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⥟࿳ˈᵫ䘌ढˈФ∌ᒋ 

໡ᮺ໻ᄺ⠽⧚㋏ 

 

ᨬ㽕ᨬ㽕ᨬ㽕ᨬ㽕˖̟̟̟ᴀᅲ偠Ё៥Ӏ೼ 20mm ⊶ᇐЁᬒܹ⬉⺕⡍ᓖҟ䋼⠛ˈ⫼ Agilent E8362C 㔥㒰ߚᵤҾ⌟

䞣݊ⱘ䗣ᇘ⥛䱣ᖂ⊶乥⥛ⱘব࣪᳆㒓 থ̍⦄೼⊶ᇐⱘ៾ℶ乥⥛Пϟߎ⦄њ催䗣ⱘ⦄䈵Ǆ೼ℸ

෎⸔Ϟ៥Ӏⷨおњҟ䋼⠛ⱘ᭄䞣ǃ㢅㒍ᔶ⢊ᇍѢѮ⊶䭓催䗣ዄԡⱘᕅડˈᑊϨ䗮䖛 FDTD ᭄

ؐ῵ᢳ偠䆕њ݊ޚ⹂ᗻǄ 

 

݇䬂䆡݇䬂䆡݇䬂䆡݇䬂䆡˖̟̟̟⬉⺕⡍ᓖҟ䋼ˈѮ⊶䭓䗣ᇘˈFDTD ᭄ؐ῵ᢳˈ䗝乥䗣ᇘ 

 

