͷλφʔάϥϑ্Ͱͷઌ಄ϊʔυ͸ΤοδͰͭͳ
͕͍ͬͯΔͱ͢ΔɽҎ্͕ɼ(Q, a,K)-ۭؒ݁߹RAූ߸ͷϓϩτάϥϑදݱͰ͋Δɽ
࣍ʹɼۭؒ݁߹RAූ߸ͷϓϩτάϥϑදݱͱූ߸Խූͮ͘جʹث߸Խ๏ͱͷؔ܎ʹ͍ͭͯड़

΂Δɽ·ͣɼ֤ϓϩτάϥϑ্ͷϝοηʔδϊʔυ k͸ූ߸Խ͞ΕΔϝοηʔδϕΫτϧ ukʹର
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ਤ 3.8: ۭؒ݁߹RAූ߸ͷϓϩτάϥϑදݱ

Ԡ͢Δɽϝοηʔδϊʔυ k͔Βग़ΔQຊͷΤοδ͸ϝοηʔδϕΫτϧ uk͕Qճ܁Γฦ͞Ε
͍ͯΔ͜ͱΛࣔ͠ɼ֤ΤοδʹରԠ͢Δ InterleavingྻߦH(a′)

l ͕֤ϝοηʔδϕΫτϧ u’(a
′)

k ͷ
ཁૉͷฒͼΛϥϯμϜʹೖΕସ͑Δɽͦͯ͠ɼ܁Γฦ͞ΕͨϝοηʔδϊʔυͷΤοδ͸νΣοΫ
ϊʔυ lͱ݁߹͞ΕΔɽ͜Ε͸ೖΕସ͑ޙϕΫτϧw(a′)

l ͕νΣοΫϊʔυ lʹೖྗ͞Εɼഉଞత࿦
ཧ࿨ΛͱΔ͜ͱʹରԠ͍ͯ͠Δɽ͜ͷνΣοΫϊʔυ l্Ͱੜ੒͞ΕΔ΋ͷ͕ࣜ (3.3)Ͱද͞ΕΔ
౷߹ޙϕΫτϧ slͰ͋Δɽ͜ͷνΣοΫϊʔυ l ∈ {1, . . . L}্ͷϕΫτϧʹରͯ͠ɼAccumulator

ͷॲཧ͕ߦΘΕԼ෦ͷ֤ύϦςΟϊʔυʹରԠͨ͠ύϦςΟϕΫτϧ pl͕ੜ੒͞ΕΔɽͦͯ͠ɼ
C͸֤ϝοηʔδϊʔυʹରԠͨ͠ϝοηʔδϕΫτϧޠ߸ූ uk ͱ֤ύϦςΟϊʔυʹରԠ͠
ͨύϦςΟϕΫτϧ plʹΑͬͯߏ੒͞ΕΔɽ
(Q, a,K)-ۭؒ݁߹RAූ߸ϓϩτάϥϑද͔ݱΒɼϓϩτάϥϑ্ͷϝοηʔδϊʔυͷ਺͸

K Ͱ͋ΓɼҰͭͷϓϩτάϥϑʹؚ·ΕΔϝοηʔδϕΫτϧͷཁૉ਺͸Mݸ Ͱ͋ΔͷͰɼۭ
ؒ݁߹RAූ߸ͷϝοηʔδϕΫτϧͷશཁૉ਺͸KM Ͱ͋Δɽಉ༷ʹύϦςΟϊʔυͷ਺͸L

Ͱ͋ΓɼҰͭͷϓϩτάϥϑʹؚ·ΕΔύϦςΟϕΫτϧͷཁૉ਺͸Mݸ Ͱ͋ΔͷͰɼύϦςΟ
ϕΫτϧͷશཁૉ਺͸KM ͱͳΔɽҎ্͔Βɼۭؒ݁߹RAූ߸ͷූ߸Խ཰͸࣍ࣜͰٻ·Γɼ

rSC−RA =
KM

KM + LM
=

K

K + L
=

K⌈
Q+ a

a
K

⌉
+ a− 1

(3.48)

ූ߸Խ཰͸ύϥϝʔλQ, a,KͷΈʹΑܾͬͯఆ͞ΕΔɽ͜ͷූ߸Խ཰Λ࣋ͭූ߸Λ (Q, a,K)-ۭ
ؒ݁߹RAූ߸ͱఆٛ͞ΕΔɽ
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͞Βʹɼϝοηʔδϊʔυ਺K Λແݶେʹͨ͠ͱ͖ූ߸Խ཰͸

lim
K→∞

rSC−RA =
a

Q+ a
(3.49)

ͱͳΔɽ

3.2.3 ෮߸๏

ຊষͰ͸ɼۭؒ݁߹RAූ߸ͷ෮߸Λୈ (4)અͰࣔͨ͠ର਺ྖҬ sum-product෮߸๏ͱɼୈ (2)

અͷਤ 3.8ʹۭࣔͨؒ݁͠߹RAූ߸ͷϓϩτάϥϑදݱΛ༻͍ͯ෮߸Λ͏ߦɽ
·ͣɼਤ 3.8 ͷϓϩτάϥϑΛλφʔάϥϑ্Ͱ͑ߟɼϝοηʔδϊʔυʹ͸ u(km) m ∈

{1, . . . ,M}ɼνΣοΫϊʔυ͸ f(lm)ɼύϦςΟϊʔυ͸ p(lm)ͷݻ༗ͷ൪߸ΛͦΕͧΕ༩͑Δɽ
ͨͩ͠ɼkͱ l͸ୈ (2)અͰఆٛͨ͠ϓϩτάϥϑ্Ͱͷ֤ϊʔυͷݻ༗ͷ൪߸Ͱ͋Δɽ
࣍ʹɼୈ3.1.2અͱಉ༷ʹɼϝοηʔδϊʔυu(km)ͱ݁߹͢ΔνΣοΫϊʔυͷू߹ΛD(u(km))ɼ

νΣοΫϊʔυ f(lm)ͱ݁߹͢ΔϝοηʔδϊʔυͱύϦςΟϊʔυͷू߹Λ E(f(lm))ͱఆٛ
͢Δɽ
͞Βʹɼड৴৴߸ϕΫτϧY͸

Y =
[
y1 . . . yK+L

]
∈ R(K+L)M (3.50)

ͱͳΓɼ֤ड৴৴߸ϕΫτϧ yi͸ୈ 2ষͷࣜ (2.3)ʹΑΓఆٛ͞ΕΔɽ
Ҏ্ͷఆٛͷ΋ͱɼୈ (4)અͷର਺ྖҬ sum-product෮߸๏Λ࣮͢ߦΔ͜ͱʹΑΓॴ๬ͷਪఆ

ϕΫτϧޠ Ĉ͕ಋग़͞ΕΔɽͨͩ͠ɼਪఆޠϕΫτϧ Ĉ͸ҎԼͷࣜͰද͞ΕΔɽ

Ĉ =
[
Û P̂

]
=
[
û1 . . . ûK p̂1 . . . p̂L

]
∈ F(K+L)M

2 (3.51)

3.3 ଟۭ࣍݁ؒݩ߹RAූ߸Խڠௐ

MD-SC-RA-CC͸ SC-RA-CCͷҰൠܗͰ͋Δͱ͑ߟΔ͜ͱ͕Ͱ͖ΔͨΊɼຊઅͰ͸MD-SC-

RA-CCͷߏ੒๏Λத৺ʹઆ໌͢Δɽ

3.3.1 ූ߸Խ๏

ਤ 3.9ʹɼεϩοτ jʹ͓͚Δ୺຤ iͷූ߸ԽثΛࣔ͢ɽූ߸Խث͸ɼ৘ใύέοτΛW ֨ݸ
ೲՄೳͳ̍ͭͷϝϞϦMͱɼQݸͷ͓͍ޓʹ౷ܭతʹಠཱͳΠϯλʔϦʔό

∏
ɼഉଞత࿦ཧ࿨

ԋࢠࢉɼ̍Ϗοτ஗ԆثDͱഉଞత࿦ཧ࿨ԋ͔ࢠࢉΒ੒ΔAccumulatorʹΑͬͯߏ੒͞ΕΔɽ
εϩοτ jʹ͓͍ͯɼϝϞϦM͸εϩοτ jҎલʹड͚औͬͨWݸͷ৘ใύέοτ{uj′ | j−W ≤

j′ ≤ j − 1, j′ ∈ N }Λ֨ೲ͍ͯ͠Δɽͨͩ͠ɼN͸ 1Ҏ্ͷࣗવ਺ͷू߹Λද͢ɽୈ 2ষͰड़΂
ͨΑ͏ʹɼύϦςΟύέοτ pj ͸ϝϞϦ͔Βεϩοτू߹ C(j)ʹରԠ͢Δ৘ใύέοτ͕ग़ྗ
͢Δ͜ͱʹΑΓੜ੒͞ΕΔɽMD-SC-RA-CCʹ͓͍ͯɼू߹ C(j)͸ҎԼͷࣜͰఆٛ͞ΕΔɽ

C(j) = {{j − v1, . . . , j − vq, . . . , j − vQ} ∩ N} (3.52)
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ਤ 3.9: εϩοτ jʹ͓͚Δ୺຤ iͷූ߸Խث (ͨͩ͠ɼC(j) = {c1, c2, . . . , c|C(j)|})

ͨͩ͠ɼq = 1, 2, . . . , Q Ͱ͋Δɽू߹ C(j) ͸ N ͱͷू߹ੵΛؚΜͰ͍ΔͨΊɼͦͷαΠζ͸
0 ≤ |C(j)| ≤ QͱͳΓɼ|C(j)| = 0ͷͱ͖ɼύϦςΟύέοτ͸ੜ੒͞Εͳ͍ɽύϥϝʔλ vq͸ɼ
εϩοτ jͷύϦςΟύέοτ͕ vqҎલʹड͚औͬͨ৘ใύέοτ͔Βੜ੒͞ΕΔ͜ͱΛҙຯ͢
Δɽ͜ΕΒͷύϥϝʔλΛ݁߹ϕΫτϧ vͱͯ͠ɼҎԼͷΑ͏ʹఆٛ͢Δɽ

v = (v1, . . . , vq, . . . , vQ) (3.53)

vq͸ू߹ {1, . . . ,W}ͷ஋͔Βॏෳͳ͘༩͑ΒΕɼ֤ཁૉ͸ঢॱʹฒ΂ΒΕΔɽͨͩ͠ɼW ͸ vQ
͕औΓಘΔ࠷େ஋Λ༩͑ɼූ߸ԽثͷϝϞϦͷαΠζʹରԠ͢Δɽ
ू߹ C(j)͸εϩοτ൪߸ jͷؔ਺Ͱ͋ΔͨΊɼ݁߹ϕΫτϧ vͷ஋Λ༩͑Δ͜ͱʹΑͬͯMD-

SC-RA-CCͷූ߸Խߏ଄Λܾఆ͢Δ͜ͱ͕Ͱ͖Δɽޙࠓͷઆ໌ͷ؆୯ͷͨΊɼεϩοτ jʹ͓͍
ͯૹ৴͞ΕΔ৘ใύέοτ͕ύϦςΟύέοτͷੜ੒ʹ༻͍ΒΕΔͱ͖ͷεϩοτू߹Λ V(j)ͱ
͠ɼҎԼͷࣜͰఆٛ͢Δɽ

V(j) = {{j + v1, . . . , j + vq, . . . , j + vQ}} (3.54)

ͨͩ͠ɼू߹ͷαΠζ |V(j)|͸ৗʹQͱͳΔɽ
࣍ʹɼϝϞϦM͔Βग़ྗ͞Εͨεϩοτू߹ C(j)ʹରԠ͢Δ৘ใύέοτ͸ΠϯλʔϦʔό

∏

ʹೖྗ͞ΕΔɽຊڀݚʹ͓͍ͯɼΠϯλʔϦʔό͸S-ϥϯμϜΠϯλʔϦʔό [26]Λ༻͍ΔɽΠϯ
λʔϦʔό͔Βग़ྗ͞Εͨ |C(j)|ݸͷϏοτྻܥ͸ഉଞత࿦ཧ࿨ԋࢠࢉʹೖྗ͞Εɼ௕͞M [bits]

