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ӧ߈ԃٰǴൂၩݢᓎୱ฻ϯس಍ӧคጕ೯ૻࣴز΢೏ቶޑݱ௖૸Ǵځ٬ёբ҅ࣁҬ

ϩᓎӭπس಍ޑඹжس಍ǴԶჹൂܭၩݢᓎୱ฻ϯس಍ޑ಄ϡղᘐਏૈǴܭ،ڗ߾೯ၰ
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Abstract 

    

In recent years, single carrier frequency domain equalization (SC-FDE) has been widely 

considered in the research of wireless communications as an alternative to the orthogonal 

frequency division multiplexing. The symbol decision performance of SC-FDE relies on 

accurate channel estimation. Traditional channel estimation techniques for SC-FDE are 

based on the least-squares (LS) principle, which however does not take account of the sparse 

nature of wireless channels. In this thesis, we study compressive-sensing (CS) based sparse 

channel estimation for SC-FDE, in which the training system is described by a circulant 

matrix. We first characterize the probability that a random circulant matrix can satisfy the 

restricted isometry property (RIP). The result is seen to be tighter than existing solutions. By 

using the Dantizg selector for signal recovery, we propose a new optimal training pattern via 

minimization of the mutual incoherence (MI). Simulation results are used to illustrate the 

performance of the proposed scheme.  
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ಃ΋കಃ΋കಃ΋കಃ΋ക    ᆣፕᆣፕᆣፕᆣፕ    

    

1111.1.1.1.1    ཷፕཷፕཷፕཷፕᆶࣴز୏ᐒᆶࣴز୏ᐒᆶࣴز୏ᐒᆶࣴز୏ᐒ    

ӧคጕቨᓎ೯ૻ΢Ǵҗܭӭख़ၡ৩ޑቹៜǴ٬ள೯ၰ໺ኞۯᒨёૈᡂߚޑதߏޑǴ

ӧ೭ኬޑ೯ၰ௃ݩΠǴ٬Ҕ໺಍ൂޑၩݢਔୱ฻ϯس಍(single carrier time domain equal- 

ization, SC-TDE)ჹၗ਑຾Չ฻ϯǴځፄᚇࡋஒ཮ε൯ቚуǴԶൂၩݢᓎୱ฻ϯس಍(single 

carrier frequency domain equalization, SC-FDE)Ǵځஒၗ਑ᙯඤډᓎୱ΢଺฻ϯǴε൯फ़

եΑፄᚇࡋǴԜѦൂၩݢᓎୱ฻ϯس಍ӧਏૈ΢҅کҬϩᓎӭπس಍(orthogonal 

frequency division multiplexing, OFDM)࣬՟[1]ǴЪൂၩݢᓎୱ฻ϯس಍ؒԖᝄख़ޑၩݢ

ᓎ౗ୃ౽(carrier frequency offsets, CFOs)ୢᚒکଯঢ়ॶѳ֡ф౗К(peak-to-average power 

ratio, PAPR)ୢ ᚒǴ୷ܭа΢౛җǴ٬ளൂၩݢᓎୱ฻ϯس಍ӧന߈൳ԃ໒ډڙۈख़ຎǴ

೚ӭᜢൂܭၩݢᓎୱ฻ϯس಍زࣴޑ໒ۈ೏ගрǴӵჹൂܭၩݢᓎୱ฻ϯس಍کӭᒡΕ

ӭᒡр(multiple input multiple output, MIMO)่ޣٿӝ࣬ޑᜢࣴ[3][2]زǴൂࢂ܈ၩݢᓎ

ୱ฻ϯس಍ӧຬቨᓎ(ultra wideband, UWB)΢[4]زࣴޑǴځӧჴሞᔈҔ΢ǴΨ೏Եቾᔈ 

Ҕӧ҂ٰޑಃѤжՉ୏೯ૻس಍΢Ƕ 

ൂၩݢᓎୱ฻ϯس಍നӃӧ[5]೏ගрǴӧࣴزЎ᝘΢Ǵᜢکܭӭၩسݢ಍҅ޑҬϩ

ᓎӭπس಍ځਏૈکፄᚇࡋϐ໔ޑКၨǴΨࢂख़ाزࣴޑ᝼ᚒǴޣٿӧس಍ࢎᄬ΢೿٬

ҔΑ΋ಔᚆණഡҥယᙯඤ(discrete fourier transform, DFT)کϸᚆණഡҥယᙯඤ(inverse d- 

iscrete fourier transform, IDFT)Ǵόӕൂࢂޑၩݢᓎୱ฻ϯس಍ஒᚆණഡҥယᙯඤکϸᚆ

ණഡҥယᙯඤᘍ࿼ӧௗԏᆄǴ଺ࣁၗ਑୔༧ޑ฻ϯೀ౛Ǵ೭ኬޑ଺ݤஒޑ٬ௗԏᆄޑፄ

ᚇࡋၨଯǴԶ҅Ҭϩᓎӭπس಍ࢂ߾ӧ໺ଌᆄᘍ࿼΋ಔϸᚆණഡҥယᙯඤǴӧௗԏᆄᘍ

࿼΋ಔᚆණഡҥယᙯඤǴځфૈ଺ࣁፓᡂၗ਑ϐҔǶӧคጕ೯ૻύǴӭख़ၡ৩໺ኞۯᒨ

཮೷ԋௗԏᆄၗ਑୔༧໔ޑυᘋ(interblock interference, IBI)ǴࣁΑלܢၗ਑୔༧໔ޑυ

ᘋǴൂၩݢᓎୱ฻ϯس಍ӧၗ਑໺ଌ΢٬ҔΑߥៈ୔໔(Guard interval)Ǵߥៈ୔໔Ԗ႟

༤ံ(zero padding)کൻᕉӷ२(cyclic prefix, CP)฻БԄǴ႟༤ံޑբࣁݤӧ؂ಔၗ਑୔༧



 

2 
 

ъ೽ኧໆࡕፄᇙၗ਑୔༧ࣁݤբޑ႟໨ǴԶൻᕉӷ२ޑ೯ၰ໘ኧܭ฻܈ܭᘍ࿼ኧໆε߻

ε܈ܭ฻ܭ೯ၰ໘ኧޑၗ਑໨Ǵஒځᘍ࿼ӧၗ਑୔༧߻ǴќѦൂၩݢᓎୱ฻ϯس಍٬Ҕ

ǶӧҁጇፕЎύǴஒࣴࡋ৒ܰǴफ़եΑፄᚇࣁၗ਑ӧ଺฻ϯ΢ၨޑஒ٬ݤբޑៈ୔໔ߥ

ޑៈ୔໔௦Ҕൻᕉӷ२ߥΠǴݩ௃ޑǴӧ೭ኬݩ௃ޑೲᡂϯזࣁᚒ๱ख़ӧ೯ၰᕉნୢز

БԄǴЪӧፕЎύךॺஒճҔൻᕉӷ२ٰ՗ෳ೯ၰǴӧ؂ঁၗ਑୔༧೿ख़ཥ຾Չ೯ၰ՗ 

ෳǴа፾ᔈ೯ၰᡂϯזೲޑᕉნǶ 

ޑ೯ၰ՗ෳܭ،ڗਡЈޑ܄Ǵၗ਑฻ϯ҅ዴ܄ё᎞ޑ಍سᓎୱ฻ϯݢΑගϲൂၩࣁ    

ྗዴ܄ǴԶӧόӕޑ೯ၰᕉნΠǴԖ࣬ځჹᔈ፾྽ޑ೯ၰ՗ෳБԄǴӧҁጇፕЎϣǴஒ

೯ၰᕉნ೛ࣁۓНय़Πޑ೯ၰ[6]Ǵӧ೭ኬޑ௃ݩΠǴ೯ၰેፂៜᔈ཮Ԗี౧(sparse)౜

ຝวғǴӢԜךॺගр٬Ҕᓸᕭགෳೌמ(compressive sensing, CS)ٰ଺೯ၰ՗ෳǶᓸᕭ

གෳࢂೌמ΋ߐჹܭൺচี౧ၗ਑ೌמޑǴځёаճҔᆢ࣬ࡋჹၨλޑௗԏၗ਑ٰൺচ

ᆢࡋၨεีޑ౧ၗ਑ǴԜೌמ೏ࣴزᔈҔӧᓸᕭၗ਑΢Ǵଷ೛Ԗ΋ಔၗ਑ӛໆ p∈x ℝ ک

୷ۭંତ
1 2

[    ] p p

p
ψ ψ ψ ψ ×= ∈… ℝ Ǵӵ݀ၗ਑ӛໆxёҔ୷ۭંତψ߄Ң 

 

1

                                             (1.1)
p

i i
i

β ψ ψβ
=

= ⇔ =∑x x  

 

ύี౧ӛໆځ
1 2

[    ]T p

p
β β β β= ∈… ℝ ύԖS ঁϡનόࣁ႟໨ǴځѬ( )p S− ঁϡનࣁ႟

໨ǴЪS p≪ Ǵջၗ਑ӛໆxё߄Ңࣁ୷ۭંତψύS ঁՉӛໆޑጕ܄ಔӝǴךॺ൩ᆀ

ၗ਑ӛໆxࢂёᓸᕭޑ(compressible)Ǵௗ๱Եቾ΋ಔᛙۓໆෳંତ(stable measurement 

matrix) n pQ ×∈ ℝ ǴЪn p< ǴճҔᛙۓໆෳંତQஒၗ਑ӛໆx຾Չၗ਑ᓸᕭǴջ(1.1)