ϔˊ个ᓩ㿔˖ 

⊶ᇐЁᖂ⊶ⱘӴ᪁ᄬ೼ϔϾ៾ℶ乥⥛ˈे ೼䆹乥⥛Пϟᖂ⊶ᰃ᮴⊩ҹ㸠⊶ⱘⱘᔶᓣ䖯㸠

৥ࠡӴ᪁ⱘǄ៾ℶ乥⥛Ϣ⊶ᇐⱘ῾৥ሎᇌ᳝݇ˈ಴ℸབᵰ㽕ᅲ⦄Ԣ乥↉ⱘ䗣ᇘˈ߭ 䳔㽕ᡞ⊶

ᇐⱘሎᇌخᕫᕜ໻ Ԛ̍䖭೼䗑∖఼ӊᇣൟ࣪ҹঞᖂൟ࣪ⱘҞ໽ ᮴̍䆎೼ᅲ偠䖬ᰃᑨ⫼Ё䛑ᰃ

䴲ᐌϡ߽ⱘ ಴̍ℸҎӀህᇱ䆩ᠧ⸈䖭⾡䰤ࠊ Ꮰ̍ᳯ೼ሎᇌ䕗ᇣⱘ⊶ᇐЁᅲ⦄݊៾ℶ乥⥛ҹϟ

乥↉ⱘ䗣ᇘˈे៥Ӏ᠔䇈ⱘѮ⊶䭓䗣ᇘǄ 

䗮䖛ⷨおҎӀথ⦄ˈҎᎹ䇗㡖ᴤ᭭ⱘҟ⬉ᐌ᭄˄ε˅ҹঞ⺕ᇐ⥛˄μ˅ⱘ໻ᇣৃҹՓᴤ

໛ⱘϔѯ⡍ᗻ݋໛໽✊ᴤ᭭᠔ϡ݋᭭ ՟̍བᴀᅲ偠ЁՓ⫼ⱘ⬉⺕⡍ᓖҟ䋼ˈৃ ҹ೼⊶ᇐЁϢ

ᶤѯ⡍ᅮ乥⥛ⱘᖂ⊶থ⫳㗺ড়԰⫼ˈՓᕫᖂ⊶ⱘ⅏ѵᗕবЎሔඳᗕˈ䰏ℶњ㛑䞣ⱘ㹄ޣǄᑊ

Ϩ䗮䖛䇗㡖⊶ᇐЁ⬉⺕⡍ᓖҟ䋼ⱘ᭄䞣ҹঞ㢅㒍ᔶ⢊ৃҹᬍব㗺ড়乥⥛ⱘ໻ᇣҹঞ᭄䞣 ᔧ̍

䖭ѯ㗺ড়乥⥛ᇣѢ⊶ᇐⱘ៾ℶ乥⥛ᯊህ㸼⦄Ўᖂ⊶೼⊶ᇐߎ⦄њѮ⊶䭓ⱘ䗣ᇘ⦄䈵Ǆ 

ᅲ偠Ё៥Ӏⷨおњकᄫ㢅ൟ⬉⺕⡍ᓖҟ䋼ⱘѮ⊶䭓䗣ᇘ⦄䈵 থ̍⦄೼⊶ᇐ៾ℶ乥⥛ϟߎ

⦄ⱘ䗣ᇘዄ᭄Ϣ⊶ᇐЁᬒ㕂ⱘ⬉⺕⡍ᓖҟ䋼⠛ⱘ᭄䞣Ⳍㄝ 䖭̍ϔ⦄䈵Ϣ໡ᮺ໻ᄺ⠽⧚㋏਼⺞

㗕Ꮬ㒘ᦤߎⱘ㋻ᴳ㓮⧚䆎˄TBM˅ⱘ䅵ㅫ㒧ᵰⳌヺǄᑊϨ៥Ӏᬍবकᄫ㢅㒧ᵘಯ਼㒓ᴵⱘ䭓

ⷁˈ䗮䖛 FDTD ᭄ؐ῵ᢳথ⦄њ䆹㒧ᵘⱘϔϾ䗝乥㾘ᕟǄ 

Ѡˊ个⧚䆎෎⸔˖ᖂ⊶೼⊶ᇐЁⱘӴ᪁ 

བ೒ 1 ᠔⼎ⱘ⊶ᇐˈᖂ⊶೼݊ЁӴ᪁῵ᓣᇍᑨⱘ乥⥛Ϣ⊶ⶶП䯈ⱘ݇㋏Ў˖ 
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Ңᓣ˄1˅ৃҹⳟߎˈᔧᖂ⊶ⱘ乥⥛ω ᇣѢ乥⥛ cω ᯊˈ zk ᰃϔϾ㒃㰮᭄ˈℸᯊᖂ⊶೼

⊶ᇐЁਜ⦄Ў㹄䗱⊶ⱘ㸠Ўˈ⬉എᤃᐙҢ㸼䴶৥ݙҹᣛ᭄ᔶᓣ㹄ޣˈ䖙䗳ޣᇣЎ 0ˈ಴ℸ乥

⥛ᇣѢ cω ᖂ⊶ᰃ᮴⊩೼⊶ᇐЁӴ᪁ⱘˈᬙᡞ cω ⿄䇧⊶ᇐⱘ៾ℶ乥⥛ǄҢ˄2˅੠˄3˅ᓣЁˈ

೒೒೒೒ 1  ⶽᔶ⊶ᇐⶽᔶ⊶ᇐⶽᔶ⊶ᇐⶽᔶ⊶ᇐ 
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៥Ӏৃҹⳟߎˈ⊶ᇐⱘ៾ℶ乥⥛Ϣ݊῾৥䭓ᆑ aǃb ᳝݇ˈ⊶ᇐ䍞໻ˈ៾ℶ乥⥛䍞ᇣˈৃ೼

⊶ᇐЁӴ᪁ⱘᖂ⊶ⱘ乥⥛гህৃҹ䍞ᇣǄ 

 

ϝˊ个ᅲ偠䆒㕂˖ 

བ೒ 2˄a˅᠔⼎ˈ㔥ḐߚᵤҾҢ port 1 থߎⱘᖂ⊶䗮䖛⊶ᇐㅵⱘӴ᪁ˈ೼ port 2 䖯㸠

᥹ᬊᑊ⌟䞣݊䗣ᇘ㋏᭄ TǄᅲ偠᠔⫼ⱘ⊶ᇐㅵ῾৥ሎᇌЎ22.86 10.10mm mm× ˈ㒉৥䭓ᑺ

Ў20mm˄བ೒ 2˄c˅᠔⼎ Ǆ˅⬉⺕⡍ᓖҟ䋼⠛㸼䴶Ў0.2mmᆑҹঞ0.2mm८ⱘ䞥ሲ䪰ϱ

៤ⱘकᄫ㢅㒧ᵘˈ㹀ᑩᰃ⫼Ⳍᇍҟ⬉ᐌ᭄خ 2.2rε = ⱘᴤ᭭خ៤ⱘǄ 

 

 

 

 

 

 