ͷ̍ͭͷ͕ྻܥग़ྗ͞ΕΔɽͦͷޙɼAccumulatorʹೖྗ͞ΕɼύϦςΟύέοτ pj ͕ग़ྗ͞Ε
Δɽޙ࠷ʹɼ৘ใύέοτ vj ͱύϦςΟύέοτ pj ͕࿈઀͞Εූ߸ޠͱͳΓɼϒϩʔυΩϟε
τૹ৴͞ΕΔɽ
͜͜ͰɼSC-RA-CCͷූ߸Խثʹ͍ͭͯઆ໌͢Δɽ݁ ߹ϕΫτϧv = (1, . . . , Q)Ͱ͋ΔMD-SC-

RA-CC͸ɼSC-RA-CCʹରԠ͢͠ɼεϩοτ jͷύϦςΟύέοτ͸ɼεϩοτ j−QҎ߱ʹड͚
औͬͨ৘ใύέοτ͔Βඞͣੜ੒͞ΕΔ͜ͱΛҙຯ͢ΔɽҎ্͔ΒɼSC-RA-CC͸MD-SC-RA-CC

ͷಛघܗͰ͋Δͱ͑ݴΔɽ
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ਤ 3.10: શ৘ใύέοτ਺ NT = 20ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧͷཁૉ਺ Q = 4ɼ
ϝϞϦαΠζW = 4Ͱ͋Δ SC-RA-CCͷύϦςΟྻߦࠪݕ

3.3.2 ύϦςΟྻߦࠪݕ

ຊઅʹ͓͍ͯɼMD-SC-RA-CCͷύϦςΟྻߦࠪݕΛઆ໌͢Δɽਤ 3.10ʹɼશ৘ใύέοτ਺
NT = 20ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧͷཁૉ਺Q = 4ɼϝϞϦαΠζW = 4ͷͱ͖
ͷύϦςΟྻߦࠪݕΛࣔ͢ɽ݁߹ϕΫτϧ vͷ஋͔Βɼ͜Ε͸ SC-RA-CCʹରԠ͢ΔɽύϦςΟ
͸ཁૉྻߦࠪݕ 1ʹΑͬͯߏ੒͞ΕΔαΠζ (NT +W ) × NT ͷࠨ෦෼ྻߦͱɼI2ʹΑͬͯߏ
੒͞ΕΔαΠζ (NT +W )× (NT +W )ͷӈ෦෼͔ྻߦΒ੒Δɽ֤ྻͱߦʹ͸લड़ͷεϩοτ൪
ʹྻܥɼӈ෦෼ͷ֤ྻ͸ύϦςΟύέοτͷྻܥ෦෼ͷ֤ྻ͸৘ใύέοτͷࠨΕɼ͞ࡌه͕߸
ͦΕͧΕରԠ͢Δɽཁૉ 1͸ɼαΠζM ×MɼߦॏΈ 1ɼྻॏΈ 1ͷೋ஋ྻߦͰ͋Γɼ֤ཁૉ 1

͸͓͍ޓʹ౷ܭతʹಠཱͰ͋Δɽ͜Ε͸ූ߸ԽثͷΠϯλʔϦʔόʹରԠ͢Δɽཁૉ I2͸αΠζ
M ×MɼߦॏΈ 2ɼྻॏΈ 2Ͱ෯ 2ͷ 2஋ଳྻߦΛද͠ɼ͜Ε͸ූ߸ԽثͷAccumulatorͷූ߸
ԽʹରԠ͢ΔɽύϦςΟྻߦࠪݕશମʹ஫໨͢Δͱɼࠨ෦෼ྻߦ͸ཁૉ 1ͷଳྻߦͱͯ͠هड़͞
ΕɼͦͷߦॏΈ͸ |C(j)|ɼྻॏΈ͸QͱͳΔɽӈ෦෼ྻߦ͸ɼཁૉ I2ͷ୯Ґྻߦͱͯ͠هड़͞Ε
Δɽͨͩ͠ɼεϩοτ 1ʹ͓͍ͯύϦςΟύέοτ p1ͷྻܥͱؔ͢܎Δ৘ใύέοτͷྻܥ͸̍
ͭ΋ଘ͠ࡏͳ͍ͨΊɼύϦςΟύέοτ p1ͷྻܥ͸ੜ੒͞Εͳ͍ɽ
ྫͱͯ͠εϩοτ 9ʹ஫໨ͨ͠ͱ͖ɼύϦςΟύέοτ p9 ͸ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)

ͱࣜ (3.52)͔Βεϩοτू߹ C(9) = {9 − 1, 9 − 2, 9 − 3, 9 − 4} = {5, 6, 7, 8}ͷ৘ใύέοτΛ
༻͍ͯੜ੒͞ΕΔɽਤ 3.10Ͱ΋ಉ༷ʹɼεϩοτ൪߸ 9ͷύϦςΟύέοτྻܥ͸εϩοτ൪߸
5, 6, 7, 8ͷ৘ใύέοτྻܥͱɼεϩοτ൪߸ 9ͷߦΛհͯ͠ɼؔ܎෇͚ΒΕ͍ͯΔɽҎ্͔Βɼ
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ਤ 3.11: શ৘ใύέοτ਺ NT = 20ɼ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼϕΫτϧͷཁૉ਺ Q = 4ɼ
ϝϞϦαΠζW = 9Ͱ͋ΔMD-SC-RA-CCͷύϦςΟྻߦࠪݕ

MD-SC-RA-CCͷύϦςΟྻߦࠪݕͷߏ଄΋ಉ༷ʹɼ݁߹ϕΫτϧ vʹΑͬͯɼҰҙʹܾఆ͞Ε
Δ͜ͱ͕Θ͔Δɽ
ਤ 3.11ʹɼ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼϝϞϦαΠζW = 9ʹΑͬͯఆٛ͞ΕΔMD-SC-

RA-CCͷύϦςΟྻߦࠪݕΛࣔ͢ɽ݁߹ϕΫτϧ vͷཁૉͷ஋Λ SC-RA-CCΑΓ΋େ͖͘͢Δ
͜ͱʹΑͬͯɼࠨ෦෼ͷཁૉ 1͕Լଆʹ͕޿Γɼ5ߦ෼௥Ճ͞Ε͍ͯΔ͜ͱ͕Θ͔ΔɽͦΕʹ൐
͍ɼӈ෦෼ͷεϩοτ 25, . . . , 29ʹ஫໨͢Δͱ ௥Ճ͞Ε͍ͯΔ͕͜ྻܥͷύϦςΟύέοτݸ5
ͱ͕Θ͔Δɽྫͱͯ͠εϩοτ 12ʹ஫໨ͨ͠ͱ͖ɼύϦςΟύέοτྻܥ p12͸ɼεϩοτू߹
C(12) = {12− 2, 12− 6, 12− 8, 12− 9} = {3, 4, 6, 10}ͷ৘ใύέοτྻܥʹΑ੍ͬͯ໿Λड͚ͯ
͍Δ͜ͱ͕Θ͔Δɽ·ͨɼࣜ (3.52)ΑΓɼεϩοτ 1ͱ 2ʹ͓͍ͯɼ|C(1)| = 0, |C(2)| = 0Ͱ͋Δ
ͨΊɼύϦςΟύέοτ͸ੜ੒͞Εͳ͍ɽ

3.3.3 άϥϑදݱ

ຊઅʹ͓͍ͯɼMD-SC-RA-CCͷάϥϑදݱΛઆ໌͢Δɽࠓճɼઆ໌͢Δάϥϑ͸ɼλφʔά
ϥϑΛ؆қతʹදͨ͠ϓϩτάϥϑͰ͋Γɼ͜Ε͸ύϦςΟ͔ྻߦࠪݕΒҰҙʹܾఆ͞ΕΔɽ
ਤ 3.12ʹɼશ৘ใύέοτ਺NT = 20ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧͷཁૉ਺Q = 4

ͷͱ͖ͷ ϓϩτάϥϑΛද͢ɽਤݩ1࣍ 3.10ͷύϦςΟྻߦࠪݕͱಉ༷ʹɼ݁߹ϕΫτϧ v ͷ
஋͔Βɼ͜Ε͸MD-SC-RA-CCΛಛघԽͨ͠ SC-RA-CCʹରԠ͢Δɽάϥϑ্෦ͷ਺ࣈ͸ɼࣜ
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ਤ 3.12: શ৘ใύέοτ਺ NT = 20ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧͷཁૉ਺ Q = 4ɼ
ϝϞϦαΠζW = 4Ͱ͋Δ SC-RA-CCͷ ݱϓϩτάϥϑදݩ1࣍

(2.1)ͷεϩοτ൪߸Λද͢ɽ֤εϩοτ൪߸ʹରԠ͢Δനؙ͸৘ใϊʔυΛද͠ɼྻߦࠪݕͷ৘
ใύέοτྻܥɼͦͯ͠৘ใύέοτʹରԠ͢Δɽಉ༷ʹɼؙࠇ͸ύϦςΟϊʔυΛද͠ɼࠪݕ
ɼͦͯ͠ύϦςΟύέοτʹରԠ͢Δɽന࢛֯͸νΣοΫϊʔυͱྻܥͷύϦςΟύέοτྻߦ
੒෼Λҙຯ͠ɼͦͯ͠ରԠ͢ΔύϦςΟύέοτͷ੍໿৚݅Λද͢ɽߦͷྻߦࠪݕ͹Εɼݺ
৘ใϊʔυͱνΣοΫϊʔυؒΛ݁ͿΤοδ͸ɼύϦςΟྻߦࠪݕͷཁૉ 1ʹରԠ͠ɼΠϯλʔ

ϦʔόΛؚΉɽͭ·Γɼ্ྻߦࠪݕͰཁૉ 1͕ྻ jcͱߦ jr্ʹҐஔ͢Δͱ͖ɼྻʹରԠ͢Δ৘ใ
ϊʔυ jcͱߦʹରԠ͢ΔνΣοΫϊʔυ jrؒͰΤοδ͕ܗ੒͞ΕΔɽͨͩ͠ɼjc = 1, 2, . . . , NTɼ
jr = 1, 2, . . . , NT +W Ͱ͋Δɽྻߦࠪݕͷࠨ෦෼ྻߦʹ͓͍ͯྻॏΈ͸QͰ͋ΔͨΊɼશͯͷ
৘ใϊʔυ͔Β৳ͼΔΤοδͷ਺͸ |V(j)| = QͰ͋ΔɽҰํɼεϩοτ jʹ͓͍ͯνΣοΫϊʔ
υ͔Β৘ใϊʔυʹ৳ͼΔΤοδͷ਺͸ |C(j)|Ͱ͋Γɼ͜Ε΋ಉ༷ʹྻߦࠪݕͷࠨ෦෼ͷߦॏΈ
ͱҰக͢Δɽ
ύϦςΟϊʔυͱνΣοΫϊʔυؒͷฏߦͳ 2ຊͷΤοδ͸ύϦςΟྻߦࠪݕͷཁૉ I2ʹରԠ

͠ɼAccumulatorͷූ߸ԽΛද͢ɽ
͜͜Ͱɼεϩοτ5ͷύϦςΟϊʔυʹ஫໨͢Δɽ͜ Ε͸νΣοΫϊʔυΛհͯ͠εϩοτ1, 2, 3, 4

ͷ৘ใϊʔυͱ݁߹͍ͯ͠Δɽ஫໨͢ΔύϦςΟϊʔυʹରԠ͢ΔύϦςΟύέοτ͕ɼ݁߹͢
Δ৘ใϊʔυʹରԠ͢Δ৘ใύέοτ͔Βੜ੒͞ΕΔ͜ͱΛҙຯ͢ΔɽMD-SC-RA-CCͷϓϩτ
άϥϑߏ଄͸ɼ֤εϩοτ jʹ͓͚ΔνΣοΫϊʔυ͔Β৘ใϊʔυ΁ͷΤοδͷू߹ C(j)ʹΑͬ
ͯఆٛ͞ΕɼC(j)͸݁߹ϕΫτϧ vʹΑܾͬͯఆ͞ΕΔɽΑͬͯɼશ৘ใύέοτ਺NT ͱϕΫ
τϧͷཁૉ਺QɼϝϞϦαΠζW Λݻఆͨ͠ͱ͖ɼMD-SC-RA-CCͷϓϩτάϥϑߏ଄͸ɼ݁
߹ϕΫτϧ vʹΑͬͯҰҙʹܾΊΒΕΔɽ
ਤ 3.11ʹɼ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼϝϞϦαΠζW = 9ͷMD-SC-RA-CCͷ ϓݩ1࣍