४΢ᛙۓໆෳંତQǴளډໆෳӛໆ(measurement vector) n∈y ℝ  

 

�                                            (1.2)Q Qψβ= =

Φ

y x  
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ӧ೭္ n pQψ ×Φ = ∈ ℝ ǴௗΠٰ٬Ҕᓸᕭགෳޑೌמᄽᆉݤёҗໆෳӛໆyٰൺচี౧

ӛໆβǴӆҗ(1.1)൩ёаᗋচၗ਑ӛໆxǶ 

    ԶӧךॺزࣴޑύǴஒճҔᓸᕭགෳٰೌמ՗ෳี౧೯ၰǴа(1.2)ٰ ඔॊǴໆෳӛ

ໆyջ࣬྽ܭௗԏᆄ܌ԏޑډၗ਑ӛໆǴԶΦ ࣁ߾಍ંତǴβسޑಔԋ܌җሦૐၗ਑ࢂ

ี౧೯ၰǴךॺஒҗௗԏޑډၗ਑ӛໆyکςޕሦૐၗ਑܌ಔԋسޑ಍ંତΦ Ǵଛӝ٬

Ҕᓸᕭགෳٰೌמ଺೯ၰ՗ෳǴځಒ࿯ஒӧϐޑࡕക࿯ᇥܴǶ 

 

1111....2 2 2 2 ፕЎଅ᝘ፕЎଅ᝘ፕЎଅ᝘ፕЎଅ᝘    

    ӧ೚ӭᜢܭᓸᕭགෳޑೌמЎ᝘ύǴ᛾ܴΑаଯථᒿᐒϩѲځࢂ܈д੝ۓᒿᐒϩѲ

಍ંسǴӧޑதଯߚࢂᐒ౗ޑԖਏൺচี౧ၗ਑ೌמ಍ંତǴ٬Ҕᓸᕭགෳسޑғౢ܌

ତޑ೛ۓ΢ǴΨхࡴΑஒس಍ંତۯ՜Կ੝ࢎۓᄬǴӆа੝ۓᒿᐒϩѲ܌ᇙ೷рسޑ಍

ંତǴځճҔᓸᕭགෳೌמӧൺচี౧ၗ਑ޑᐒ౗ϩ݋Ǵӵس಍ંତӧԎݢΚ૟ંତ

(Toeplitz matrix)ࢎᄬΠǴаଯථᒿᐒϩѲ(Gaussian random distribution)ౢ܌ғسޑ಍ંତ

 ՜Կൻᕉંତ(circulantۯᄬࢎ಍ંତسஒࢂ߾ǴԶӧҁጇፕЎύǴ݋ᐒ౗ϩޑჹᔈ࣬ځ

matrix)Ǵ٠௖૸аᒿᐒϩѲޑБԄౢ܌ғسޑ಍ંତǴځӧ٬Ҕᓸᕭགෳೌמ΢ૈ୼Ԗ

ਏൺচี౧ၗ਑࣬ჹᔈޑᐒ౗ϩ݋Ǵஒس಍ંତࢎᄬᙹۓӧൻᕉંତࢎޑᄬǴӧᔈҔ΢Ǵ

ջёаࢂคጕӭख़ၡ৩೯ၰ՗ෳǴԶᜢܭᓸᕭགෳೌמӧ೯ၰ՗ෳ΢ޑჴሞᔈҔǴךॺ

ஒ཮᛾ჴаᓸᕭགෳٰೌמൺচี౧ၗ਑ஒК໺಍΢٬Ҕޑ՗ෳБݤ-നλѳБݤाٰ

ᢀᗺٰ଺௖૸Ǵа؃ளӵޑаᐒ౗ࢂǴ೿݋ϩޑೌמᓸᕭགෳܭዴǶќѦǴ೚ӭᜢྗޑ

Ֆගϲᓸᕭགෳೌמӧᗋচี౧ၗ਑΢ྗޑዴ܄ǴԶӧךॺࣴޑزќ΋೽ҽǴࢂ߾аж

ኧޑᢀᗺٰϩ݋ᓸᕭགෳೌמǴૈځ٬୼׳Ԗਏ౗ൺচี౧ၗ਑Ǵӧၸำύךॺஒ཮௢

Ꮴр΋ಔచҹԄǴ྽س಍ંତᅈىԜచҹԄǴஒёаεεගϲᓸᕭགෳೌמӧൺচี౧

ၗ਑΢ྗޑዴ܄ǴԶӧ೯ၰ՗ෳᔈҔ΢Ǵ߾ёஒԜచҹԄᔈҔӧౢғሦૐၗ਑΢Ǵ 

аගϲᓸᕭགෳೌמჹܭ೯ၰ՗ෳޑਏૈǶ 
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1111....3 3 3 3 ፕЎಔᙃፕЎಔᙃፕЎಔᙃፕЎಔᙃ 

    ҁጇፕЎޑಔᙃӵΠǴಃΒകޑϣ৒ஒϩٿ೽ϩǴಃ΋೽ϩൂࣁၩݢᓎୱ฻ϯس಍

ک߾ाૈԖਏൺচี౧ၗ਑ǴೌמǶᓸᕭགෳೌמϟಏᓸᕭགෳࢂ߾ϟಏǴಃΒ೽ϩޑ

 -ԖࣚᒿᐒϩѲ(bounded ran܈ϡન೯த೿җଯථᒿᐒϩѲޑ಍ંତϣس಍ંତԖᜢǴس

dom distribution)ౢ܌ғǴӧಃΟകϣ৒္ஒ཮ѐ௢ᏤԜٿᅿᐒ౗ϩѲౢ܌ғسޑ಍ંତ

ჹܭԖਏൺচี౧ၗ਑ޑᐒ౗ǶௗΠٰޑಃѤകکಃΟകޑᢀᗺόӕǴಃѤകόаᐒ౗

س๓ׯᢀᗺٰ௖૸ӵՖޑажኧࢂቹៜǴԶޑೌמᓸᕭགෳܭ಍ંତჹسᢀᗺٰ௖૸ޑ

಍ંତǴ٬ளᓸᕭགෳೌמёа׳Ԗਏൺচี౧ၗ਑Ƕനࡕஒӧಃϖക଺΋ঁᕴ่Ƕ 
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ಃΒകಃΒകಃΒകಃΒക    س಍ኳࠠᆶЎ᝘ӣ៝س಍ኳࠠᆶЎ᝘ӣ៝س಍ኳࠠᆶЎ᝘ӣ៝س಍ኳࠠᆶЎ᝘ӣ៝    

    

    ೭ঁക࿯ஒ཮ჹ࣬ᜢޑЎ᝘଺ӣ៝Ǵӧക࿯ޑ໒ۈ཮Ӄϟಏൂၩݢᓎୱ฻ϯس಍Ǵ

ൂၩݢᓎୱ฻ϯس಍ӧ೯ၰ՗ෳБय़Ǵ཮٬Ҕᓸᕭགෳೌמ଺೯ၰ՗ෳǴஒӧക࿯ࡕޑ

ъ೽ϟಏᓸᕭགෳೌמǶӧ 2.1࿯ൂၩݢᓎୱ฻ϯس಍ޑ೽ϩǴ໺ଌၗ਑୔༧཮٬Ҕൻ

ᕉӷ२Ǵൻᕉӷ२Ҕаלܢၗ਑୔༧໔ޑυᘋ(inter-block interference, IBI)ǴԶЪёаԖ

ճܭၗ਑ӧᓎୱ΢բ฻ϯǴӧ 2.1.1λ࿯཮ჹൻᕉӷ२բϟಏǴ2.1.2 λ࿯཮ඔॊൂၩݢ

ᓎୱ฻ϯس಍ޑ໺ଌᆄکௗԏᆄس಍ࢎᄬǴӧ 2.1.3λ࿯཮ᘜયൂၩݢᓎୱ฻ϯس಍ޑ

ᓬલᗺǶനࡕӧ 2.2࿯ᓸᕭགෳೌמϣǴ཮ӃϟಏᓸᕭགෳೌמЬा೏٬Ҕӧবᅿᜪࠠ

ୢᚒǴௗ๱ᇥܴځচ౛کБݤǶ 

    

2.12.12.12.1    ൂၩݢᓎୱ฻ϯس಍ൂၩݢᓎୱ฻ϯس಍ൂၩݢᓎୱ฻ϯس಍ൂၩݢᓎୱ฻ϯس಍    

    ҅Ҭϩᓎӭπس಍߈ࢂԃٰբࣁคጕቨᓎس಍ჴᡏቫ೽ϩޑ኱ྗᒧ᏷ϐ΋ǴՠԜس

಍ჹܭၩݢӕ؁ा؃ଯǴڀԖၩݢᓎ౗ୃ౽ୢޑᚒǴЪӧ໺ଌᆄҗܭϸזೲഡҥယᙯඤ

ёૈ೷ԋ໺ଌૻဦ೽ϩૈໆၨεǴԖၨଯޑঢ়ॶѳ֡ф౗КǴԜਔ໺ଌૻဦ࿶ၸ໺ଌᆄ

ф౗ܫεᏔਔǴ཮ຬрф౗ܫεᏔޑጕ܄ф౗ܫε୔ୱǴ೷ԋ໺ଌૻဦѨ੿Ƕ 

    ൂၩݢᓎୱ฻ϯس಍όڀԖа΢҅Ҭϩᓎӭπس಍ޑલᗺǴΨ፾ӝբࣁคጕ೯ૻس

಍ჴᡏቫޑᒧ᏷ϐ΋ǴҞ߻த೏Ҕӧ΢໺ᆄس಍ޑ೛ी΢Ƕ೭λ࿯ஒ๱ख़ӧᇥܴൂၩݢ

ᓎୱ฻ϯس಍Ǵ٠Եቾ೯ၰᕉნᡂϯזೲǴࡺ໪ाόਔख़ཥ՗ෳ೯ၰǴӃ཮ϟಏൻᕉӷ

२کሦૐૻဦӧ໺ଌ୔༧ύޑ೛ۓǴௗ๱ӆ၁ಒϟಏൂၩݢᓎୱ฻ϯس಍ࢎᄬǴനࡕᘜ

યൂၩݢᓎୱ฻ϯس಍ᓬલᗺǶ 

 