ಯˊ个ᅲ偠ݙᆍǃ㒧ᵰϢ䅼䆎˖ 

1. ⌟䞣ᖂ⊶೼ϡৠ䭓ᑺ⊶ᇐЁⱘ䗣ᇘ㋏᭄䱣乥⥛ব࣪᳆㒓˖ 

⫼߿ߚ 10mmǃ20mmǃ70mm ⱘぎ⊶ᇐ⌟䞣݊T f− ᳆㒓ˈ㒧ᵰབ೒ 3 ᠔⼎˖ 
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Ң೒ 3 Ёৃҹⳟߎ ϡ̍ৠ䭓ᑺⱘ⊶ᇐˈ݊ 䗣ᇘ⥛䱣乥⥛ⱘব࣪᳆೼៾ℶ乥⥛ҹϟᰃ᳝ᯢ

೒೒೒೒ 2 ˄˄˄˄a˅˅˅˅ᅲ偠ᅲ偠ᅲ偠ᅲ偠䆒㕂⼎ᛣ೒䆒㕂⼎ᛣ೒䆒㕂⼎ᛣ೒䆒㕂⼎ᛣ೒  ˄˄˄˄b˅˅˅˅Agilent E8362C 㔥㒰ߚᵤҾ㔥㒰ߚᵤҾ㔥㒰ߚᵤҾ㔥㒰ߚᵤҾ  ˄˄˄˄c˅˅˅˅ᅲ偠⫼ᅲ偠⫼ᅲ偠⫼ᅲ偠⫼ 20mm ⶽᔶ⊶ᇐ੠कᄫⶽᔶ⊶ᇐ੠कᄫⶽᔶ⊶ᇐ੠कᄫⶽᔶ⊶ᇐ੠कᄫ

㢅㒧ᵘ⬉⺕⡍ᓖҟ䋼⠛㢅㒧ᵘ⬉⺕⡍ᓖҟ䋼⠛㢅㒧ᵘ⬉⺕⡍ᓖҟ䋼⠛㢅㒧ᵘ⬉⺕⡍ᓖҟ䋼⠛˄˄˄˄㹀ᑩ८㹀ᑩ८㹀ᑩ८㹀ᑩ८ 1.2mm˅˅˅˅ 

೒೒೒೒ 3 ϡৠ䭓ᑺϡৠ䭓ᑺϡৠ䭓ᑺϡৠ䭓ᑺ˄˄˄˄10mmǃǃǃǃ20mmǃǃǃǃ70mm˅˅˅˅⊶ᇐㅵᇍᖂ⊶ⱘ䗣ᇘ᳆㒓⊶ᇐㅵᇍᖂ⊶ⱘ䗣ᇘ᳆㒓⊶ᇐㅵᇍᖂ⊶ⱘ䗣ᇘ᳆㒓⊶ᇐㅵᇍᖂ⊶ⱘ䗣ᇘ᳆㒓 
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ᰒⱘϡৠⱘǄ䱣ⴔ⊶ᇐ䭓ᑺⱘ๲ࡴˈ᳆㒓Ϟछ䰊↉ⱘ䰵዁⿟ᑺгᯢᰒ๲ࡴǄ䖭ᰃ⬅Ѣ೼៾ℶ