ϩτάϥϑΛࣔ͢ɽύϦςΟྻߦࠪݕͱಉ༷ʹɼ݁߹ϕΫτϧ vͷཁૉ͕େ͖͘ͳΔ͜ͱʹΑͬ
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ਤ 3.13: શ৘ใύέοτ਺ NT = 20ɼ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼϕΫτϧͷཁૉ਺ Q = 4ɼ
ϝϞϦαΠζW = 9Ͱ͋ΔMD-SC-RA-CCͷ ݱϓϩτάϥϑදݩ1࣍

ͯɼϓϩτάϥϑͷӈଆʹ௥ՃͷύϦςΟϊʔυͱνΣοΫϊʔυ͕ ෇Ճ͞Ε͍ͯΔͭͣ͜ݸ5
ͱ͕Θ͔Δɽ
࣍ʹɼ্هͷ̎ͭͷϓϩτάϥϑදݱΛɼ2࣍ݩάϥϑʹॻ͖ͨ͑׵ϓϩτάϥϑදݱΛਤ 3.14

ͱਤ 3.15ʹࣔ͢ɽ͜Ε·Ͱ͸ɼεϩοτ൪߸ jΛ༻͍ͯٞ࿦͍͕ͯͨ͠ɼ͜͜Ͱ͸୺຤൪߸ iͱϒ
ϩοΫ൪߸ tΛಋೖ͠ɼͦΕΒΛ༻͍ͨ ߸Ͱද͢ɽਤͷॎ࣠͸୺຤൪ݱάϥϑදݩ2࣍ iʹରԠ͠ɼ
ԣ࣠͸εϩοτ൪߸ tʹରԠ͢Δɽɹɹɹɹͭ·Γɼਤ 3.12ͱਤ 3.13ͷϓϩτάϥϑΛ N = 5

͝ͱʹંΓฦͨ͠΋ͷͱͳ͍ͬͯΔɽਤ 3.14ͱਤ 3.15Λൺֱ͢Δͱɼલऀʹ͓͍ͯ৘ใϊʔυ͸
େ࠷͸ऀޙͷνΣοΫϊʔυͱ݁߹͍ͯ͠Δͷରͯ͠ɼݸΔQ͢ࡏ΋ۙ๣ʹଘ࠷ 2ϒϩοΫઌͷ
νΣοΫϊʔυͱͭͳ͕͍ͬͯΔ͜ͱ͕Θ͔Δɽऀޙ͸MD-SC-RA-CCͰ͋Γɼ͜Ε͕ଟۭ࣍ݩ
ؒ݁߹ͱݴΘΕΔ༝ԑͰ͋Δɽ·ͨ஫໨͢Δ΂͖఺ͱͯ͠͸ɼਤ 3.14ͱਤ 3.15ͱ΋ʹɼ͋Δ৘ใ
ϊʔυ͔Β৳ͼΔΤοδ͕શͯҟͳΔ୺຤൪߸ͷνΣοΫϊʔυͱ݁߹͍ͯ͠Δ͜ͱͰ͋Δɽ͜
Ε͸ɼ֤৘ใύέοτͱɼͦΕΛූ߸Խͨ͠ύϦςΟύέοτ͕ҟͳΔ୺຤͔Βج஍ہʹૹ৴͞
ΕΔ͜ͱΛҙຯ͓ͯ͠Γɼ͜ͷΑ͏ͳ݁߹ঢ়ଶΛɼ”ϑϧΤοδ݁߹”ͱఆٛ͢Δɽ

3.3.4 ූ߸Խ཰

ϓϩτάϥϑද͔ݱΒɼ֤νΣοΫϊʔυʹ͸ҟͳΔ਺ͷΤοδ͕ೖྗ͞Ε͍ͯΔ͜ͱ͕Θ͔
Δɽਤ 3.12ΛݟΔͱɼεϩοτ 2ͷνΣοΫϊʔυʹ͸ 1ຊͷ৘ใϊʔυͷΤοδ͕ೖྗ͞Εͯ
͍Δͷʹରͯ͠ɼεϩοτ 10ͷνΣοΫϊʔυʹ͸Q = 4ຊͷΤοδ͕ೖྗ͞Ε͍ͯΔɽ͜ͷΑ
͏ʹۭؒ݁߹ූ߸ʹ͓͍ͯ͸ɼϓϩτάϥϑͷ྆୺ͷνΣοΫϊʔυ͸খ͍͞౓਺͕༩͑ΒΕɼத
৺ʹ͘ߦ΄ͲΑΓେ͖͍౓਺͕༩͑ΒΕΔɽ͜Ε͸ɼϓϩτάϥϑͷ྆୺Ͱੜ੒͞ΕͨύϦςΟ
ύέοτͷํ͕ූ߸Խ཰͕খ͘͞ɼϓϩτϒϥϑͷਅΜதʹ͘ߦ΄Ͳූ߸Խ཰͕େ͖͘ͳΔ͜ͱ
Λҙຯ͢Δɽ
MD-SC-RA-CCͷ෮߸ʹ͸ɼϓϩτάϥϑ্Ͱͷ֬཰఻ൖ๏ [16]͕༻͍ΒΕΔɽ֬཰఻ൖ๏ʹ

͓͍ͯ͸ɼϓϩτάϥϑͷූ߸Խ཰͕খ͍྆͞୺͔Β෮߸͕ελʔτ͠ɼͦͷ෮߸͕࿈࠯ͱͳΓɼ
த৺ʹ͔ͯͬ޲ਐΜͰ͘ߦɽ
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Ұํɼϓϩτάϥϑͷ྆୺ͷූ߸Խ཰͕௿͍ͱ͍͏͜ͱ͸ɼۭؒ݁߹ූ߸શମͱͯ͠ූ߸Խ཰
͕খ͘͞ͳΔ͜ͱΛҙຯ͢ΔɽMD-SC-RA-CCͷූ߸Խ཰͸ҎԼͷࣜͰ༩͑ΒΕΔɽ

r =
NTM

NTM + (NT + vQ − v1)M
=

NT

2NT + vQ − v1
(3.55)

NTM͸શ৘ใύέοτͷϏοτ਺ʹରԠ͠ɼ(NT+vQ−v1)M͸શύϦςΟύέοτͷϏοτ਺ʹ
ରԠ͢Δɽ͜ͷ͔ࣜΒ෼͔ΔΑ͏ʹɼ୺຤਺N΋͘͠͸ɼϒϩοΫ਺T ͕ແݶେͷͱ͖ɼ(vQ−v1)

ͷ߲͕ແ͞ࢹΕͯɼr͸ 1/2ʹ઴ۙ͢ΔɽҰํɼϝϞϦαΠζW Λແݶେʹ͠ɼ(vQ− v1)Λແݶ
େʹ͢ΔͱɼMD-SC-RA-CCͷූ߸Խ཰ r͸ 0ʹ઴ۙ͢Δͱ͑ݴΔɽҎ্͔ΒɼMD-SC-RA-CC

ʹ͓͍ͯ͸ɼ݁߹Λ͛޿Δ͜ͱʹΑΔόʔετޡΓʹର͢Δϩόετੑͱූ߸Խ཰͕τϨʔυΦ
ϑͰ͋Δɽͨͩ͠MD-SC-RA-CCʹ͓͍ͯූ߸ͷϨʔτϩε͕࠷΋খ͍͞ූ߸Խߏ੒͸ɼ݁߹ϕ
Ϋτϧ v = (1, 2, . . . , Q)ͷ SC-RA-CCͰ͋Δɽ
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ਤ 3.14: શ৘ใύέοτ਺ NT = 20ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧͷཁૉ਺ Q = 4ɼ
ϝϞϦαΠζW = 4Ͱ͋Δ SC-RA-CCͷ ݱϓϩτάϥϑදݩ2࣍
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ਤ 3.15: શ৘ใύέοτ਺ NT = 20ɼ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼϕΫτϧͷཁૉ਺ Q = 4ɼ
ϝϞϦαΠζW = 9Ͱ͋ΔMD-SC-RA-CCͷ ݱϓϩτάϥϑදݩ2࣍
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ຊষͰ͸ɼMD-SC-RA-CCͷූ߸Խઃ͑ߟ͍ͯͭʹܭΔɽ۩ମతʹड़΂Δͱɼ1-ϒϩοΫͱ T -

ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ͷ྆ํʹ͓͍ͯ༏Εͨ෮߸ಛੑΛࣔ͢MD-SC-RA-CCͷ
݁߹ϕΫτϧ vΛٻΊ͍ͨɽLDPCූ߸ͳͲͷූ߸ʹ͓͍ͯɼҰൠతʹͦͷ෮߸ಛੑͷղੳ͸ີ౓
ൃల๏ (DE: Density Evolution)Λ༻͍ͯߦΘΕΔ [27]ɽ͔͠͠ͳ͕ΒɼϒϩοΫϨΠϦʔϑΣʔ
σΟϯάʹ͓͚Δີ౓ൃల๏Λ༻͍ͯͷղੳ͸ɼԋྔࢉͷ؍఺Ͱ೉͍͠ɽͦ͜ͰɼຊઅͰ͸ϒϩο
ΫϨΠϦʔϑΣʔσΟϯάͷۙࣅϞσϧΛಋೖ͠ɼͦͷ௨৴࿏Ͱͷີ౓ൃల๏ͱͦͷͱ͖ͷԼք
Λಋग़͠ɼ༏Εͨ෮߸ಛੑΛࣔ݁͢߹ϕΫτϧ vͷಋग़Λ͏ߦɽ

4.1 ϒϩοΫফࣦ௨৴࿏Ϟσϧ

ϒϩοΫϨΠϦʔϑΣʔσΟϯάʹ͓͍ͯ͸ɼҰ୴௨৴࿏͕ஶ͘͠ѱԽ͢Δͱɼූ߸ޠશମͷ৴
߸ͷड৴৴߸ిྗ͕ฏࡶۉԻిྗҎԼʹͳͬͯ͠·͍ɼූ߸ޠͷޡΓ཰͸ඇৗʹେ͖͘ͳͬͯ͠·
͏ɽ༗ݶͷ৴߸ిྗରࡶԻిྗൺ (SNR: Signal-to-Noise Ratio)ʹ͓͍ͯ͸ɼ͜ͷΑ͏ͳΠϕϯτ
ͷൃੜ֬཰Ͱ͋ΔΞ΢ςʔδ֬཰Λθϩʹ͢Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷ͔࣮ࣄΒɼϒϩοΫϨΠϦʔ
ϑΣʔσΟϯά௨৴࿏ΛΑΓ؆ศʹදͨ͠ϒϩοΫফࣦ௨৴࿏ (BEC: Block Erasure Channels)[28]

Λಋೖ͢ΔɽBECͷఆٛΛҎԼʹࣔ͢ɽ

ૹ৴͞ΕͨύέοτͷશϏοτ͸֬཰ ϵB ʹ͓͍ͯશͯফࣦ͠ɼ֬཰ 1 − ϵB Ͱશ
ͯਖ਼͘͠ड৴͞ΕΔɽ

γεςϜϞσϧʹ͓͍ͯɼ2छྨͷϒϩοΫϨΠϦʔϑΣʔσΟϯάΛఆٛͨ͠Α͏ʹɼຊઅʹ
͓͍ͯ΋ 1-BECͱ T -BECͷ 2छྨΛఆٛ͢Δɽ1-BECʹ͓͍ͯ͸ɼϒϩοΫ tͰ୺຤ i͕ૹ৴
ͨ͠ύέοτ͸֬཰ ϵBʹै͍ɼ౷ܭతಠཱʹফࣦ͢Δɽͭ·Γɼεϩοτ j͝ͱʹɼফࣦ͔ফࣦ
ͳ͔͕͠༩͑ΒΕΔɽҰํɼT -BECʹ͓͍ͯ͸ɼεϩοτ tʹ͸ؔ܎ͳ͘ɼ୺຤ iͷΈʹରͯ͠ɼ
ύέοτ͸֬཰ ϵBʹै͍ɼ౷ܭతಠཱʹফࣦ͢Δɽͭ·Γɼ֤୺຤ͱج஍ؒہͷ௨৴࿏ͷڥ؀͸
ූ߸Խڠௐ௨৴ͷ࢝·Γ͔Βऴྃ·ͰҰ੾มΘΒͳ͍ɽ
ຊষʹ͓͍ͯ 1-BECͱ T -BECͷ྆௨৴࿏ʹ͓͍ͯ༏Εͨ෮߸ಛੑΛࣔ͢MD-SC-RA-CCͷ