2.12.12.12.1.1.1.1.1    ൻᕉӷ२ൻᕉӷ२ൻᕉӷ२ൻᕉӷ२    

    җܭӭख़ၡ৩೯ၰޑቹៜǴӧ໺ଌᆄ໺ଌޑӕ΋ಔၗ਑୔༧ஒ཮ӧόӕਔڅ೏ௗԏ

ᆄԏډǴ୷ܭ೭ኬޑ௃ݩǴௗԏᆄஒёૈӕਔԏډ΢ঁਔޑڅ಄ϡکҞ߻ਔޑڅၗ਑಄
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ϡǴวғΑၗ਑୔༧υᘋک಄ϡυᘋǴӵΠკ  ҢǶ߄܌2-1

 

 

 

 

  

 

 

 

 

 

 

 

კ 2-1 ಄ϡυᘋکၗ਑୔༧υᘋ 

 

ᝄ਱ٰᇥǴ಄ϡυᘋۓကࣁҞ߻ၗ਑୔༧ޑ಄ϡځډڙдਔڅၗ਑୔༧಄ϡυᘋǴඤѡ

၉ᇥǴΨཀځࡰѬਔڅၗ਑୔༧ޑ಄ϡཞѨǴԶၗ਑୔༧υᘋࡰ߾Ҟ߻ਔޑڅၗ਑୔༧

ᎁځډдਔڅၗ਑୔༧υᘋǶࣁΑᗉխ಄ϡυᘋǴ଺ࣁݤӧ؂ঁၗ਑୔༧߻೛࿼ߥៈ୔

໔Ǵៈፁ୔໔Ξϩࣁ႟༤ံکൻᕉӷ२ǴӧҁፕЎ٬Ҕࢂ߾ޑൻᕉӷ२Ǵൻᕉӷ२ޑբ

ޑ߻က΢Ǵуӧၗ਑୔༧ۓǴԶ߻ၗ਑໨уӧၗ਑୔༧ޑय़΋೽ϩࡕፄᇙၗ਑୔༧ࣁݤ

ၗ਑໨೏ᆀࣁൻᕉӷ२Ƕൻᕉӷ२ჹܭၗ਑୔༧ޑቹៜǴவკ 2-1ᇥܴǴஒൻᕉӷ२у

ӧၗ਑୔༧߻Ǵஒёှ،ၗ਑୔༧υᘋک಄ϡυᘋୢޑᚒǶќѦൻᕉӷ२ӧ٬Ҕ΢Ǵ໪

಄ϡυᘋϝ཮วکၗ਑୔༧υᘋ߾೯ၰ໘ኧǴցܭ฻܈ܭၗ਑໨ኧሡεޑፄᇙځཀݙ

ғǶ 

    ٬Ҕൻᕉӷ२ᗨё੃ନၗ਑୔༧υᘋک಄ϡυᘋǴՠჹس಍ԶقǴځжሽࢂ໺ଌᆄ 

 

 (i+1)-th data block 

i-th data block 

i-th data block 

(i+1)-th data block 

ISI and IBI 

i-th data block 

i-th data block 

(i+1)-th data block 

(i+1)-th data block 

CP CP 

CP CP 
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ሡाӆᚐѦ੃઻ૈໆٰ໺ଌൻᕉӷ२ǴЪ྽ӭख़ၡ৩ᘉණۯᒨ੝ձᝄख़ਔǴൻᕉӷ२ޑ

໘ኧ཮ᡂளߚதଯǴஒ཮سޑ٬಍ӧ໺ଌၗ਑΢ૈޑໆਏ౗फ़եǶ 

 

 

 

 

 

 

 

 

კ 2-2 ൻᕉӷ२໘ኧեܭ೯ၰ໘ኧ܌೷ԋޑ಄ϡυᘋکၗ਑୔༧υᘋ 

 

2.1.22.1.22.1.22.1.2    ൂၩݢᓎୱ฻ϯس಍ࢎᄬൂၩݢᓎୱ฻ϯس಍ࢎᄬൂၩݢᓎୱ฻ϯس಍ࢎᄬൂၩݢᓎୱ฻ϯس಍ࢎᄬ    

    ೭λ࿯཮Ӄᇥܴൂၩݢᓎୱ฻ϯس಍ޑ໺ଌᆄࢎᄬǴௗ๱ࢂௗԏᆄࢎᄬǴӧௗԏᆄ

ϣ৒္཮Ӄϟಏ೯ၰ՗ෳǴനࢂࡕၗ਑ᓎୱ฻ϯǶ 

    ӧךॺ္زࣴޑǴԵቾΑ೯ၰᕉნᡂϯቃਗ਼ޑ௃ݩǴࡺ໪όਔ՗ෳ೯ၰǴӧ೭ኬޑ

೯ၰᕉნΠǴ໺ଌᆄޑၗ਑୔༧ଛ࿼ୖԵΑ[7]ǴࣁΠკ 2-3 

 

 

 

 

 

კ 2-3 ၗ਑໺ଌ୔༧ 

 

ӧ؂ಔၗ਑୔༧ࡕय़೿ӃႣ࿼ሦૐၗ਑Ǵ٠ճҔൻᕉӷ२Ǵፄᇙሦૐၗ਑ډၗ਑୔༧߻

CP i-th data block 

CP 

CP 

CP 

CP CP 

i-th data block 

i-th data block 

(i+1)-th data 

(i+1)-th data 

(i+1)-th 

1st path 

2nd path 

3rd path 

ISI and IBI 

   data block pilot block pilot block 

CP 
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य़Ǵ೭ኬޑၗ਑ଛ࿼БԄǴஒё٬ௗԏᆄӧௗԏ؂ಔၗ਑୔༧ਔǴ೿ёаख़ཥ٬Ҕൻᕉ

ӷ२ޑሦૐၗ਑ٰ՗ෳ೯ၰǴԖਏճҔΑൻᕉӷ२Ǵ٬Ҕൻᕉӷ२ٰ՗ෳ೯ၰǴගϲΑ

ૈྍ٬Ҕਏ౗ǴΨ੃ନΑ಄ϡυᘋکၗ਑୔༧υᘋୢޑᚒǶ 

 

[ ]ns
⋮ ⋮

[ ]ny

z
 

კ 2-4 ໺ଌᆄک೯ၰ 

 

΢კ ᄬკǴࢎޑၗ਑࿶ၸ໺ଌᆄೀ౛ӆ࿶ၸ೯ၰࣁ2-4 [ ] N Ln +∈s ℂ ၗ਑ྍӛໆǴҗ΋ࣁ

૓ၗ਑ӛໆ [ ] Nn ∈d ℂ ሦૐၗ਑ӛໆک L∈p ℂ ಔԋǴۓကӵΠ 

 

[ ] [ [ ], [ 1], , [ 1], [0], [1], , [ 1]]             (2.1)

[ ]

Tn d nN d nN d nN N p p p L

n

= + + − −s

d p

… …
����������������	���������������
 ���������	��������


 

 

[ ]ns ࿶ၸՍՉၗ਑ᙯඤ٠ࣁՉၗ਑Ǵௗ๱ଛ࿼ൻᕉӷ२ࡕӆ࿶ၸ٠Չၗ਑ᙯඤࣁՍՉၗ

਑Ǵ໺ଌᆄ໺ଌрၗ਑ӛໆ 2[ ] N Ln +∈sɶ ℂ Ǵ߄Ңࣁ 

 

[ ] [ , [ ], ]                                        (2.2)Tn n=s p d pɶ  

 

ӧҁፕЎࣴزϣǴଷ೛೯ၰ໘ኧLࣁςޕǴЪሦૐၗ਑ӛໆ໘ኧک೯ၰ໘ኧ࣬ӕǴۓက

೯ၰӛໆࣁ L∈h ℂ Ǵᚇૻӛໆ 3N L+∈z ℂ  қଯථᚇૻӛໆ(white Gaussian noise, WGN)ࣁ

[ ]nsɶ  
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ǴЪ೯ၰس಍ࣁጕߚ܄ਔᡂس಍Ǵࡺௗԏᆄௗԏޑډၗ਑ࣁ໺ଌᆄၗ਑ӛໆ [ ]nsɶ ೯ၰک

ӛໆhጕ܄ᄙᑈ(linear convolution)ࡕу΢ᚇૻӛໆ z่݀ޑǴаંତ׎Ԅ߄Ң໺ଌၗ਑

ӛໆ [ ]nsɶ ௗԏၗ਑ӛໆک 2[ ] L Nn +∈y ℂ ᜢ߯ࣁ 

 

[0] [1]

[0]
[ 1] [0]

[0]
[ ] [1]

[ 1]

[ ]
[ 1] [ ]

[0] [ 1]
[2 1]

[ ] [ 1] [0]

p p

y
p L p

h
d nN p

y L

y L
d nN N d nN N L

p d nN N L
y L N

n p L p

 
 