乥⥛ҹϟ ᖂ̍⊶೼⊶ᇐЁਜ⦄ߎ㹄䗱⊶ⱘ㸠Ўˈे݊ᤃᐙ䱣Ӵ᪁䎱⾏ᣝ e ᣛ᭄㹄ޣˈ಴ℸᔧ

⊶ᇐ䎇໳ⷁᯊˈ៾ℶ乥⥛ҹϟⱘᖂ⊶䖬ᰃ᳝ᴎӮ㛑໳䗣䖛⊶ᇐⱘˈᑊϨ䱣ⴔ乥⥛ⱘ๲ࡴ 㹄̍

ࠄ៾ℶ乥⥛໘䖒ࠄˈࡴᇣˈ䗣ᇘ㋏᭄๲ޣⱘ䞣ޣ 100%ⱘ䗣ᇘǄ಴ℸ೼៾ℶ乥⥛ҹϟӮ᳝ϔ

Ͼ䗣ᇘ㋏᭄䱣乥⥛ⱘ๲ࡴ㗠Ϟछⱘ䖛⿟ǄᇍѢ䭓ᑺϡৠⱘ⊶ᇐㅵˈे ՓᇍѢᶤϔ៾ℶ乥⥛ҹ

ϟ⊶↉ⱘᖂ⊶䛑᳝᠔䗣ᇘ Ԛ̍ᰃ⬅Ѣᖂ⊶㹄ޣⱘ䎱⾏ϡৠ ೼̍䭓⊶ᇐЁ㹄ޣ䞣㽕↨೼↉⊶ᇐ

Ё㹄ޣ䞣໻ᕫ໮ 䗣̍ᇘ㋏᭄䱣ⴔ⊶ᇐ䭓ᑺⱘ๲ࡴ㗠ޣᇣˈᬙϡৠ䭓ᑺ⊶ᇐⱘT f− ᳆㒓ਜ⦄

೒ߎ 3 ⱘ೒ڣǄ 

 

2. 㾖ᆳᑊ⧚䆎㾷䞞ܹࡴ⬉⺕⡍ᓖҟ䋼ৢ⊶ᇐЁⱘѮ⊶䭓䗣ᇘ⦄䈵 

೼ 20mm ⱘ⊶ᇐЁ߿ߚㄝ䯈䎱ⱘܹࡴ 1 ⠛ǃ2 ⠛ǃ4 ⠛कᄫ㢅㒧ᵘⱘ⬉⺕⡍ᓖҟ䋼⠛ˈ

⌟䞣݊T f− ᳆㒓ˈ㒧ᵰབϟ˖ 

 

 

 

 

 

 

 

 

 

 

 

 

೒ 4 Ё˄a˅˄ b˅˄ c˅߿ߚҷ㸼೼ 20mm ⊶ᇐЁᬒܹ 1 ⠛ǃ2 ⠛ǃ4 ⠛⬉⺕⡍ᓖҟ䋼ৢ

ᅲ偠᠔⌟ᕫ⊶ᇐⱘT f− ݇㋏᳆㒓ˈ㗠˄d˅˄ e˅˄ f˅߿ߚᇍᑨѢ៥Ӏ⫼ CST ӓⳳ῵ᢳ䕃ӊ

䖯㸠Ⳍৠᚙމϟ FDTD ᭄ؐ῵ᢳⱘ㒧ᵰˈϸ㗙೼៾ℶ乥⥛ҹϟⱘ䗣ᇘዄԡ޴Тϔ㟈ˈ䖭гҢ

⧚䆎Ϟ偠䆕њ៥Ӏᅲ偠㒧ᵰⱘℷ⹂ᗻǄ 

Ңᅲ偠㒧ᵰЁ៥Ӏথ⦄ ⱘ⬉⺕⡍ᓖҟ䋼ⱘ᭄ⳂϢѮ⊶䭓䗣ᇘዄⱘ᭄Ⳃϔ㟈Ǆ䖭ᑊܹ̍ࡴ

ϡᰃϔϾᰒ✊ⱘ㒧ᵰ 㚠̍ৢϔᅮ㭈৿њᕜ⏅ⱘ⠽⧚Ǆ໡ᮺ໻ᄺ⠽⧚㋏਼⺞㗕Ꮬ㒘ᦤߎⱘ TBM 

(Tight-Binding Method)
1
⧚䆎ᇍѢ䆹ᅲ偠㒧ᵰ㒭ќњᕜདⱘ㾷䞞Ǆ 

                                                             
1
 Tight-binging Approach to Study the Coupling Effects in Metamaterials, Hao Xu, Qiong He, Shiyi Xiao, Bin Xi, 

Jiaming Hao, Lei Zhou , JAP, Jan 2011 
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೒೒೒೒ 4  ˄˄˄˄a˅̍˄˅̍˄˅̍˄˅̍˄b˅̍˄˅̍˄˅̍˄˅̍˄c˅˅˅˅ܹࡴܹࡴܹࡴܹࡴ 1ǃǃǃǃ2ǃǃǃǃ4 ⠛⬉⺕⡍ᓖҟ䋼⠛ৢⱘᅲ⌟᳆㒓⠛⬉⺕⡍ᓖҟ䋼⠛ৢⱘᅲ⌟᳆㒓⠛⬉⺕⡍ᓖҟ䋼⠛ৢⱘᅲ⌟᳆㒓⠛⬉⺕⡍ᓖҟ䋼⠛ৢⱘᅲ⌟᳆㒓 