݁߹ϕΫτϧ vΛٻΊΔɽ

4.2 ີ౓ൃల๏

ີ౓ൃల๏͸෮߸࣌ͷ֬཰఻ൖΛ௥͍͔͚Δ͜ͱʹΑΓූ߸ͷ෮߸ಛੑΛղੳ͢Δख๏Ͱ͋Δɽ
ຊઅͰ͸ɼMD-SC-RA-CCͷີ౓ൃల๏Λલઅͷϓϩτάϥϑ্Ͱղऍ͠આ໌͢Δɽ
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x(1)(j)(q)l ͸ɼεϩοτ jʹҐஔ͢Δ৘ใϊʔυ͔Β৳ͼΔ q൪໨ͷΤοδʹ͍ͭͯɼ৘ใϊʔ
υ͔ΒνΣοΫϊʔυํ޲ʹྲྀΕΔফࣦ֬཰Λද͠ɼl͸ີ౓ൃల๏ʹ͓͚Δ֬཰఻ൖͷճ਺Λද
͢ɽಉ༷ʹɼx(2)(j)(q)l ͸ɼεϩοτ jʹҐஔ͢Δ৘ใϊʔυ͔Β৳ͼΔ q൪໨ͷΤοδʹ͍ͭͯɼ
νΣοΫϊʔυ͔Β৘ใϊʔυํ޲ʹྲྀΕΔফࣦ֬཰Λද͢ɽޙࠓͷઆ໌ͷ؆୯ԽͷͨΊʹɼϓ
ϩτάϥϑશମͰͷΤοδ൪߸ k = (j − 1)Q+ qΛఆٛ͢ΔɽҎԼͰ͸ɼεϩοτ jͷ q൪໨ͷ
৘ใϊʔυͷΤοδͷফࣦ֬཰Λ x(1)(k)l ! x(1)(j)(q)l ɼx(2)(k)l ! x(2)(j)(q)l ͱද͢ɽy(1)(j)l ͸ɼε
ϩοτ jʹҐஔ͢ΔύϦςΟϊʔυ͔Β৳ͼΔΤοδʹ͍ͭͯɼύϦςΟϊʔυ͔ΒνΣοΫϊʔ
υํ޲ʹྲྀΕΔফࣦ֬཰Λද͠ɼy(2)(j)l ͸νΣοΫϊʔυ͔ΒύϦςΟϊʔυํ޲ʹྲྀΕΔফࣦ
֬཰Λද͢ɽͨͩ͠ɼxͱ yʹ͍ͭͯӈݞʹ͔͔ΔΠϯσοΫε͕ҟͳΔ͜ͱʹ஫ҙ͍ͨ͠ɽີ
౓ൃల๏Ͱ͸ɼ֬཰఻ൖ๏Λ͜͏ߦͱʹΑΓɼ͜ΕΒͷফࣦ֬཰ͷมԽΛ௥͍͔͚Δɽ
εϩοτ jͷ৘ใϊʔυʹೖྗ͞ΕΔΤοδͷ൪߸ू߹ V ′(j)ΛҎԼͷΑ͏ʹఆٛ͢Δɽ

V ′(j) = {(j − 1)Q+ 1, . . . , (j − 1)Q+Q}. (4.1)

࣍ʹɼεϩοτ jͷνΣοΫϊʔυʹೖྗ͞ΕΔΤοδͷ൪߸ू߹ C′(j)ΛҎԼͷΑ͏ʹఆٛ͢Δɽ

C′(j) = {{(j − v1)Q+Q, . . . , (j − vQ)Q+ 1} ∩ N} . (4.2)

͞Βʹɼεϩοτ jʹ͓͍ͯૹ৴͞Εͨύέοτ͕఻ൖ͢Δ௨৴࿏ͷϏοτফࣦ֬཰Λ ϵ(j)ͱ͢
Δɽͨͩ͠ɼBECʹ͓͍ͯ͸ɼεϩοτ jʹ͓͚Δ௨৴࿏ͷϏοτফࣦ֬཰͸ {0, 1}ͷ 2௨ΓͰ
͋Γɼ1ͱͳΔ֬཰͕ϒϩοΫফࣦ֬཰ ϵB ʹΑͬͯ༩͑ΒΕΔɽ
l+1ճ໨ͷ֬཰఻ൖʹ͓͚ΔνΣοΫϊʔυ͔Β৘ใϊʔυ΁ͷΤοδ͕࣋ͭফࣦ֬཰ x(2)(k)l+1

͸࣍ࣜͰ༩͑ΒΕΔɽ

x(2)(k)l+1 =

⎧
⎨

⎩1−
(
1− y(1)(j)l

)2 ∏

n∈C′(j)\k

(
1− x(1)(n)l

)
⎫
⎬

⎭ (4.3)

͜Ε͸ɼεϩοτ j ͷνΣοΫϊʔυʹ͍ͭͯɼΤοδ kΛআ͘શͯͷΤοδͷফࣦͰͳ͍֬཰
Λ৐ͨ͠ࢉ΋ͷͷิࣄ৅Λද͢ɽύϦςΟϊʔυ͔ΒνΣοΫϊʔυ΁৳ͼΔΤοδ͸ 2ຊ͋Δ
ͨΊɼ(1− y(1)(j)l )͸ 2৐͞ΕΔɽಉ༷ʹɼνΣοΫϊʔυ͔ΒύϦςΟϊʔυ΁ͷΤοδ͕࣋ͭ
ফࣦ֬཰ y(2)(j)l+1͸࣍ࣜͰ༩͑ΒΕΔɽ

y(2)(j)l+1 =

⎧
⎨

⎩1−
(
1− y(1)(j)l

) ∏

n∈C′(j)

(
1− x(1)(n)l

)
⎫
⎬

⎭ (4.4)

+ɼlʹޙ࠷ 1ճ໨ͷ֬཰఻ൖʹ͓͚Δ৘ใϊʔυ͔ΒνΣοΫϊʔυ΁ͷΤοδ͕࣋ͭফࣦ֬
཰ x(1)(k)l+1͸࣍ࣜͰ༩͑ΒΕΔɽ

x(1)(k)l+1 = ϵ(j) ·
∏

m∈V ′(j)\k

x(2)(m)
l+1 (4.5)

͜Ε͸ɼεϩοτ jͷ৘ใϊʔυʹ͍ͭͯɼΤοδ kΛআ͘શͯͷΤοδͷফࣦ֬཰Λ৐ͨ͠ࢉ
΋ͷʹɼରԠ͢Δ৘ใύέοτͷ௨৴࿏Ͱͷফࣦ֬཰Λֻ͚߹Θͨ͠΋ͷͰ͋Δɽಉ༷ʹɼύϦ
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ςΟϊʔυ͔ΒνΣοΫϊʔυ΁ͷΤοδ͕࣋ͭফࣦ֬཰ y(1)(j)l+1͸࣍ࣜͰ༩͑ΒΕΔɽ

y(1)(j)l+1 = ϵ(j) · y(2)(j)l+1 (4.6)

ύϦςΟϊʔυʹ͸ 2ຊͷΤοδͷΈ͕ೖྗ͞ΕΔͨΊɼx(1)(k)l+1ͱ͸ҟͳΔࣜʹͳΔɽ͔͠͠ɼ
ࣜͷຊ࣭ͱͯ͠͸ͲͪΒ΋ಉ͜͡ͱΛҙຯ͍ͯ͠Δɽ
ຊڀݚͰ͸ɼ্هͷࣜͰද͞ΕΔີ౓ൃల๏Λ༻͍ͯɼ݁߹ϕΫτϧ v͝ͱͷ෮߸ಛੑΛධՁ͢

Δɽͨͩ͠BECʹ͓͍ͯ͸ɼϏοτফࣦ௨৴࿏ͷΑ͏ʹফࣦ֬཰͕׬શʹ 0ʹͳΔॠؒͰ͋Δᮢ
஋ΛٻΊΔ͜ͱ͸Ͱ͖ͣɼ௨৴࿏ঢ়ଶʹ͓͍ͯ͸ඞͣ෮߸͕ఀ͢ࢭΔ৔߹͕ଘ͢ࡏΔɽͦͷͨΊɼ
֤௨৴࿏ঢ়ଶʹରͯ͠ɼMD-SC-RA-CCʹΑΔ෮߸͕ࣦഊ͢Δ֬཰Λද͢෮߸ࣦഊ֬཰ (DFP:

Decoding Failure Probability)PdΛಋೖ͠ɼ͜ΕΛ༻͍ͯɼ݁߹ϕΫτϧ v͝ͱͷධՁΛ͏ߦɽ

4.3 ෮߸ࣦഊ֬཰ͷԼք

ຊઅͰ͸ɼ݁߹ϕΫτϧ vͷ෮߸ಛੑͷධՁج४ͱͯ͠ɼ1-BECͱ T -BECʹ͓͚ΔMD-SC-

RA-CCͷ෮߸ࣦഊ֬཰ͷԼքΛಋग़͢Δɽ

4.3.1 1-BECͷ৔߹

1-BECʹ͓͍ͯલઅͷີ౓ൃల๏ͷ֬཰఻ൖ͕ඞͣఀ͢ࢭΔͱ͖ͷ௨৴࿏ঢ়ଶͷ৚݅͸ҎԼͷ
Α͏ʹͳΔɽεϩοτ jʹ͓͍ͯ৘ใύέοτ͕ফࣦͰ͋Γɼ͔ͭͦͷ৘ใύέοτΛ༻͍ͯੜ੒
͞Εͨ͢΂ͯͷύϦςΟύέοτ͕ফࣦͰ͋Δͱ͖Ͱ͋Δɽ֤εϩοτʹ͓͚Δύέοτͷফࣦ
ͷ༗ແ͸౷ܭతʹಠཱͰ͋ΔͨΊɼ্هͷΠϕϯτͷൃੜ֬཰͸ɼϵ(Q+1)

B Ͱ༩͑ΒΕΔɽ͞Βʹɼ
͜ͷΠϕϯτͷൃੜ͸͢΂ͯͷ৘ใύέοτʹ͓͍ͯ౷ܭతಠཱʹ͑ߟΒΕΔɽΑͬͯɼ1-BEC

্ʹ͓͚Δ෮߸ࣦഊ֬཰ͷԼք͸࣍ࣜͰද͞ΕΔɽ

Pd ≥ 1− (1− ϵQ+1
B )NT (4.7)