 
  
   −  
  
  −   

=   
  

+ − + −  
  
 + − + 
 + − 

   
 
 −  

y

⋯

⋮ ⋱ ⋮

⋯
⋮

⋯

⋮ ⋱ ⋮

⋯
⋮

⋯

⋮ ⋱ ⋮�������	������


⋯

[1]
   (2.3)

[ 1]

h

h L

 
 
 
  + 
 
 −  

z

h

⋮

����	���


 

 

ᢀჸ(2.3)ԄǴё࣮рௗԏၗ਑ [ ]ny ϣ߻L໨ၗ਑کሦૐၗ਑ӛໆpԖᜢǴک΋૓ၗ਑ӛ

ໆ [ ]nd คᜢǴஔԏၗ਑ [ ]ny ϩᚆԋٿ೽ϩǴջ 

 

[0] [0] [ 1] [1] [0] [0]

[1] [1] [0] [2] [1] [1]

[ 1] [ 1] [0] [ 1] [ 1]

[̂ ]

y p p L p h z

y p p p h z

y L p L p h L z L

n

       −       
       
      = +      
      
      − − − −             

y P

⋯

⋯

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮

⋯ ⋯
����	���
 �������������	������������


                 (2.4)





 

 

 ک
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[ ] [1]

[ ] [0] [ ]

[ 1] [ 1] [ ] [1] [ 1]

[0] [ 1]

[2 1] [ 1] [2 1

[ 1] [0][ ]

d nN p

y L h z L

y L d nN N d nN N L h z L

p d nN N L

y L N h L z L N

p L p
n

 
 
    
    
    + + − + − +    = +    + − +    
    + − − + −        

− 
 y

⋯

⋮ ⋱ ⋮

⋯

⋮ ⋯ ⋮ ⋮

⋮ ⋱ ⋮
�������	������


⋯
ɶ

]

                                                                                                            (2.5)

 
 
 
 
 
 
 
  

ൺ΋૓ၗ਑ׇӈࡠܭҔ߾೯ၰ՗ෳǴ(2.5)ܭύ(2.4)ஒҔځ [ ]nd Ǵӧ೭္ॶளݙཀࢂޑǴ

җܭൻᕉӷ२ޑуΕǴஒޑ٬೯ၰӛໆhک໺ଌᆄၗ਑ӛໆ [ ]nsɶ ໔ጕ܄ᄙᑈޑᜢ߯ᡂԋ

ൻᕉᄙᑈ(circular convolution)ޑᜢ߯Ǵޑ(2.4)ޑ٬ L L×∈P ℂ ൻᕉંତǴЪ(2.5)Ԅ࿶ၸࣁ

᏾౛ࡕΨёа(2.4)کԖ΋ኬޑൻᕉ่ᄬ੝܄Ǵ೭ኬޑ੝܄Ԗճܭၗ਑٬Ҕᚆණഡҥယᙯ

ඤ(discrete fourier transform, DFT)Ǵᙯඤၗ਑ډᓎୱ΢଺฻ϯǴаफ़եس಍ፄᚇࡋǶ

 

    ௗΠٰϟಏௗԏᆄǴკ ၗ਑ӛໆډᄬკǴ྽ௗԏᆄௗԏࢎௗԏᆄࣁ2-5 [ ]ny Ǵ཮ஒ

ၗ਑ӛໆ [ ]ny य़ക࿯೯ၰ՗ෳϣ৒଺௶ॊǴӧࡕӧߡΑБࣁ೯ၰ՗ෳǴܭL໨ၗ਑Ҕ߻

ԜзԜL໨ၗ਑ࣁ [̂ ] Ln ∈y ℂ ǴԶჹܭၗ਑ӛໆ [ ]ny Lޑъ೽ࡕ N+ ฽ၗ਑Ǵзࣁ [ ]nyɶ

L N+∈ ℂ Ǵ [ ]nyɶ ஒک೯ၰ՗ෳ่݀ޑբ฻ϯೀ౛ǴаҔٰᗋচ΋૓ၗ਑ӛໆ [ ]nd Ǵவ(2.4)

Ԅޕၰ [ ]ny ሦૐၗ਑کғǴѝౢ܌ӝԋу΢ᚇૻޑሦૐၗ਑ӛໆϣϡનࣁL໨ၗ਑߻ޑ

ӛໆpԖᜢǴሦૐၗ਑ӛໆࣁ໺ଌᆄکௗԏᆄςޕၗ਑Ǵ܌аϩᚆ [ ]ny ϣ߻L໨ၗ਑

[̂ ] Ln ∈y ℂ Ҕܭ೯ၰ՗ෳǴஒёаளډ՗ෳ೯ၰ ˆ L∈h ℂ Ƕ 

    ௗ๱ёճҔ՗ෳ೯ၰ ĥٰࡠൺ΋૓ၗ਑ׇӈ [ ]nd Ǵջᓎୱ฻ϯǴӧ௶ॊᓎୱ฻ϯϐ 

 ࣁቪׯচ౛Ǵᢀჸ(2.5)ёаޑǴӃٰᇥܴᓎୱ฻ϯ߻

[0]

[ ] [ 1] [ 1] [ ]

[ 1] [ ] [ 2] [ 1] [ 1]
[ ]

0

[ 1] [ ] [2 1]

0

h

d nN p L d nN z L

d nN d nN d nN h L z L
n

p L d nN z L N

 
 
    − +     
    + + − +    = +    
    
    − + −        
 
 

y

z

⋯ ⋮

⋯
ɶ

⋮ ⋮ ⋱ ⋮ ⋮

⋯ ⋯ ⋮
�������	������
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0

[0] 0 [1] [ ]

[0]

[ 1] 0 [ 1]
     =

0 [ 1] 0 [0]

0

0 [0] [ 1]

[ ]

                    

h h d nN

h

h L d nN N

h L p

h p L

n

   
   
   
   
   − + −   

+   −   
   
   
   

−   
   

z

H s

⋯

⋮ ⋯ ⋮ ⋮

⋮ ⋯

⋯

⋮ ⋯ ⋮ ⋮

⋮ ⋯
�������������	������������
 �������	������


                                                                              (2.6)  

 

( ) ( )

0

L N L N+ × +∈H ℂ ၰޕൻᕉંତǴவ(2.6)ёаࣁ [ ]nyɶ ё߄Ңࣁ [ ]ns ೯ၰh༤ံNک ঁ႟໨

ကᚆණഡҥယᙯඤંତۓǴௗΠٰ่݀ޑу΢ᚇૻࡕ଺ൻᕉᄙᑈࡕ
L N+
F ϸᚆණഡҥک

ယᙯඤંତ 1

L N

−

+
F  ࣁ

 

2

( 1)

2 /( )

( 1) ( 1)

1 1 1

11
,            (2.7)

1

N L

j N L

L N

N L N L

w w
w e

N L

w w

π

+ −

− +
+

+ − + −

 
 
 
 

= = 
 +  
 
  

F

⋯

⋯

⋮ ⋮ ⋮ ⋮

⋯

 

 

2

( 1)

1 2 /( )

( 1) ( 1)

1 1 1

11
,            (2.8)

1

N L

j N L

L N

N L N L

w w
w e

N L

w w

π

+ −

− +
+

+ − + −

 
 
 
 

= = 
 +  
 
  

F

⋯

⋯

⋮ ⋮ ⋮ ⋮

⋯

 

 

კ ᄬკǴᇥܴӵՖೀ౛ӛໆࢎௗԏᆄࣁ2-5 [ ]nyɶ ٰளډ฻ϯޑࡕၗ਑Ǵ྽ௗԏᆄௗԏډ

ၗ਑ӛໆ [ ]ny ำׇǴஔԏၗ਑ӛໆޑǴஒӃ຾Չ౽ନൻᕉӷ२ࡕ [ ]ny ϣ߻ L ໨ၗ਑Ǵ

ջϩᚆрӛໆ ˆ[ ]ny ǴҔٰ՗ෳ೯ၰǴഭΠޑL N+ ໨ၗ਑Ǵջ [ ]nyɶ ஒҔٰ଺ၗ਑฻ϯǶ

[ ]nyɶ ࿶Ս٠ᙯඤࡕǴӆ࿶ၸᚆණഡҥယᙯඤޑೀ౛Ǵஒ [ ]nyɶ ᙯඤډᓎୱ΢Ǵ೭΋؁ᡯ࣬ 
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[ ]ny

⋮ ⋮ ⋮

⋯

[̂ ]ny

[ ]nyɶ ĥ

[̂ ]ns

კ 2-5 ௗԏᆄ 

 

྽ܭஒᚆණഡҥယᙯඤંତ
L N+
F ४΢(2.6)ԄǴёளډ 

0
[ ] [ ]                                     (2.9)

L N L N L N
n n

+ + +
= +F y F H s F zɶ  

җܭ
0
H ൻᕉંତǴёа೏ᚆණഡҥယᙯඤંତࣁ

L N+
F ϸᚆණഡҥယᙯඤંତک 1

L N

−
+
F ჹ

 ډϯǴ࿶ၸϯᙁёளف

0

1

0

[ ] [ ]

       = [ ]

       =                                         (2.10)

L N L N L N

L N L N L N L N

L N

n n

n

+ + +

−

+ + + +

+

= +

+

+

F y F H s F z

F H F F s F z

HS F z

ɶ

 

ӧ೭္ 

1

0

1

[1] 0 0

0 [ ]
                         (2.11)