˄˄˄˄d˅̍˄˅̍˄˅̍˄˅̍˄e˅̍˄˅̍˄˅̍˄˅̍˄f˅˅˅˅ⳌᑨⱘⳌᑨⱘⳌᑨⱘⳌᑨⱘ FDTD ᭄ؐ῵ᢳ㒧ᵰ᭄ؐ῵ᢳ㒧ᵰ᭄ؐ῵ᢳ㒧ᵰ᭄ؐ῵ᢳ㒧ᵰ 

 

˄a  ˅ ˄b  ˅ ˄c  ˅

˄d  ˅ ˄e  ˅ ˄f  ˅
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᠔䇧 TBM ⧚䆎ᰃᣛˈা㗗㰥Ⳍ䚏ҹঞ⃵䖥䚏ⱘ⬉⺕⡍ᓖҟ䋼⠛▔থⱘഎⱘ԰⫼ˈ㗠ᗑ

⬹݊ᅗⱘᕅડ 䗮̍䖛㄀ϔᗻॳ⧚ⱘ䅵ㅫৃҹ∖ߎԧ㋏ⱘᴀᕕᗕˈ݊ ᇍᑨⱘᴀᕕؐेЎԧ㋏থ

⫳݅ᤃⱘ乥⥛ г̍ህᰃ䇈೼䖭ѯ乥⥛໘ᇚথ⫳催䗣⦄䈵Ǆḍ᥂⧚䆎ৃҹᡞԧ㋏ⱘજᆚ乓ⶽ䰉

 ᴹߎݭ

                                                      ˄4˅ 

݊Ёˈ 0ω Ў䆹⬉⺕⡍ᓖҟ䋼⠛ⱘᴀᕕ乥⥛˄ ৃ⫼᭄ؐ῵ᢳঞ݊ᅗ⧚䆎ᮍ⊩䅵ㅫߎ˅̍
,i jt

Ў䏇䎗খ䞣˄hopping parameter˅̍ ৃҹḍ᥂ҟ䋼⠛䯈ⱘ䎱⾏䅵ㅫߎǄ 

ḍ᥂⧚䆎ˈⶽ䰉ⱘ䰊᭄ᑨ䆹੠ܹࡴⱘ⬉⺕⡍ᓖҟ䋼⠛ⱘ᭄ⳂⳌৠˈᑊϨ಴Ў䆹ⶽ䰉Ў

Hermit ⶽ䰉ˈᬙᴀᕕؐⱘϾ᭄ᑨ䆹Ϣⶽ䰉ⱘ䰊᭄Ⳍৠˈे੠⬉⺕⡍ᓖҟ䋼⠛ⱘ᭄ⳂⳌৠǄ

䖭ህ䆕ᯢњЎҔМ޴ܹࡴ⠛⬉⺕⡍ᓖҟ䋼⠛ ህ̍Ӯ೼Ѯ⊶䭓䰊↉᳝޴Ͼ䗣ᇘዄǄᑊϨབᵰⶹ

䘧䖭ѯ⬉⺕⡍ᓖҟ䋼೼⊶ᇐЁᬒ㕂ⱘ䎱⾏ ህ̍ৃҹߎݭⶽ䰉ܗ 䗮̍䖛䕀⿏ⶽ䰉ⱘᮍ⊩ᅮ䞣ⱘ

䅵ㅫߎ䗣ᇘዄԡǄ 

3. कᄫ㢅㒧ᵘⱘѮ⊶䭓䗝乥԰⫼ⱘⷨお˖ 

᳔ৢˈ៥Ӏⷨおњᬍবकᄫ㢅㒧ᵘಯᴵ᳔໪ሖ䪰ϱⱘ䭓ᑺ˄೒ 5˄b˅㑶㡆䚼ߚ˅̍ থ⦄
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Coupling effects of metamaterial on sub-wavelength 

transmission in waveguide 

Juan Wang, Yihua Lin, Yongkang Le 

Department of Physics, Fudan University 

 

Abstract  We measured the transmission constant – frequency curve of microwave in 20mm 

metamaterial-loaded waveguide using Agilent E8362C Network Analyzer and found 

sub-wavelength transmission occur in this system. We further demonstrate the difference of peak 

numbers and positions brought by the number and pattern difference of these metamaterial 

using FDTD numerical simulation and TBM theory.   

 

Keywords  electric/magnetic metamaterial,  sub-wavelength transmission,  FDTD numerical 

simulation,  frequency selection 