4.3.2 T -BECͷ৔߹

Ϗοτফࣦ௨৴࿏ʹ͓͚Δ௨৴࿏༰ྔ͸௨৴࿏Ͱͷফࣦ֬཰Λ ϵͱஔ͘ͱɼ1− ϵʹΑͬͯද͞
ΕΔɽT -BECʹ͓͚Δ௨৴࿏༰ྔ΋ಉ༷ʹٻΊΒΕΔɽྫ͑͹ɼ୺຤਺ N = 5ͱԾఆ͢Δͱɼ
T -BEC্Ͱ౷ܭతʹಠཱͳ௨৴࿏͸ 5ຊଘ͠ࡏɼ֤௨৴࿏ʹରͯ͠ফࣦ͔ফࣦͰͳ͍͔͸ϒϩο
Ϋফࣦ֬཰ ϵB ʹΑͬͯ༩͑ΒΕΔɽ5ຊͷ௨৴࿏த 2ຊͷ௨৴࿏͕ফࣦͨ͠ͱ͖ɼશମͰͷॠ࣌
తͳফࣦ֬཰͸ 2/5 = 0.4ͱͳΓɼT -BECʹ͓͚Δॠ࣌తͳ௨৴࿏༰ྔ͸ 1− 0.4 = 0.6ͱͳΔɽ
ࣜ (3.55)͔ΒMD-SC-RA-CCͷ࣮༻తͳූ߸Խ཰͸ 0.5ΑΓগ͠খ͍͞஋Ͱ͋ΔͨΊɼ͜ͷ௨৴
࿏ঢ়ଶͰ͸෮߸͕Մೳͱ͑ݴΔɽҰํɼ5ຊͷ௨৴࿏த 3ຊͷ௨৴࿏͕ফࣦͨ͠ͱ͖ɼશମͰͷ
ॠ࣌తͳফࣦ֬཰͸ 3/5 = 0.6ͱͳΓɼT -BECʹ͓͚Δॠ࣌తͳ௨৴࿏༰ྔ͸ 1− 0.6 = 0.4ͱͳ
Δɽ͜ͷͱ͖ɼ௨৴࿏༰ྔ͕MD-SC-RA-CCͷූ߸Խ཰ΑΓ΋খ͘͞ͳΔͨΊɼফࣦΛగਖ਼͢Δ
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ਤ 4.1: શ৘ใύέοτ਺NT = 20ɼ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧͷཁૉ਺Q = 4ɼϝ
ϞϦαΠζW = 4Ͱ͋Δ SC-RA-CCͷ ɽεϩοτݱϓϩτάϥϑදݩ1࣍ 4, 5ͷ৘ใϊʔυͱɼ
εϩοτ 5, 6ͷνΣοΫϊʔυؒʹ͓͍ͯ௕͞ 4ͷϧʔϓɼεϩοτ 12, 13, 14ͷ৘ใϊʔυͱε
ϩοτ 14, 15, 16ͷνΣοΫϊʔυؒʹ͓͍ͯ௕͞ 6ͷϧʔϓ͕ଘࡏ

͜ͱ͕Ͱ͖ͣɼ෮߸͸ࣦഊ͢ΔɽΑͬͯɼT -BECʹ͓͚Δ෮߸ࣦഊ֬཰ͷԼք͸ɼ௨৴࿏༰ྔ͕
MD-SC-RA-CCූ߸Խ཰ΑΓ΋ԼճΒͳ͍֬཰Ͱ͋Γɼ࣍ࣜʹΑͬͯ༩͑ΒΕΔɽ

Pd ≥
N∑

l=⌈(1−r)N⌉
NCl ϵ

l (1− ϵ)N−l (4.8)

⌈(1− r)N⌉͸௨৴࿏༰ྔ͕ූ߸Խ཰ΛԼճΔͱ͖ʹɼফࣦ͍ͯ͠Δ௨৴࿏ͷ࠷খຊ਺Λද͢ɽͦ
ͷࣜ͸ɼ௨৴࿏͕ه্ͯ͠ rN ຊҎ্ফࣦ͢Δ֬཰Λ 2߲෼෍ͱͯ͠ද͍ͯ͠Δɽ
͜͜Ͱɼॠ࣌తͳ௨৴࿏༰ྔ͕ූ߸Խ཰ΛԼճΒͳ͍ͱ͖ɼফࣦ͍ͯ͠Δ௨৴࿏ͷ࠷େຊ਺͸

⌊(1− r)N⌋Ͱද͞ΕΔɽ͜ͷͱ͖ͷॠ࣌తͳ௨৴࿏༰ྔΛ”Լքʹ͓͚Δ࠷େͷॠ࣌௨৴࿏༰ྔ”

ͱఆٛ͢Δɽ

4.4 ූ߸Խߏ଄ͷઃࢦܭ਑

ຊઅͰ͸ɼ෮߸ࣦഊ֬཰ʹ઴ۙ͢ΔΑ͏ͳ݁߹ϕΫτϧ vΛಋग़͢ΔͨΊͷɼූ߸ͷઃࢦܭ਑
Δɽ͢࡯ߟ͍ͯͭʹ

4.4.1 1-BECͷ৔߹

ਤ 4.1ʹ݁߹ϕΫτϧ v = (1, 2, 3, 4)ɼϕΫτϧαΠζQ = 4Ͱ͋Δ SC-RA-CCͷϓϩτάϥ
ϑදݱΛࣔ͢ɽ͜ͷϓϩτάϥϑ͸ɼ4ຊͷ੺৭ͷΤοδͰࣔ͞ΕΔ௕͞ 4ͷϧʔϓΛ࣋ͭɽ͞Β
ʹ௕͞ 4ͷϧʔϓ͸ϓϩτάϥϑͷࢸΔͱ͜ΖͰෳ਺ݟΔ͜ͱ͕Ͱ͖Δɽ͜ͷ௕͞ 4ͷϧʔϓ͕
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MD-SC-RA-CCͷ෮߸ࣦഊ֬཰ΛྼԽͤ͞Δཧ༝Λઆ໌͢ΔɽҰྫͱͯ͠ɼεϩοτ 4ͱ 5ʹ͓
͚Δ௨৴࿏͕ফࣦͨ͠ͱԾఆ͢Δɽ4.3.1Ͱઆ໌ͨ͠෮߸͕ඞͣఀ͢ࢭΔΠϕϯτͷൃੜ৚݅͸ɼ
εϩοτ 9ͷ௨৴࿏͕ফࣦ͢Δͱ͖Ͱ͋Δɽ͜ͷͱ͖ɼΠϕϯτͷൃੜ֬཰͸ ϵ3Ͱ͋ΓɼԼքΛ
ಋग़ͨ͠ͱ͖ͷ ϵQ+1 = ϵ5ΑΓ΋໌Β͔ʹେ͖͍͜ͱ͕͑ݴΔɽ
࣍ʹ 6ຊͷ੨৭ͷΤοδͰࣔ͞ΕΔ௕͞ 6ͷϧʔϓʹ஫໨͢Δɽεϩοτ 12, 13, 14ʹ͓͚Δ௨

৴࿏͕ফࣦͨ͠ͱԾఆ͢Δͱɼ෮߸͕ඞͣఀ͢ࢭΔΠϕϯτͷൃੜ৚݅͸ɼεϩοτ 18ͷ௨৴࿏
͕ফࣦ͢Δͱ͖Ͱ͋Δɽ͜ͷΠϕϯτͷൃੜ֬཰͸ ϵ4Ͱ͋Γɼ௕͞ 4ͷϧʔϓͷͱ͖ͷൃੜ֬཰
ΑΓ͸খ͍͕͞ɼԼքͷಋग़ࣜʹ͓͚Δൃੜ֬཰ΑΓ͸େ͖͍͜ͱ͕Θ͔Δɽ͕ͨͬͯ͠ɼ1-BEC

ʹ͓͚ΔMD-SC-RA-CCͷූ߸Խઃࢦܭ਑ͱͯ͠ɼ௕͞ 4ͷϧʔϓΛͰ͖Δ͚ͩগͳ͘͠ɼͦͷ
࣍ʹ௕͞ 6ͷϧʔϓΛগͳ͘͢Δඞཁ͕͋Δͱ͑ݴΔɽޙࠓ͸௕͞ 4ͱ 6ͷϧʔϓΛখϧʔϓͱ
শ͠ɼٞ࿦ΛਐΊΔɽݺ

4.4.2 T -BECͷ৔߹

T -BEC͸ɼූ߸Խڠௐ௨৴தɼ௨৴࿏ͷมಈ͕Ұ੾ͳ͍ͨΊɼ1-BECΑΓ΋͍͠ݫ௨৴࿏Ͱ
͋ΔɽμΠόʔγςΟޮՌͷ؍఺͔Βɼ৘ใύέοτͱͦΕΛූ߸Խͨ͠ύϦςΟύέοτ͸Ͱ
͖Δ͚ͩଟ͘ͷҟͳΔ௨৴࿏Λ఻ൖ͢Δඞཁ͕͋Δɽਤ 3.15ʹࣔͨ͠MD-SC-RA-CCͷ ݩ2࣍
ϓϩτάϥϑͰ͸ɼ୺຤൪߸ 1ʹରԠ͢Δεϩοτ 1ͷ৘ใϊʔυͷΤοδ͕ɼ୺຤൪߸ 2, 3, 4, 5

ʹରԠ͢ΔνΣοΫϊʔυͱ݁߹͍ͯ͠Δ͜ͱ͕Θ͔Δɽͭ·Γɼ͜Ε͸εϩοτ 1Ͱૹ৴͞Ε
ͨ৘ใύέοτͱͦΕΛූ߸Խͨ͠ύϦςΟύέοτ͕͓͍ޓʹ౷ܭతʹಠཱͳ௨৴࿏Λ఻ൖ͠
͍ͯΔ͜ͱΛҙຯ͢Δɽୈ 3ষʹ͓͍ͯ͸ɼ͜ͷΑ͏ͳঢ়ଶΛϑϧΤοδ݁߹ͱఆٛ͠ɼ͜ΕΛ
਺ֶతʹද͢ͱ࣍ࣜͰද͞ΕΔɽ

(v(k)m modN) ̸=(v(k)n modN), (v(k)m modN) > 0, ∀m,n∈ [1, q], m ̸=n, N >q (4.9)

4.5 BECʹ͓͚Δ਺஋ྫ

ͷه্ 2ͭͷઃࢦܭ਑ͷҙٛΛ໌Β͔ʹ͢ΔͨΊʹɼBEC্ͰͷMD-SC-RA-CCͷ਺஋݁Ռ
Λࣔ͢ɽ͜͜Ͱ͸MD-SC-RA-CCͷύϥϝʔλ৚݅ͱͯ͠ɼ୺຤਺N = 5ɼϒϩοΫ਺ T = 20ɼ
݁߹ϕΫτϧαΠζQ = 4Ͱ͋Γɼॴ๬ͷූ߸Խ཰ͷ࠷খ஋Λ rmin = 0.48ͱͨ͠ͱ͖ɼr > 0.48

Λຬͨ͢৔߹Λ͑ߟΔɽ
͜ͷ৚݅ͷ΋ͱɼ1ͭ໨ͷઃࢦܭ਑Ͱ͋ΔɼͰ͖ΔݶΓখϧʔϓ͕গͳ͍ϓϩτάϥϑΛߏ੒

͢Δ݁߹ϕΫτϧΛٻΊΔɽจݙ [29]ͷখϧʔϓݮ࡟ΞϧΰϦζϜΛ༻͍ͯɼ࠷΋খϧʔϓ͕গ
ͳ͍݁߹ϕΫτϧΛಋग़͠ɼͦΕ͸ v = (1, 3, 4, 9)ͱͳΔɽ࣍ʹɼ2ͭ໨ͷઃࢦܭ਑Ͱ͋Δϑϧ
Τοδ৚݅Λຬͨ͠ɼ͔ͭͦͷதͰ࠷΋খϧʔϓ͕গͳ͍ϓϩτάϥϑΛߏ੒͢Δ݁߹ϕΫτϧ
ΛٻΊͨɽͦͷ݁ՌɼͦΕ͸ v = (2, 6, 8, 9)Ͱ͋Δͱ໌Β͔ʹͳͬͨɽv = (1, 3, 4, 9)͸ 1-BEC

΋༏Εͨ෮߸ಛੑΛࣔ͠ɼv࠷͍͓ͯʹ = (2, 6, 8, 9)͸ T -BECʹ͓͍ͯ࠷΋༏Εͨ෮߸ಛੑΛࣔ
͠ɼ͔ͭ 1-BECʹ͓͍ͯ΋༏Εͨ෮߸ಛੑΛࣔ͢͜ͱ͕༧૝Ͱ͖Δɽ

39



ୈ 4 ষ ූ߸Խڠௐ௨৴ͷූ߸Խઃܭ

!"! !"# !"$ !"%

!
"#

#!&'

#!&%

#!&$

#!&#

#!!