0

0 0 [ ]

L N L N

N L

H

H w

H w

−

+ +

+ −

 
 
 
 = =  
 
 
  

H F H F

⋯

⋱ ⋮

⋮ ⋱ ⋱

⋯
 

[0]

[1]
[ ]                                          (2.12)

[ 1]

L N

S

S
n

S L N

+

 
 
 
 = =  
 
 + −  

S F s
⋮

 

Ъ ( 1)[ ] [0] [1] [ 1]k k k LH w h h w h L w− − −= + + + −⋯ ༤ံ႟໨೯ၰӛໆࣁ
0
h ᓎ౗ៜᔈӛໆޑ
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0L N+
F h ϣಃ 1k + ঁϡનǴԶSࣁ߾ၗ਑ྍӛໆ [ ]ns ᓎ౗ៜᔈӛޑ ǴໆௗΠٰஒჹ [ ]

L N
n

+
F yɶ

଺ၗ਑΢ޑ฻ϯǴ฻ϯೀ౛ךॺ௦Ҕமڋᘜ႟฻ϯᏔ(zero forcing equalization)Ǵ२Ӄך

ॺӃٰᇥܴமڋᘜ႟฻ϯᏔޑচ౛Ǵᢀჸ(2.10)ԄǴଷ೛۹ౣᚇૻ໨
L N+
F zǴ [ ]

L N
n

+
F yɶ ջ

ΠǴջ೯ၰંݩ௃ޑᜢ߯Ǵଷ೛೯ၰ՗ෳӧؒԖᇤৡวғޑӛໆS࣬४کତHંفჹࣁ

ତHςޕǴஒё࿶җᙁൂीᆉளډ೯ၰંତHޑϸંତ 1−H Ǵзமڋᘜ႟฻ϯંତ

N L

ZF

+∈W ℂ ೯ၰϸંତࣁ 1−H  

 

1

1
0 0

[1]
1

0
{ [0], , [ 1]}             (2.13)[ ]

0

1
0 0

[ ]

ZF

N L

H

diag W W N L H w

H w + −

 
 
 
 
 
 
 = + − =
 
 
 
 
 
  

W

⋯

⋱ ⋮
…

⋮ ⋱ ⋱

⋯

 

 

ஒ
ZF
W ४΢(2.10)Ǵёளډ 

[ ]                                       (2.14)
ZF L N ZF L N

n
+ +

= +W F y S W F zɶ  

ӧԵቾᚇૻ໨ 0
L N+

=F z
�
 ΠǴёளݩ௃ޑ

[ ]                                                   (2.15)
ZF L N

n
+

=W F y Sɶ  

ջ٬Ҕமڋᘜ႟฻ϯᏔёֹ᏾ൺচၗ਑SǶՠ྽ᚇૻӸӧਔǴஒமڋᘜ႟฻ϯંତ
ZF
W

४΢ᚇૻӛໆ
L N+
F zǴёૈᗋ཮ܫεᚇૻӛໆ

L N+
F zǴவ೭္ёаޕၰமڋᘜ႟฻ϯᏔ

ӧ٬Ҕ΢ޑፄᚇࡋᗨեǴёࢂжሽࢂࠅёૈܫεᚇૻǴ٬ၗ਑ӧ฻ϯ΢ޑᇤৡගଯǶ 

ௗΠٰሡाעᓎୱ΢ޑၗ਑ᙯӣډਔୱ΢Ǵஒ [ ]
ZF L N

n
+

W F yɶ ӆ४΢ϸᚆණഡҥယᙯඤં

ତ 1

L N

−

+
F Ǵёள 
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1 1 1

1

[ ]

               = [ ]                                      (2.16)
L N ZF L N L N L N ZF L N

L N ZF L N

n

n

− − −

+ + + + +

−

+ +

= +

+

F W F y F S F W F z

s F W F z

ɶ
 

ύځ 1

L N ZF L N

−

+ +
F W F zࣁᚇૻ໨Ǵനࡕӆ࿶ၸᔠෳำׇа؃ளၗ਑ྍӛໆ [ ]ns Ƕ 

 

DFT IDFT⋮ ⋮⋮

[0]W

[ 1]W N L+ −

 

კ 2-6 ᓎୱமڋᘜ႟฻ϯᏔࢎᄬკ 

 

2.2.2.2.1.31.31.31.3    ൂၩݢᓎୱ฻ϯس಍ᓬલᗺൂၩݢᓎୱ฻ϯس಍ᓬલᗺൂၩݢᓎୱ฻ϯس಍ᓬલᗺൂၩݢᓎୱ฻ϯس಍ᓬલᗺ    

ӧ೭λ࿯ᘜયൂၩݢᓎୱ฻ϯس಍ޑᓬલᗺǴࣁаΠ 

ᓬᗺ: 

(1) ٬Ҕൻᕉӷ२Ǵှ،Αჹܭ೯ၰۯᒨᘉණ೷ԋޑ಄ϡυᘋୢᚒǶ 

(2) ӧᓎୱ΢଺ၗ਑฻ϯǴफ़եΑၮᆉፄᚇࡋǶ 

 ा؃ၨόᝄ਱Ƕޑ಍КၨǴᓎ౗ӕ؁سҬϩᓎӭπ҅ک(3)

લᗺ: 

(1)ӧᓎቨޑᆅ౛΢Ǵၨόڀቸ܄Ƕ 

(2)ሡाϩଛ΋೽ҽૈྍӧൻᕉӷ२΢Ƕ 
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2.2.2.2.1.41.41.41.4    നλѳБݤനλѳБݤനλѳБݤനλѳБݤ    

೭λ࿯ाϟಏࢂޑҔٰکҁጇፕЎύޑᓸᕭགෳೌמӧ೯ၰ՗ෳ΢଺КၨޑБݤǴ

ᆀࣁനλѳБݤǴࣁځጕ܄՗ෳޑБԄǴӧ೚ӭޑЎ᝘ϷᔈҔ΢த೏٬ҔډǴനεᓬᗺ

Ǵࡋᆢޑ೏՗ෳӛໆܭ฻܈ܭ໪εࡋௗԏၗ਑ᆢࢂచҹޑ٬ҔځեǴՠࡋၮᆉፄᚇځࢂ

Ъس಍ંତ໪ࣁᅈજ(full rank)ǴӧኧᏢ΢߄ޑҢԄࣁ 

 

1ˆ ˆ( ) [ ]                                   (2.17)H H n−=h P P P y  

 

ӛໆک಍ંତPسύځ ˆ[ ]ny ӧ߻य़(2.4)ύςۓကǴճҔس಍ંତPڀԖൻᕉંତޑ੝܄Ǵ

ёаஒ(2.17)ϯᙁࣁ 

 

1

1
0 0

[0]
1

0ˆ ˆ[ ]          (2.18)[1]
0

1
0 0

[ 1]

L L

P

nP

P L

−

 
 
 
 
 
 
 =
 
 
 
 
 

−  

h F F y

⋯

⋱ ⋮

⋮ ⋱ ⋱

⋯

 

 

 ύځ

[0] [0]

                               (2.19)

[ 1] [ 1]
L

P p

P L p L

   
   
   =   
   

− −      

F⋮ ⋮  

 

җ(2.17)ϯᙁ(2.18)ࣁᗉխΑӧനλѳБݤύሡाीᆉϸંତǴ٬ளၮᆉፄᚇࡋёаफ़

եǶ 
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2.2.2.2.2222    ᓸᕭགෳೌמᓸᕭགෳೌמᓸᕭགෳೌמᓸᕭགෳೌמ    

    

2.2.1 2.2.1 2.2.1 2.2.1 ี౧ၗ਑ൺচี౧ၗ਑ൺচี౧ၗ਑ൺচี౧ၗ਑ൺচ    

    ᓸᕭགෳೌמೀ౛ୢޑᚒ๱ख़ӧЖسۓ಍(underdetermined system)Ǵаၨեᆢޑࡋ

ௗԏၗ਑ٰൺচଯᆢีޑࡋ౧ၗ਑ǴࣁΑ၁ಒᇥܴǴךॺԵቾаΠጕس܄಍ኳࠠ 

 

                                          (2.20)β= Φ +y z  

 

n∈y ℂ ௗԏၗ਑ӛໆǴࣁ n p×Φ ∈ ℂ )಍ંତسࣁ )n p≪ Ǵ n∈z ℂ ᒱᇤӛໆǴࣁ pβ ∈ ℂ ࣁ

ี౧ӛໆǴβϣх֖Sঁόࣁ႟ޑϡન໨ǴځᎩϡન໨ࣣࣁ႟ǴЪόࣁ႟ޑϡન໨ኧໆ

Sᇻλܭᆢࡋ pǴӧ೭ኬޑଷ೛ΠǴᓸᕭགෳೌמҞޑӧܭճҔᆢࡋၨλޑௗԏၗ਑ӛ

ໆyǴٰൺচଯᆢีࡋ౧ӛໆβǴԵቾᒱᇤӛໆ z0ࣁ
�
ଷ೛ύޑηǴҗ(2.20)Ԅٯᙁൂޑ

n p≪ ǴёаޕၰԖคज़ӭಔှβ′ᅈى β ′= Φy Ǵ೭ࢂӢࣁჹسܭ಍ંତΦǴஒ཮Ӹӧ

໔ޜ႟ޑჹ࣬ځ ( )N Φ (null space)ǴԶӧ႟ޜ໔ ( )N Φ ϣޑҺཀӛໆ p∈r ℂ ஒ཮ᅈى =y Ǵ

( )βΦ + r ӢԜჹܭൺচี౧ၗ਑ޑᄽᆉݤǴஒ཮࣬྽ܭӧ p n− ᆢޑࡋ႟ޜ໔ ( )H N= Φ

β+ ϣѐཛྷ൨ี౧ၗ਑߯ޑኧǶ 

    ௗΠٰ௖૸൳ᅿதҔޑൺচၗ਑БݤǴךॺஒ཮Кၨ೭٤όӕБࢂݤցёаҔӧൺ

চี౧ၗ਑΢Ǵ२Ӄךॺۓကჹܭӛໆ γǴځ
κ
ℓ ጄኧࣁ

1

( )
p

i
i

κ
κ

κ
γ γ

=

= ∑ Ǵ٠Ъଷ೛Α

ᚇૻ z0ࣁ
�

 