()*+,*-.)*/012(&34&((
5,,-.*61-7)189.-,9./
:;1-<,10,/=-1=<)9-10))>=

ਤ 4.2: 1-BECʹ͓͚Δ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼ(1, 2, 3, 4)ɼ(1, 3, 4, 9)ͷMD-SC-RA-CC

ͷDFPಛੑʢN = 5ɼT = 20ɼQ = 4ʣ

4.5.1 1-BECͷ৔߹

ਤ 4.2ʹ݁߹ϕΫτϧ (1, 2, 3, 4), (1, 3, 4, 9), (2, 6, 8, 9)ʹΑͬͯ༩͑ΒΕΔMD-SC-RA-CCͷ
1-BEC্ʹ͓͚ΔDFPಛੑΛࣔ͢ɽԣ࣠͸ϒϩοΫফࣦ֬཰ ϵB Λද͠ɼࠇͷ࣮ઢ͸ 1-BECʹ
͓͚ΔDFPಛੑͷԼքΛࣔ͢ɽਤ 4.2͔Β෼͔ΔΑ͏ʹɼখϧʔϓ͕࠷΋গͳ͍ϓϩτάϥϑΛ
੒͢Δߏ v = (1, 3, 4, 9)͕DFPͷԼքʹ઴ۙ͠ɼ࠷΋༏ΕͨಛੑΛࣔ͢͜ͱ͕Θ͔Δɽ͜ͷ݁Ռ
͸ɼ1-BECʹ͓͚Δઃࢦܭ਑ 1ͷॏཁੑΛ໌֬ʹ͍ࣔͯ͠Δͱ͑ݴΔɽv = (2, 6, 8, 9)ͷDFPಛ
ੑ͸ɼྫ͑͹ ϵB = 0.1ͷͱ͖ v = (1, 3, 4, 9)ͷDFPಛੑΑΓ΋໿ 0.001ྼ͍ͬͯΔ͕ɼখϧʔϓ
ͷ਺Λൺֱతগͳ͍ͯ͘͠ΔͨΊɼDFPͷԼքʹ઴͍ۙͯ͠Δ͜ͱ͕Θ͔ΔɽҰํɼSC-RA-CC

Λද͢ v = (1, 2, 3, 4)͸ DFPͷԼք͔Βৗʹ 0.1Ҏ্཭Ε͓ͯΓɼ໌Β͔ʹ DFPಛੑ͕ѱ͍͜
ͱ͕෼͔Δɽ͜Ε͸ɼSC-RA-CCͷϓϩτάϥϑ্ʹɼଟ਺ͷখϧʔϓ͕ଘ͍ͯ͠ࡏΔ͜ͱ͕ݪ
ҼͰ͋Δͱ͑ߟΒΕΔɽBECʹ͓͍ͯ͸Ͱ͖ΔݶΓϓϩτάϥϑ্ͷখϧʔϓΛআ͢ڈΔ͜ͱ͕
ॏཁͰ͋Δͱ͑ݴΔɽ
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ද 4.1: T -BECʹ͓͚Δ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼ(1, 2, 3, 4)ɼ(1, 3, 4, 9)MD-SC-RA-CCͷ
DFPಛੑʢN = 5ɼT = 20ɼQ = 4ʣ

v (1, 2, 3, 4) (1, 3, 4, 9) (2, 6, 8, 9) Լք

Coding rate 0.493 0.480 0.483

DFP 4.50 × 10−2 8.56 × 10−3 8.56 × 10−3 8.56 × 10−3

E0 0 0 0 0

E1 0 0 0 0

E2 5 0 0 0

E3 10 10 10 10

E4 5 5 5 5

E5 1 1 1 1

4.5.2 T -BECͷ৔߹

T -BECʹ͓͚ΔධՁΛΑΓ߹ཧతʹͨ͏ߦΊɼຊઅͰ͸·ͣ৽͍͠ධՁํ๏ʹ͍ͭͯఆٛ͢
Δɽ·ͣ୺຤਺͸N Ͱ͋Γɼ୺຤͝ͱͷ֤௨৴࿏͸”ফࣦ”ͱ”ফࣦͳ͠”ͷ 2௨Γͷঢ়ଶΛऔΔͷ
ͰɼT -BECʹ͓͍ͯऔΓಘΔશͯͷ௨৴࿏ঢ়ଶ਺͸ 2N ʹΑͬͯ༩͑ΒΕΔɽ֤௨৴࿏ঢ়ଶ͸ɼ
N ͷ௨৴࿏ͷ͏ͪݸ lݸͷ௨৴࿏͕ফࣦ͓ͯ͠ΓɼN − lݸͷ௨৴࿏͕ফࣦͰͳ͍৔߹͕͑ߟΒ
ΕΔɽͨͩ͠ɼl = 0, 1, . . . , Nɽlݸͷ௨৴࿏͕ফࣦͰ͋ΓɼN − lݸͷ௨৴࿏͕ফࣦͰͳ͍৔߹
ʹ͓͍ͯ௨৴࿏ঢ়ଶͷऔΓಘΔશͯͷ਺͸ NClͰ͋Δɽ͜ͷ਺ʹରͯ͠ɼlݸͷ௨৴࿏͕ফࣦͰ
͋Γɼ͔ͭMD-SC-RA-CCͷ෮߸͕ࣦഊ͢Δͱ͖ͷ௨৴࿏ঢ়ଶ਺ΛElͱఆٛ͢Δɽ͕ͨͬͯ͠ɼ
෮߸͕ఀ͢ࢭΔ৔߹ͷશͯͷ௨৴࿏ঢ়ଶ਺Eall͸࣍ࣜͰ༩͑ΒΕΔɽ

Eall =
N∑

l=0

El (4.10)

ϒϩοΫফࣦ֬཰͸ ϵB Ͱ͋ΔͷͰɼN ͷ௨৴࿏ͷ͏ͪݸ lݸͷ௨৴࿏͕ফࣦͨ͠ͱ͖ͷDFP

͸ ϵlB(1− ϵB)lͰද͞ΕΔɽ͕ͨͬͯ͠ɼT -BECʹ͓͚Δશ௨৴࿏ঢ়ଶͷDFP͸࣍ࣜͰද͞ΕΔɽ

PD(v, ϵB) =
N∑

l=0

El ϵ
l
B(1− ϵB)

l (4.11)

͜͜ͰɼEl͸݁߹ϕΫτϧ vʹΑͬͯҰҙʹܾఆ͞Εɼ͜Ε͸ϒϩοΫফࣦ֬཰͸ ϵB ʹґଘ͠
ͳ͍ɽ݁߹ϕΫτϧ vʹΑΔ DFPಛੑͷࠩҟ͸ɼEl ʹΑͬͯͷΈܾఆ͞ΕɼϵB ʹґଘ͠ͳ͍ɽ
Ҏ্͔Βɼ༏Εͨ݁߹ϕΫτϧ vͷ୳ࡧΛ͏ߦͱ͖ɼ೚ҙͷϒϩοΫফࣦ֬཰ ϵB ∈ [0, 1]ʹ͓͍
ͯɼDFPಛੑͷධՁ͕ՄೳͰ͋Δͱ͑ݴΔɽ
ຊઅͰ͸ɼT -BECʹ͓͍ͯີ౓ൃల๏Λ͍ߦɼElΛٻΊɼ݁߹ϕΫτϧ vͷධՁΛ͏ߦɽද

4.1ʹ T -BEC্ʹ͓͍ͯ݁߹ϕΫτϧ (1, 2, 3, 4), (1, 3, 4, 9), (2, 6, 8, 9)ʹΑͬͯ༩͑ΒΕΔMD-

SC-RA-CCͷDFPಛੑΛࣔ͢ɽͨͩ͠ɼϒϩοΫফࣦ֬཰͸ ϵB = 0.10Ͱ͋ΓɼDFPಛੑͷԼ
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ද 4.2: T -BECʹ͓͚Δ݁߹ϕΫτϧ v = (1, 3, 6, 10, 11), (1, 4, 8, 9, 11)MD-SC-RA-CCͷ DFP

ಛੑʢN = 6ɼT = 15ɼQ = 5ʣ

v (1, 3, 6, 10, 11) (1, 4, 8, 9, 11) Լք

Coding rate 0.480 0.480

DFP 5.64 × 10−3 1.27 × 10−3 1.27 × 10−3

E0 0 0 0

E1 0 0 0

E2 0 0 0

E3 6 0 0

E4 15 15 15

E5 6 6 6

E6 1 1 1

ք΋ಉ࣌ʹࣔ͢ɽද 4.1͔Βɼv = (1, 2, 3, 4)͸ϑϧΤοδ݁߹͍ͯ͠Δʹ΋ؔΘΒͣ E2 = 5ͱ
ͳ͓ͬͯΓɼDFPಛੑ͕Լք͔Βဃ཭͍ͯ͠Δ͜ͱ͕Θ͔ΔɽҰํ v = (1, 3, 4, 9)ͱ (2, 6, 8, 9)

ͷ DFPಛੑ͸ɼԼքͷ DFPಛੑͱ׬શʹҰக͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͜ͷཧ༝͸ɼ4.3.2અͰ
ࣔͨ͠Լքʹ͓͚Δ࠷େͷॠ࣌௨৴࿏༰ྔͱɼMD-SC-RA-CCͷූ߸Խ཰ͱͷ͕ࠩେ͖͍͜ͱʹ
͋ΔɽҰྫͱͯ͠ɼ୺຤਺N = 5ɼූ߸Խ཰ r = 0.480ΛԾఆ͢ΔͱɼԼքʹ͓͚Δ࠷େͷॠ࣌
௨৴࿏༰ྔ͸ 0.60ͱͳΓɼ͜Ε͸ ͷ௨৴࿏தݸ5 ͷ௨৴࿏͕ফࣦͨ͠৔߹ʹରԠ͢ΔɽΑͬݸ2
ͯɼූ߸Խ཰ͱͷࠩ͸ 0.60− 0.48 = 0.12ͱͳΓɼ͜Ε͸ 2ͭ໨ͷઃࢦܭ਑ͳ͠ʹ෮߸Λ੒ޭͤ͞
ΔͨΊʹ͸ɼे෼ͳࠩͰ͋Δͱ͑ߟΒΕΔɽ
ͦ͜ͰɼԼքʹ͓͚Δ࠷େͷॠ࣌௨৴࿏༰ྔͱɼMD-SC-RA-CCͷූ߸Խ཰ͱͷ͕ࠩখ͍͞৔

߹ΛԾఆ͠ɼMD-SC-RA-CCͷධՁΛ͏ߦɽ͜͜Ͱ͸MD-SC-RA-CCͷύϥϝʔλ৚݅ͱͯ͠ɼ
୺຤਺N = 6ɼϒϩοΫ਺ T = 15ɼ݁߹ϕΫτϧαΠζQ = 5Ͱ͋Γɼॴ๬ͷූ߸Խ཰ͷ࠷খ஋
rmin = 0.48Λຬͨ͢৔߹Λ͑ߟΔɽ͜ͷͱ͖ɼԼքʹ͓͚Δ࠷େͷॠ࣌௨৴࿏༰ྔ͸ 0.50ͱͳΓɼ
͜Ε͸ ͷ௨৴࿏தݸ6 ͷ௨৴࿏͕ফࣦͨ͠৔߹ʹରԠ͢Δɽ͜ݸ3 ͷ৚݅ͷ΋ͱɼ1ͭ໨ͷઃࢦܭ਑
Ͱ͋ΔɼͰ͖ΔݶΓখϧʔϓ͕গͳ͍ϓϩτάϥϑΛߏ੒͢Δ݁߹ϕΫτϧ͸ɼv = (1, 3, 6, 10, 11)

Ͱ͋Δɽ࣍ʹɼ2ͭ໨ͷઃࢦܭ਑Ͱ͋ΔϑϧΤοδ৚݅Λຬͨ͠ɼ͔ͭͦͷதͰ࠷΋খϧʔϓ͕
গͳ͍ϓϩτάϥϑΛߏ੒͢Δ݁߹ϕΫτϧ͸ɼv = (1, 4, 8, 9, 11)Ͱ͋Δɽද 4.2ʹ T -BEC্
ʹ͓͍ͯ݁߹ϕΫτϧ (1, 3, 6, 10, 11), (1, 4, 8, 9, 11)ʹΑͬͯ༩͑ΒΕΔMD-SC-RA-CCͷDFP

ಛੑΛࣔ͢ɽͨͩ͠ɼϒϩοΫফࣦ֬཰͸ ϵB = 0.10Ͱ͋ΓɼDFPಛੑͷԼք΋ಉ࣌ʹࣔ͢ɽ
ද 4.2͔Βɼ2ͭ໨ͷઃࢦܭ਑Λຬ଍͍ͯ͠Δ v = (1, 4, 8, 9, 11)ͷํ͕ɼE3 = 0ͱͳΓԼքʹ

Ұக͠ɼDFPಛੑʹ͓͍ͯ༏Ε͍ͯΔ͜ͱ͕Θ͔Δɽ͜ͷ݁Ռ͔Βɼ2ͭ໨ͷઃࢦܭ਑Ͱ͋Δϑ
ϧΤοδ݁߹͕ T -BECʹ͓͍ͯDFPಛੑΛ্ͤ͞޲Δ͜ͱ͕໌Β͔ʹͳͬͨɽ
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ද 4.3: ύϯΫνϡΞϦϯάύλʔϯ͝ͱͷϏοτফࣦ௨৴࿏ʹ͓͚Δ BPᮢ஋

ύϯΫνϟυMD-SC-RA-CC SC-RA-CC

(1) (2) (3)

ූ߸Խ཰ 0.4926

BPᮢ஋ 0.4768 0.4748 0.4694 0.4867

4.6 ύϯΫνϟυMD-SC-RA-CC

ࣜ (3.55)ΑΓɼMD-SC-RA-CC͸ SC-RA-CCΑΓ΋ූ߸Խ཰͕খ͘͞ͳΔɽMD-SC-RA-CC

ͱ SC-RA-CCͷ෮߸ಛੑΛൺֱ͢Δͱ͖ɼͦͷූ߸Խ཰Λ౳ͯ͘͠͠ධՁΛ͏ߦඞཁ͕͋Δɽͦ
ͷͨΊɼຊઅʹ͓͍ͯ͸MD-SC-RA-CCͷύϦςΟύέοτΛύϯΫνϡΞϦϯάͨ͠ύϯΫ
νϟυMD-SC-RA-CCʹ͍ͭͯٞ࿦͢Δɽ

4.6.1 ύϯΫνϡΞϦϯάύλʔϯ

MD-SC-RA-CCͷύϦςΟύέοτΛύϯΫνϡϦϯά͢Δͱ͖ʹ͓͍ͯɼϓϩτάϥϑͷͲ
͜ͷ෦෼ΛύϯΫνϡΞ͢Δ͔ͷ͸ඇৗʹॏཁͳςʔϚͰ͋Δɽ͜ΕΛ໌Β͔ʹ͢ΔͨΊʹɼε
ϩοτʹରͯ͠ύϯΫνϡΞϦϯάΛ͏ߦҎԼͷ 3ύλʔϯΛ͑ߟΔɽ

1. {v1, . . . , N + vQ}; ϓϩτάϥϑશମ

2. {W − v1, . . . , N − (W + vQ)}; ྆୺Λআ͘தଆͷϓϩτάϥϑ

3. {v1, . . . ,W − v1, N − (W + vQ), . . . , N + vQ}; தଆΛআ͘ਅΜதͷϓϩτάϥϑ

ͨͩ͠ɼύϯΫνϡΞϦϯά͸্هͷൣғͷϏοτʹରͯ͠ۉ౳ʹߦΘΕΔͱ͢Δɽ
ফࣦ֬཰ ϵͰ͋ΔϏοτফࣦ௨৴࿏ΛԾఆ͠ɼ3ͭͷύλʔϯʹ͍ͭͯ 4.2અͷີ౓ൃల๏Λ༻

͍ͯղੳ͢Δ͜ͱʹΑͬͯɼ༏Εͨ෮߸ಛੑΛࣔ͢ύϯΫνϡΞϦϯάύλʔϯΛٻΊΔɽ୺຤
਺N = 5ɼϒϩοΫ਺ T = 20ɼ݁߹ϕΫτϧαΠζQ = 4ɼ݁߹ϕΫτϧ v = (2, 6, 8, 9)ΛԾఆ
͢ΔɽධՁࢦඪ͸ ҎԼͷࣜΛຬͨ͢ BPᮢ஋ ϵthΛ༻͍Δɽ

ϵth ! sup

{
ϵ > 0 | lim

l→∞
x(2)(

∀k)
l = 0

}
(4.12)

ද 4.3ʹີ౓ൃల๏ʹΑͬͯٻΊͨ BPᮢ஋Λࣔ͢ɽද͔Β SC-RA-CCͷ BPᮢ஋͕࠷΋͍ߴ
͜ͱ͕Θ͔ΔɽϏοτফࣦ௨৴࿏ͷΑ͏ʹϒϩοΫ͝ͱʹফࣦ͕ൃੜ͠ͳ͍௨৴࿏ʹ͓͍ͯ͸ɼ
SC-RA-CC͕ූ߸ߏ଄ͱͯ͠࠷΋҆ఆ͍ͯ͠Δ͜ͱ͕͑ݴΔɽશͯͷύϯΫνϡΞύλʔϯͷத
Ͱ͸ɼ(1)͕࠷΋༏ΕͨBPᮢ஋Λࣔ͢͜ͱ͕Θ͔Δɽ͔͜͜ΒɼύϯΫνϡΞϦϯάύλʔϯ͸
શͯͷύϦςΟύέοτΛۉ౳ʹύϯΫνϡΞ͢Δඞཁ͕͋Δͱ෼͔Δɽ͜Ε͸ɼϏοτফࣦ௨
৴࿏ʹ͓͍ͯ௨৴࿏༰ྔʹ઴ۙ͢Δ LDPCූ߸ͷಛ௃͔Β໌Β͔ͳ݁ՌͰ͋Δ [27]ɽ
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パンクチュア

MD-SC-RA-CC

ਤ 4.3: 1-BECʹ͓͚Δ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼ(1, 2, 3, 4)ɼ(1, 3, 4, 9)ͷύϯΫνϟυMD-

SC-RA-CCͷDFPಛੑ

4.6.2 1-BECͷ৔߹

ਤ 4.3ʹύϯΫνϟυMD-SC-RA-CCͷ 1-BEC্ʹ͓͚ΔDFPಛੑΛࣔ͢ɽ݁߹ϕΫτϧ͸
(1, 2, 3, 4), (1, 3, 4, 9), (2, 6, 8, 9)Λ༻͍ɼύϥϝʔλ͸୺຤਺N = 5ɼϒϩοΫ਺T = 20ɼϕΫτϧ
αΠζQ = 4ͱ͠ɼશͯͷූ߸Խ཰͸ r = 0.493Ͱ͋Δɽਤ 4.3͔ΒύϯΫνϟυMD-SC-RA-CC

ͷDFPಛੑ͸Լք͔Βɼ໿ 0.07෼͚ͩࠨʹγϑτ͢Δ͜ͱ͕Θ͔Δɽಉ༷ʹɼಉ͡஋͚ͩύϯ
ΫνϡΞ͞Ε͍ͯͳ͍MD-SC-RA-CCͷDFPಛੑ͔Β΋ྼԽ͍ͯ͠Δɽ͔͠͠ɼSC-RA-CCͷ
DFPಛੑͱൺֱ͢Δͱɼಉ͡ූ߸Խ཰ʹؔΘΒͣɼ໿ 0.2෼͚ͩӈʹҐஔ͓ͯ͠ΓɼύϯΫνϟ
υMD-SC-RA-CCͷํ͕DFPಛੑʹ͓͍ͯ༏Ε͍ͯΔ͜ͱ͕Θ͔Δɽ͜Ε͸ɼύϯΫνϡΞʹ
ΑΔӨڹΑΓ΋খϧʔϓʹΑΔDFPಛੑͷྼԽͷํ͕େ͖͍͜ͱΛҙຯ͍ͯ͠Δɽ

4.6.3 T -BECͷ৔߹

ද 4.4ͱද 4.5ʹɼ݁߹ϕΫτϧ (1, 2, 3, 4), (1, 3, 4, 9), (2, 6, 8, 9), (1, 2, 3, 4, 5), (1, 3, 6, 10, 11),

(1, 4, 8, 9, 11)ʹΑͬͯ༩͑ΒΕΔύϯΫνϟυMD-SC-RA-CCͷDFPಛੑΛࣔ͢ɽ୺຤਺N = 5
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ද 4.4: T -BECʹ͓͚Δ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼ(1, 2, 3, 4)ɼ(1, 3, 4, 9)ύϯΫνϟυMD-

SC-RA-CCͷDFPಛੑʢN = 5ɼT = 20ɼQ = 4ʣ

ɹɹɹɹɹɹɹɹɹɹ SC-RA-CC ύϯΫνϟυMD-SC-RA-CC Լք
v (1, 2, 3, 4) (1, 3, 4, 9) (2, 6, 8, 9)

Coding rate 0.493 0.493 0.493

DFP 4.50 × 10−2 8.56 × 10−3 8.56 × 10−3 8.56 × 10−3

E0 0 0 0 0

E1 0 0 0 0

E2 5 0 0 0

E3 10 10 10 10

E4 5 5 5 5

E5 1 1 1 1

ͷͱ͖͸ r = 0.493ɼN = 6ͷͱ͖͸ r = 0.489ͱ͠ɼϒϩοΫফࣦ֬཰͸ ϵB = 0.10ɼDFPಛੑ
ͷԼք΋ಉ࣌ʹࣔ͢ɽ
ද 4.4ͷ݁Ռ͸ද 4.1ͷ݁ՌͱҰ੾มΘ͍ͬͯͳ͍ͱ͑ݴΔɽ͜Ε͸ɼԼքʹ͓͚Δ࠷େͷॠ

࣌௨৴࿏༰ྔͱɼMD-SC-RA-CCͷූ߸Խ཰ͱͷ͕ࠩେ͖͍ͨΊɼύϯΫνϡΞϦϯάʹΑΔ
MD-SC-RA-CCͷූ߸Խ૿Ճ͕ DFPಛੑʹӨڹΛ༩͍͑ͯͳ͍ͱ͑ݴΔɽ͔͜͜Βɼ্هͷ
Ϊϟοϓ͕େ͖͍৔߹ʹ͓͍ͯ͸ɼύϯΫνϟυMD-SC-RA-CC͸ SC-RA-CCΑΓ΋༏Εͨํ
ࣜͰ͋Δͱ͑ݴΔɽ
ද 4.5ʹԼքʹ͓͚Δ࠷େͷॠ࣌௨৴࿏༰ྔͱɼMD-SC-RA-CCͷූ߸Խ཰ͱͷ͕ࠩখ͍͞৔

߹ͷ਺஋݁ՌΛࣔ͢ɽද 4.2ͱൺֱ͢Δͱɼ(1, 3, 6, 10, 11), (1, 4, 8, 9, 11)ͷDFPಛੑ͕Լք͔Β཭
Ε͍ͯΔ͜ͱ͕Θ͔Δɽ۩ମతʹ͸ɼE3 = 20͕௥Ճ͞Ε͓ͯΓɼ6ݸͷ͏ͪɼ3ݸͷ௨৴࿏͕ফࣦ
͢Δશͯͷঢ়ଶʹ͓͍ͯ෮߸͕ఀ͢ࢭΔͱ͑ݴΔɽ͞Βʹɼ(1, 3, 6, 10, 11), (1, 4, 8, 9, 11)ͷDFP

ಛੑ͸౳͘͠ͳ͓ͬͯΓɼύϯΫνϡΞϦϯά͢Δ͜ͱʹΑΓɼϑϧΤοδ݁߹ͷޮՌ͕ݱΕͳ͘
ͳ͍ͬͯΔ͜ͱ͕Θ͔Δɽ͜Ε͸ɼԼքʹ͓͚Δ࠷େͷॠ࣌௨৴࿏༰ྔͱɼMD-SC-RA-CCͷූ
߸Խ཰ͱͷ͕ࠩখ͘͞ɼύϯΫνϡΞϦϯάʹΑΔූ߸Խ཰૿ՃʹΑΔӨݦ͕ڹஶʹݱΕͨͨΊͰ
͋Δɽ͔͠͠ɼ౳͍͠ූ߸Խ཰Ͱ͋Δ SC-RA-CCͱൺֱͨ͠ͱ͖ɼύϯΫνϟυMD-SC-RA-CC