 

(a)നλനλനλനλ
2
ℓ ጄኧၗ਑ൺচБጄኧၗ਑ൺচБጄኧၗ਑ൺচБጄኧၗ਑ൺচБݤݤݤݤ 

    ໺಍΢Ǵךॺགྷाӧ႟ޜ໔ ( )H N β= Φ + ϣѐ؃ှၗ਑Ǵ΋૓ٰᇥǴ൳Я೿཮٬

Ҕ
2
ℓ ጄኧٰ؃ှǴջ࿶җаΠБԄ 
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2

ˆ argmin        subject to                             (2.21)β γ γ= Φ = y  

 

ჹܭа΢ന٫ϯୢᚒǴӸӧᙁൂޑϦԄှ 1ˆ ( )H Hβ −= Φ ΦΦ yǶёெࢂޑǴ٬Ҕ
2
ℓ ጄኧٰ

ൺচၗ਑Ǵ൳ЯคډפݤS ี౧ӛໆǴှځ β̂ᕴࢂх֖೚ӭߚ႟໨ϡનǶ 

 

(b)നλനλനλനλ
0
ℓ ጄኧၗ਑ൺচБጄኧၗ਑ൺচБጄኧၗ਑ൺচБጄኧၗ਑ൺচБݤݤݤݤ 

ჹܭ
2
ℓ ጄኧޑБԄǴа؃ளၗ਑ӛໆૈໆനλբࣁന٫ှǴԜှஒό཮ีࢂ౧ӛໆှǴ

ᙯԶ൨؃ќ΋ঁБԄٰ؃рี౧ှǴջ٬Ҕ
0
ℓ ጄኧǴ

0
ℓ ጄኧ٬Ҕӧӛໆ΢Ǵࢂӧीᆉ

ӛໆϣߚ႟໨ϡનޑኧໆǴ
0
ℓ ጄኧ٬ҔӧS ี౧ӛໆ΢ࣁ߾SǴаኧᏢ׎Ԅٰ՗ෳี౧

ໆӛໆβ߄Ңࣁ 

 

0

ˆ argmin        subject to                             (2.22)β γ γ= Φ = y  

 

а೭ኬޑБٰݤൺচี౧ၗ਑ྗޑዴ܄ଯ[8]Ǵՠჹ(2.22)ܭԄޑ؃ှၮᆉၸำǴځӧၮ

ᆉፄᚇࡋ΢ࢂ NP-completeǴሡाӧี౧ӛໆϣ܌Ԗߚ႟໨ϡનՏ࿼ޑಔӝኧ
p

S

 
 
 

໔຾

Չᄇۭཛྷ൨Ǵа؃рന٫ှǴ٬ளၮᆉፄᚇཱུࡋଯǴӧჴሞᔈҔ΢ΨஒᡂளόёՉǶ 

 

(c)നλനλനλനλ
1
ℓ ጄኧၗ਑ൺচБጄኧၗ਑ൺচБጄኧၗ਑ൺচБጄኧၗ਑ൺচБݤݤݤݤ 

٬Ҕ
1
ℓ ጄኧന٫ϯБݤ 

1

ˆ argmin        subject to                             (2.23)β γ γ= Φ = y  
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ٰൺচี౧ၗ਑Ǵӧ[9]ύǴගډаᐱҥ࣬ӕϩѲ(independent identical distributed, i.i.d.)

಍ંତΦسޑଯථᒿᐒϩѲٰᇙ೷рޑ Ǵӧൺচี౧ၗ਑΢Ǵ྽ௗԏӛໆyޑᆢࡋᅈى

log( / )n cS p S≥ ਔ(cӧ೭္ࣁ΋ঁߚதλЪεܭ႟ޑதኧ)Ǵ཮Ԗߚதଯޑᐒ౗ёྗዴ

ᗋচี౧ၗ਑߈ࢂ܈՟ีܭ౧ၗ਑Ƕ(2.23)ӧኧᏢ΢ࣁсࠠന٫ϯ(convex optimization)

ୢᚒǴё໔ௗᙯඤࣁጕ܄ೕჄ(linear program)ୢ ᚒǴځၮᆉፄᚇࣁࡋ 3( )O p ǴکᏱԖଯၮ

ᆉፄᚇޑࡋ
0
ℓ ጄኧന٫ϯБԄ଺КၨǴځёբࣁӧൺচี౧ၗ਑΢ၨࡌࣁ᝼ޑբݤǶ 

ՖӧൺচSࣁΑှܭΑԖշࣁ     ี౧ၗ਑΢Ǵ٬Ҕ
2
ℓ ጄኧคݤൺচS ี౧ၗ਑ǴԶ٬

Ҕ
1
ℓ ጄኧޑբ߾ݤёൺচS ี౧ၗ਑Ǵஒவ൳Ֆޑᢀᗺٰ຾Չ௖૸Ƕӧ pℂ ܌໔ύǴޜ

ԖS ี౧ӛໆ܌ᄬԋޑηޜ໔ࢂ΋ಔߚጕޜ܄໔Ǵ࣬ځ྽ܭҗᆢࡋS  ຬѳय़(hyperplޑ

ane)܌ಔԋǴЪ೭؂ಔᆢࡋS ໔০኱ືǴӵკޜຬѳय़೿х֖Α΋٤ޑ 2-7Ǵӧ߻य़௶ॊ

ύගډჹܭൺচี౧ၗ਑Ǵ࣬྽ܭӧ႟ޜ໔ ( )H N β= Φ + ύѐ؃ှǴԶ႟ޜ໔H ӧᆢ

ࡋ pޜޑ໔ύǴࢂаี౧ၗ਑βࣁύЈᗺӛѦ৖໒႟ޜ໔ ( )N Φ ࡋӧᆢځᄬԋǴ܌ pޜ໔

಍ંତΦسڙࡋفޑ ಍ંତΦسቹៜǴ྽܌ аᒿᐒᡂኧޑБԄౢ܌ғਔǴځ႟ޜ໔H  ޑ

໔Hޜӧ႟ܭǴჹࡋفᒿᐒࣁஒࡋف ύ٬Ҕ
2
ℓ ጄኧٰ؃ளനௗ߈চᗺޑ 

 

 

 

 

 

 

 

 

 

კ 2-7 ຬѳय़൳Ֆ೸ຎკ 

pℂ  

•  
β  
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ှǴஒ཮Ԗࡐଯޑᐒ౗ୃ౽০኱ື(ջόӧᆢࡋS όှޑډள܌ൺচޑຬѳय़΢)Ǵ٬ޑ

໔HޜԜ౜ຝǴӧ႟ډǴӧკ2-8ύё࣮܄Ԗี౧੝ڀ ύ؃നλ
2
ℓ ጄኧှջճҔຬౚᡏǴ

٬ຬౚᡏᡏᑈӧനλ௃ݩΠЪখӳک႟ޜ໔H ࣬Ҭܭ΋ᗺ଺ࣁന٫ှ β̂Ǵ೭ኬޑന٫ှ 

 ౧ှβԖ๱ܴᡉৡຯǶีޑჴሞک

 

 

 

 

 

 

 

 

კ 2-8 
2
ℓ ጄኧ൳Ֆ೸ຎკ 

࣬ϸޑǴவკ 2-9ᢀჸǴ
1
ℓ ጄኧౚᡏځഗᗺখӳ೿০ပӧ০኱ື΢Ǵ྽

1
ℓ ጄኧౚᡏҗന

λᡏᑈ໒ۈᘉ஭Ǵکډޔ႟ޜ໔H ࣬Ҭܭ΋ᗺǴԜҬᗺ҅ӳีࢂ౧ӛໆβǴКၨ߻य़٬

Ҕ
2
ℓ ጄኧޑБԄǴளډΑ่ፕჹ٬ܭҔ

1
ℓ ጄኧၨ

2
ℓ ጄኧӧൺচี౧ၗ਑΢Ǵྗځዴ܄

ၨଯޑচӢǶ 

    ௗΠٰ຾΋؁Եቾᒱᇤӛໆ zόࣁ႟ޑ௃ݩǴ྽ᒱᇤӛໆ zځኻ൳ٚளӛໆελό

཮ຬၸε +∈ ℝ ਔǴךॺёаஒ(2.21)ޑज़ڋచҹ຾ՉঅׯǴ߄Ңࣁ 

 

1 2

ˆ min        subject to                       (2.24)
pγ

β γ γ ε
∈

= Φ − ≤y
ℝ

 

 

ჴሞӧᔈҔ΢Ǵךॺёૈค҅ݤዴளޕᒱᇤӛໆ zځനεёૈޑኻ൳ٚቺελǴࡺ εӧ 

β  
•  

•  
β̂  

pℂ  

H  
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კ 2-9 
1
ℓ ጄኧ൳Ֆ೸ຎკ 

೛ۓ΢ǴᔈᅰёૈߥӺޑஒ ε೛ޑۓКᒱᇤӛໆ zനεёૈޑኻ൳ٚቺελᗋεǴջ

2
ε≤z Ǵՠ εӵ݀೛ۓၸεΨό፾ەǴஒёૈᏤठൺচี౧ၗ਑ޑᇤৡගଯǶ 

     ӧᓸᕭགෳೌמύǴନΑ٬Ҕ(2.24)ٰ ൺচี౧ӛໆǴќ΋ঁதޑـБࣁݤ Dantzig 

selector method (DS)[11]Ǵ߄Ңࣁ 

 

( )
1

ˆ min        subject to                       (2.25)
p

H

γ

β γ γ λ
∞∈

= Φ −Φ ≤y
ℝ

 

 

Dantzig selector methodҗ Candesک TaoගрǴԵቾज़ڋచҹࣁᇤৡ( )γ−Φy ಍ંسک

ତΦ λܭჹॶനεॶλ๊ځڗ؂΋Չӛໆϐ໔բϣᑈǴޑ +∈ ℝ Ǵӧ೭ኬޑచҹΠǴ࿶җ 

1
ℓ ጄኧനλϯٰൺচี౧ӛໆǶ 

    

2.2.2 2.2.2 2.2.2 2.2.2 ज़ڋ฻ຯ܄፦کϕѾό࣬ᜢ܄፦ज़ڋ฻ຯ܄፦کϕѾό࣬ᜢ܄፦ज़ڋ฻ຯ܄፦کϕѾό࣬ᜢ܄፦ज़ڋ฻ຯ܄፦کϕѾό࣬ᜢ܄፦    

    ᓸᕭགෳ٬ೌמҔ
1
ℓ ጄኧനλϯБٰݤൺচี౧ӛໆǴՠाԖਏޑൺচี౧ӛໆǴ

಍ંତΦس Ѹ໪ᅈ٤ࢌىచҹǴ೭٤చҹΨத೏Ҕӧϩ݋ᓸᕭགෳޑೌמਏૈǴӧࡕय़ 

 

H  
pℂ  

•  
β  

β̂  
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 ፦(restricted iso܄฻ຯڋज़ࣁကԄǴϩձۓǴаΠஒϟಏ೭٤చҹډക࿯Ψ཮٬Ҕޑ

-metry property, RIP)کϕѾό࣬ᜢ܄፦(mutual incoherence property, MIP)ঁٿచҹۓက

ԄǶ 

 

ကۓကۓကۓကۓ 1. ज़ڋ฻ຯ܄፦[12]: 

ଷ೛Һཀӛໆ p∈c ℂ ϣх֖όຬၸS ಍ંତس႟ॶǴߚঁ n p×Φ ∈ ℝ ϣޑҺཀՉӛໆځኻ

൳ٚቺελࣁ΋ǴЪज़ڋ฻ຯதኧ(restricted isometry constant, RIC) ( )0,1
S
δ ∈ Ǵӵ݀س಍

ંତΦᅈى 

 

( ) ( )
2

2

2

2

1 1                                 (2.26)
S S
δ δ

Φ
− ≤ ≤ +

c

c  

 

಍ંତΦسॺ൩ᆀך ᅈى RIP( ),
S

S δ Ƕ 

 

а൳Ֆޑᢀᗺٰ࣮ԜۓကǴज़ڋ฻ຯ܄፦ӧܭඔॊǴჹߚܭ႟ॶኧໆόຬၸS Һཀีޑ

౧ӛໆ cǴ४΢س಍ંତΦ ϐ܌ࡕளޑډӛໆǴځӛໆޑኻ൳ٚቺελ
2

2
Φc চҁี౧ک

ӛໆ cޑኻ൳ٚቺελ
2

2
c ࣬྽Ǵ

2

2
Φc ک

2

2
c Кٯϟӧ( )1

S
δ− )ک )1

S
δ+ ϐ໔Ǵ྽

S
δ ॶ

ཇλǴس಍ંତΦ  ҬંତǶ҅߈ཇௗ߾܄੝ޑ

    ӧज़ڋ฻ຯ܄፦ύޑനख़ाୖޑኧǴज़ڋ฻ຯதኧǴځॶελҗس಍ંତΦ Ǵۓ،܌

ज़ڋ฻ຯதኧޑελஒ཮ቹៜᓸᕭགෳೌמൺচี౧ӛໆྗޑዴ܄Ǵ౛ፕ΢ज़ڋ฻ຯத

ኧཇλǴ߾ᓸᕭགෳೌמൺচี౧ӛໆྗޑዴ܄ཇଯǴࡺज़ڋ฻ຯதኧΨத೏Ҕӧϩ݋

಍ંତΦس ӧόӕޑ
1
ℓ ጄኧനλϯБݤΠޑ՗ෳᇤৡǴёځـख़ा܄ǴаΠஒϟಏᜢܭ

΋٤ज़ڋ฻ຯதኧޑ੝܄Ƕ 
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 :[13]܄੝ޑ฻ຯதኧڋᚒ 1. ज़ڮᚒڮᚒڮᚒڮ

ଷ೛س಍ંତ n p×Φ ∈ ℂ ࣁ฻ຯதኧڋज़ޑ
S
δ Ǵ߾ 

(a) ज़ڋ฻ຯதኧ྽ี౧ໆS ሀቚǴ߾ज़ڋ฻ຯதኧΨ཮ሀቚǴջ
1 2 3
δ δ δ≤ ≤ ≤⋯ 

(b) ज़ڋ฻ຯதኧ
S
δ ё߄Ңࣁ 

2[ ],
max

   =sup ( ) ,                                 (2.27)
s

H

s S S
S p S s

H

T

δ
⊂ ≤

∈

= Φ Φ − Ι

Φ Φ − Ι
x

x x
 

   ೭္ { }
2 0

, 1,p

s
T s= ∈ = ≤x x xℂ  

(c)з , p∈u v ℂ Ǵ supp supp ∩ = ∅u v ǴЪ supp supp s = +u v Ǵ߾ 

 

2 2
,                                 (2.28)

s
δΦ Φ ≤u v u v  

 

ќѦӧᓸᕭགෳೌמύǴΨԖ(2.26)ک࣬ ՟ۓޑကǴଷ೛ԖঁٿҺཀีޑ౧ӛໆ cک ′ ∈c

pℝ Ǵ٬Ҕ { }[ ] 0T t t= ≠c ک { }[ ] 0T t t′ ′= ≠c Ң߄ٰ cک ′c ϣόࣁ႟ޑϡન઩ЇॶǴT ک

T Tىϕԛ໣ӝǴᅈࣁ′ S≤ Tک S ′≤ ǴЪS S p′+ ≤ Ǵӧ೭ኬޑଷ೛Πۓကज़҅ڋҬ

தኧ(restricted orthogonality constant) 
,S S
θ

′
 аΠచҹϐനλॶىᅈࣁ

 

, 2 2
,                                 (2.29)

S S
θ

′
′ ′Φ Φ ≤ ⋅c c c c  

 

 :፦[14]܄က 2. ϕѾό࣬ᜢۓကۓကۓကۓ

಍ંତس n p×Φ ∈ ℝ ϣޑҺཀՉӛໆځኻ൳ٚቺελࣁ΋ǴЪჹس಍ંତΦϣ܌Ԗёૈಔ

ӝޑҺཀٿಔՉӛໆբϣᑈǴځڗϣᑈ๊ჹॶϐനεॶǴз࣬ࣁᜢ܄(coherence)தኧuǴ
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ջ  

max ,                                    (2.30)
i ji j

u
≠

= Φ Φ   

 

ϕѾό࣬ᜢ܄፦аኧᏵϯٰسၲ߄಍ંତΦ ჹܭᅈ҅ىҬ੝ޑ܄ำࡋǴ྽࣬ᜢ܄தኧu

ཇλǴس߾಍ંତΦ ϣޑՉӛໆϐ໔ᜢ߯ཇௗ҅߈Ҭӛໆ(҅Ҭӛໆځϣᑈࣁ႟)ǶќѦ

ӧ΋ز٤ࣴЎ᝘ύǴჹسܭ಍ંତޑՉӛໆ࣬ޑᜢ܄ǴගрΑၨࣁᆒዴۓޑကǴࣁ 1-

࣬ᜢڄ܄ኧ(1-coherence function)Ǵ߄Ңࣁ 

 

1 [ ] [ ]\{ }
    | |

( ) max max ,                                    (2.31)
i jp S N

S s

u s su
∈ ⊂

≤

= Φ Φ ≤
ℓ ℓ

 

 

࣬ᜢ܄தኧک 1-࣬ ᜢڄ܄ኧǴаϷज़ڋ฻ຯதኧӧ੝܄΢Ԗᜢೱ܄ӸӧǴаΠஒӈᖐځ

ᜢ߯Ϸ੝܄Ƕ 

 

 :[13]܄੝ޑதኧ܄ᚒ 2. ࣬ᜢڮᚒڮᚒڮᚒڮ

(a) 
2

u δ=  

(b) 
1 [ ],| | 1 1
( ) max H

S SS N S s
u s

⊂ ≤ +
= Φ Φ − Ι  

(c)
 1

( 1) ( 1)
s

s u s uδ ≤ − ≤ −  

 