͸E2 = 0Ͱ͋ΔͨΊɼDFPಛੑͱͯ͠͸༏Ε͍ͯΔͱ͑ݴΔɽ
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ද 4.5: T -BECʹ͓͚Δ݁߹ϕΫτϧ v = (1, 2, 3, 4, 5), (1, 3, 6, 10, 11), (1, 4, 8, 9, 11)ύϯΫνϟ
υMD-SC-RA-CCͷDFPಛੑʢN = 6ɼT = 15ɼQ = 5ʣ

ɹɹɹɹɹɹɹ SC-RA-CC ύϯΫνϟυMD-SC-RA-CC Լք
v (1, 2, 3, 4, 5) (1, 3, 6, 10, 11) (1, 4, 8, 9, 11)

Coding rate 0.489 0.489 0.489

DFP 5.38 × 10−2 1.59 × 10−2 1.59 × 10−2 1.27 × 10−3

E0 0 0 0 0

E1 0 0 0 0

E2 4 0 0 0

E3 20 20 20 0

E4 15 15 15 15

E5 6 6 6 6

E6 1 1 1 1

46



ୈ5ষ ਺஋݁Ռ

ຊষͰ͸ɼ2ͭͷઃࢦܭ਑Λຬͨ݁͢߹ϕΫτϧʹ͍ͭͯ 1-ϒϩοΫͱ T -ϒϩοΫϨΠϦʔ
ϑΣʔσΟϯά௨৴࿏্ͰͷޡΓ཰ಛੑΛػࢉܭγϛϡϨʔγϣϯʹΑͬͯٻΊΔɽධՁࢦඪͱ
ͯ͠͸ɼ৘ใύέοτͷ͏ͪ 1ϏοτͰ΋͍ͯͬޡΔͱ͖ʹޡΓͱ͢ΔɼύέοτޡΓ཰ (PER:

Packet Error Rate)Λ༻͍ΔɽγϛϡϨʔγϣϯύϥϝʔλ͸ද ΔɽS-ϥϯμϜΠϯ͢ࡌهʹ5.1
λʔϦʔόͷSύϥϝʔλ͸ 7ͱ͢Δɽ֬཰఻ൖ๏ͱͯ͠͸ɼSum-Puroduct෮߸๏Λ༻͍ɼ࠷େ
Γฦ͠ճ਺Λ܁ 120ճͱͨ͠ɽຊγϛϡϨʔγϣϯͰ༻͍Δ݁߹ϕΫτϧ͸ɼͰ͖ΔݶΓখϧʔϓ
͕গͳ͍ϓϩτάϥϑΛߏ੒͢Δ݁߹ϕΫτϧ v = (1, 3, 4, 9)ͱɼϑϧΤοδ৚݅Λຬͨ͠ɼ͔ͭ
ͦͷதͰ࠷΋খϧʔϓ͕গͳ͍ϓϩτάϥϑΛߏ੒͢Δ݁߹ϕΫτϧ v = (2, 6, 8, 9)ɼͦͯ͠ɼै
དྷํࣜͷ SC-RA-CCΛߏ੒͢Δ݁߹ϕΫτϧ v = (1, 2, 3, 4)Ͱ͋Δɽ্ه 2ͭͷMD-SC-RA-CC

͸ύϯΫνϡΞ͞Εɼ3ͭͷํࣜͷූ߸Խ཰͸ r = 0.493ʹ౷Ұ͞Ε͍ͯΔɽ
ਤ 5.1ʹɼ1-ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͚ΔύϯΫνϟυMD-SC-RA-CCͱ

SC-RA-CCͷ PERಛੑΛࣔ͢ɽԣ࣠͸ Eb/N0 Ͱ͋ΓɼEb ͸৘ใ 1Ϗοτ͋ͨΓͷड৴৴߸Τ
ωϧΪʔΛද͢ɽਤ͔ΒɼύϯΫνϟυMD-SC-RA-CCͷํ͕ SC-RA-CCΑΓ΋ PER = 10−4

ʹ͓͍ͯɼ໿ 1.5dB༏Ε͍ͯΔ͜ͱ͕Θ͔Δɽ͜Ε͸ਤ 4.3ͷ݁ՌͱରԠ͍ͯ͠Δ͜ͱ͕Θ͔Γɼ
MD-SC-RA-CCΛઃ͢ܭΔ৔߹ɼϓϩτάϥϑ಺ͷখϧʔϓΛগͳ͘͢Δ͜ͱͷॏཁੑ͕ 1-ϒ
ϩοΫϨΠϦʔϑΣʔσΟϯά্ʹ͓͍ͯ΋ࣔ͞Εͨɽ
ਤ 5.2ʹɼT -ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͚ΔύϯΫνϟυMD-SC-RA-CCͱ

SC-RA-CCͷPERಛੑΛࣔ͢ɽਤ͔ΒɼEb/N0 = [10, 16]ʹ͓͍ͯɼಉ͡ූ߸Խ཰ͷ 3ͭͷํࣜ
͕΄΅ಉ͡ PERಛੑΛࣔ͢͜ͱ͕Θ͔Δɽ͔͠͠ɼߴ SNRྖҬͰ͋ΔEb/N0 = [17, 20]ʹ͓͍
ͯ͸ɼϑϧΤοδ৚݅Λຬͨ͠ɼ͔ͭͦͷதͰ࠷΋খϧʔϓ͕গͳ͍ϓϩτάϥϑΛߏ੒͢Δ݁
߹ϕΫτϧ v = (2, 6, 8, 9)͕ SC-RA-CCͷ v = (1, 2, 3, 4)ΑΓ΋ɼ໿ 0.5dB༏Ε͍ͯΔ͜ͱ͕Θ
͔Δɽ͜Ε͸ਤ??ͷ݁ՌͱରԠ͓ͯ͠ΓɼMD-SC-RA-CCΛઃ͢ܭΔ৔߹ɼϑϧΤοδ৚݅Λຬ
͔ͨͭ͠ϓϩτάϥϑ಺ͷখϧʔϓΛͰ͖ΔݶΓগͳ͘͢Δ͜ͱͷॏཁੑ͕ T -ϒϩοΫϨΠϦʔ
ϑΣʔσΟϯά্ʹ͓͍ͯࣔ͞Εͨɽ
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ද 5.1: γϛϡϨʔγϣϯύϥϝʔλ

ύϯΫνϟυMD-SC-RA-CC SC-RA-CC

݁߹ϕΫτϧ v (1, 3, 4, 9) (2, 6, 8, 9) (1, 2, 3, 4)

ූ߸Խ཰ r 0.493

୺຤਺ N 5

ϒϩοΫ਺ T 20

ϕΫτϧαΠζ Q 4

ύέοταΠζ [bits] M 100

!"#$%
& ' ( )% )) )* )+

,!
-

)%./

)%.0

)%.+

)%.*

123)45*45+4506
123)45+45045(6
123*45745'45(6

ਤ 5.1: 1-ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͚Δ݁߹ϕΫτϧv = (1, 3, 4, 9)ɼ(2, 6, 8, 9)ɼ
(1, 2, 3, 4)Ͱ͋ΔύϯΫνϟυMD-SC-RA-CCͱ SC-RA-CCͷ PERಛੑ
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!"#$%&'()
*% *+ *, *- *. +%

/!
0

*%1-

*%12

*%1,

*%13

*%1+

456*78+78378,9
456*78378,78:9
456+78-78.78:9

ਤ 5.2: T -ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͚Δ݁߹ϕΫτϧv = (1, 3, 4, 9)ɼ(2, 6, 8, 9)ɼ
(1, 2, 3, 4)Ͱ͋ΔύϯΫνϟυMD-SC-RA-CCͱ SC-RA-CCͷ PERಛੑ
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ຊڀݚʹ͓͍ͯɼ༏Εͨ෮߸ಛੑΛࣔ͢MD-SC-RA-CCͷූ߸Խߏ଄Λܾఆ͢Δ݁߹ϕΫτϧ
ͷಋग़ํ๏ΛఏҊͨ͠ɽ؆қԽͨ͠௨৴࿏ϞσϧͰ͋Δ 1-BECͱ T -BECʹ͖ͮجɼ2ͭͷઃܭ
਑Λಋग़ͨ͠ɽ1ͭ໨͸ϓϩτάϥϑ্ͷখϧʔϓΛͰ͖Δ͚ͩগͳ͘͢Δ͜ͱͰ͋Γɼ2ͭ໨ࢦ
͸৘ใύέοτͱͦΕΛූ߸Խͨ͠ύϦςΟύέοτ͕͓͍ޓʹ౷ܭతʹಠཱͳ௨৴࿏Λ఻ൖ͠
͍ͯΔঢ়ଶͰ͋ΔϑϧΤοδ݁߹৚݅Ͱ͋ΔɽBEC্ʹ͓͚Δ਺஋݁Ռ͔Βɼ্ه 2ͭͷઃࢦܭ
਑Λຬͨ͢ύϯΫνϟυMD-SC-RA-CCͷ DFPಛੑ͸ SC-RA-CCΑΓ΋༏Ε͍ͯΔ͜ͱ͕໌
Β͔ʹͳͬͨɽޙ࠷ʹɼ1-ϒϩοΫͱ T -ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏্ʹ͓͍ͯɼූ
߸Խ཰Λଗ͑ͨঢ়ଶͰɼఏҊͨ͠ํࣜͷύϯΫνϟυMD-SC-RA-CCͱैདྷํࣜͷ SC-RA-CC

ͷޡΓ཰ಛੑΛػࢉܭγϛϡϨʔγϣϯʹΑͬͯධՁͨ͠ɽ1-ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨
৴࿏Ͱ͸ɼύϯΫνϟυMD-SC-RA-CC͕ SC-RA-CCΑΓ΋༏Εͨ෮߸ಛੑΛ͍ࣔͯ͠Δ͜ͱ
͕໌Β͔ʹͳͬͨɽT -ϒϩοΫϨΠϦʔϑΣʔσΟϯά௨৴࿏ʹ͓͍ͯ΋ಉ༷ʹɼύϯΫνϟυ
MD-SC-RA-CC͸ SC-RA-CCΑΓ΋༏Εͨ෮߸ಛੑΛࣔ͢͜ͱ͕Θ͔ͬͨɽҎ্͔Βɼϒϩο
ΫϨΠϦʔϑΣʔσΟϯάͷΑ͏ͳ௨৴࿏มಈ͕ൃੜ͢Δڥ؀ʹରͯ͠͸ɼSC-RA-CCΑΓ΋ύ
ϯΫνϟυMD-SC-RA-CCͷํ͕ɼϩόετͰ͋ΓɼΑΓ༏Εͨ௨৴ํࣜͰ͋Δɽ
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ॳΊʹɼຊ࿦จͷࣥචɼٴͼ͜Ε·Ͱͷ׆ڀݚಈʹ͋ͨΓɼඇৗʹଟ͘ͷॿݴΛࣀΓ·ͨ͠ੴ
಺༰ʹؔͯ͠༗ҙٛͳٞ࿦ΛަΘͯ͠Լͬ͞ڀݚɽՃ͑ͯɼ͢·͍ͨ͠ँײ͘ਂʹतڭ।ࢸޭڮ
ਃ্͛͠·͢ɽγँײतʹ΋ڭҰ।޺तɼ҆ୡڭतɼ౻ҪҖੜڭඌହࢁ௨৴େֶAWCCͷؾిͨ
ϯΨϙʔϧԽֶٕज़ڀݚி (A*STAR)ͷΠϯϑΥίϜڀݚॴ (I2R)ɼDr. Sumei Sunʹ͸ཹֶʹ
͓͚Δࢧԉɼͦͯ͠ڀݚʹؔ͢Δಎ࡯ʹຬͪͨ਺ʑͷॿݴΛ͋Γ͕ͱ͏͍͟͝·ͨ͠ɽੴڀݚڮ
ࣨΛ࢝Ίɼࢁඌࣨڀݚɼ౻Ҫࣨڀݚɼ҆ୡࣨڀݚͷϝϯόʔͷօ༷ͱ΋ɼ೔͔ࠒΒ૬ஊ΍ٞ࿦Λ
ΕͨՈ଒͑͘ࢧʹతɼਫ਼ਆతࡁܦɼ͜͜·Ͱʹޙ࠷ͷେ͖ͳྐͰ͢ɽࢲͱ͕Ͱ͖ͨ͜ͱ͸͜͏ߦ
ʹ৺ΑΓँײͷҙΛද͠·͢ɽ
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