2.2.3 2.2.3 2.2.3 2.2.3 ี౧ၗ਑ี౧ၗ਑ี౧ၗ਑ี౧ၗ਑ൺচᇤৡϩ݋ൺচᇤৡϩ݋ൺচᇤৡϩ݋ൺচᇤৡϩ݋    

    аᓸᕭགෳٰೌמൺচี౧ၗ਑Ǵځൺচ҅ޑዴسک܄಍ંତΦ Ԗࡐεޑᜢᖄ܄Ǵ

ӧϩ݋΢Ǵ൩தճҔ΢΋࿯܌ϟಏޑज़ڋ฻ຯ܄፦کϕԛό࣬ᜢ܄፦ٰϩ݋ᓸᕭགෳמ

಍ંତΦسൺচၗ਑ᇤৡǴԶӧ೭΋࿯Ǵஒ཮ϟಏ྽ޑೌ ӧᅈىӚᅿόӕޑచҹΠǴځ

ቹៜӧᓸᕭགෳೌמ΢࣬ჹᔈޑၗ਑ൺচᇤৡǶ 

(a) คᒱᇤӛໆคᒱᇤӛໆคᒱᇤӛໆคᒱᇤӛໆυᘋޑ௃ݩυᘋޑ௃ݩυᘋޑ௃ݩυᘋޑ௃ݩ 
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Եቾ(2.20)ӧᒱᇤӛໆࣁ႟ӛໆޑጕس܄಍ኳࠠ 

 

                                          (2.32)β= Φy  

 

ჹ(2.32)ܭǴӧ[12]ύǴගрΑ྽س಍ંତΦ ᅈى
, ,2

1
S S S S S
δ θ θ+ + < ǴճҔ

1
ℓ ጄኧന٫

ϯ(2.23)ёа҅ዴคᇤൺচี౧ၗ਑βǴӧ[13]ࢂ߾ගр
2

1

3S
δ < ΠǴճҔ(2.23)ёа҅ዴ

ൺচี౧ၗ਑βǴନΑа΢ճҔज़ڋ฻ຯ܄፦ٰ଺ྗࣁዴൺচี౧ၗ਑ޑచҹѦǴΨԖ

ճҔϕԛό࣬ᜢ܄፦ٰ଺ࣁൺচี౧ၗ਑ޑచҹǴӵӧ[15]ύǴගрΑ྽
1 1

1
2

S
u

  < +   
Ǵ 

 ճҔ(2.23)ёаྗዴൺচี౧ၗ਑Ƕ߾

 

(b) ӸӧᒱᇤӛໆӸӧᒱᇤӛໆӸӧᒱᇤӛໆӸӧᒱᇤӛໆυᘋޑ௃ݩυᘋޑ௃ݩυᘋޑ௃ݩυᘋޑ௃ݩ 

    ӧᓸᕭགෳೌמύஒᒱᇤӛໆυᘋޑ௃ݩǴջჹ(2.20)ܭǴϩࣁԖࣚᒱᇤӛໆکค

ࣚᒱᇤӛໆǴԖࣚᒱᇤӛໆࢂޑࡰᒱᇤӛໆޑኻ൳ٚቺελࡡόຬၸࢌ΋தኧǴԶคࣚ

ᒱᇤӛໆࡰ߾ᒱᇤӛໆޑኻ൳ٚቺελёૈ཮ډคज़εǴӵаଯථᒿᐒϩѲౢ܌ғޑᒱ

ᇤӛໆǴ൩Ԗёૈځᒱᇤӛໆޑኻ൳ٚቺελၲډคज़εǴаΠஒϩձϟಏӧԖࣚᒱᇤ 

ӛໆکคࣚᒱᇤӛໆޑ௃ݩΠǴᓸᕭགෳޑೌמൺচᇤৡϩ݋Ƕ 

 

2
ℓ ጄኧज़ڋጄኧज़ڋጄኧज़ڋጄኧज़ڋ: 

    Եቾᒱᇤӛໆ zᅈى
2
ε≤z Ǵӧ[16]ύගр྽س಍ંତΦ ᅈى

3 4
3 2

S S
δ δ+ < Ǵ٬Ҕ

ज़ڋԄࣁ
2
ℓ ጄኧज़ڋԄޑ

1
ℓ ጄኧന٫ϯБԄǴջ(2.24)ٰ ൺচี౧ၗ਑Ǵځᇤৡࣁ 

2

ˆ                                    (2.33)
S

Cβ β ε− ≤  
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ӧ೭္
S

C ک΋ঁࢂ
4S
δ ԖᜢޑதኧǶԶӧ[17]ගр྽ <0.307

S
δ Ǵ٬߾Ҕ(2.21)ޑൺচᇤৡ

 ࣁ

2

ˆ                                    (2.34)
0.307-

S

ε
β β

δ
− ≤  

Զ٬Ҕϕԛό࣬ᜢ܄፦ٰჹᓸᕭགෳೌמ଺ᇤৡϩ݋Бय़Ǵӧ[15]ගр
1 1

1
2

S
u

  < +   
ک

ε η≤ Ǵ٠ஒ(2.24)ޑచҹज़ڋԄࣁׯ
2

γ ηΦ − ≤y Ǵӧ೭ኬޑ௃ݩΠǴ٬Ҕ(2.21)ൺচ

ี౧ၗ਑ޑᇤৡࣁ 

 

2

3(1 )ˆ ( + )                                   (2.35)
1 (2 1)

u

S u
β β η ε

+
− ≤ ⋅

− −
 

 

Dantzig selector method: 

    ྽ᒱᇤӛໆޑኻ൳ٚቺελёૈၲډคज़εਔǴӵᒱᇤӛໆҗଯථᒿᐒϩѲౢ܌ғǴ

೭Ψࢂനதޑـ௃ݩǴԜਔ٬Ҕ(2.24)ٰ ൺচี౧ၗ਑ၨό፾ҔǴ೭ਔ٬Ҕ Dantzig selec 

-tor methodǴΨ൩(2.25)ࢂၨࣁ፾྽ǴаΠஒଞჹ٬Ҕ(2.25)Ǵϟಏځӧൺচี౧ၗ਑΢ 

 ᇤৡǶޑ

ჹ(2.25)ܭǴᒧ᏷ 2 log pλ σ= Ǵӧ[11]ύǴԵቾᒱᇤӛໆҗᐱҥӕϩѲޑଯථᒿᐒϩѲ

2(0, )N σ ಍ંତΦسғǴගрΑ྽ౢ܌ ᅈى
2 ,2

1
S S S
δ θ+ < Ǵ߾ൺচᇤৡஒ཮Ԗࡐଯޑᐒ

౗ᅈى 

 

2
2 2

12

ˆ (2 log )                                  (2.36)C p Sβ β σ− ≤ ⋅ ⋅ ⋅  
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ӧ೭္
1 2 ,2

4 / (1 )
S S S

C δ θ= − + ǶԶӧ[17]ύࢂ߾ගр྽ᒱᇤӛໆ zᅈى H λ
∞

Φ ≤z ǴЪ 

಍ંତΦس ᅈى 0.307
S
δ < Ǵ٬߾Ҕ(2.25)ൺচၗ਑ޑᇤৡࣁ 

 

2

ˆ                                  (2.37)
0.307

S

S
β β λ

δ
− ≤

−
 

 

ӕኬޑǴDantzig selector methodӧൺচᇤৡϩ݋΢ǴΨԖճҔϕԛό࣬ᜢ܄፦ٰ଺ൺচ

ᇤৡϩ݋ǴԵቾӧᒱᇤӛໆ zᅈى H ε
∞

Φ ≤z Ъ ε λ≤ Ǵӧ[15]ගрΑ྽
1 1

1
2

S
u

  < +   
Ǵ

 ࣁൺচᇤৡ߾

2

2ˆ ( + )                                   (2.38)
1 (2 1)

S

S u
β β λ ε− ≤ ⋅

− −
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ಃΟകಃΟകಃΟകಃΟക    ᓸᕭགෳೌמᆶᒿᐒൻᕉંତᓸᕭགෳೌמᆶᒿᐒൻᕉંତᓸᕭགෳೌמᆶᒿᐒൻᕉંତᓸᕭགෳೌמᆶᒿᐒൻᕉંତ    

 

3.13.13.13.1    ᒿᐒൻᕉંତᅈڙىज़฻ຯ܄፦ޑᐒ౗ϩ݋ᒿᐒൻᕉંତᅈڙىज़฻ຯ܄፦ޑᐒ౗ϩ݋ᒿᐒൻᕉંତᅈڙىज़฻ຯ܄፦ޑᐒ౗ϩ݋ᒿᐒൻᕉંତᅈڙىज़฻ຯ܄፦ޑᐒ౗ϩ݋    

    ӧ೭λ࿯཮ϟಏᒿᐒൻᕉંତᅈىज़ڋ฻ຯ܄፦ޑᐒ౗Ǵӧ໒ۈϐ߻ǴӃϟಏ൳ঁ

ᇶշۓ౛Ǵ೭٤ᇶշۓ౛཮೏ҔӧЬा่݀ޑ᛾ܴϣǴаΠஒӃϟಏൻᕉંତޑԾ࣬ᜢ

ંତ੝܄Ǵௗ๱ӆϟಏҁጇፕЎύǴ܌ЇҔୖԵЎ᝘΢ޑᇶշۓ౛Ƕ 

 

ЇЇЇЇ౛౛౛౛ 1. ଷ೛ L L×∈P ℂ Ծ࣬ᜢંତ߾ൻᕉંତǴࣁ HP PࣁჹᆀંତǴջ ( )TH H=P P P P Ƕ 

 

Proof: 

᛾ܴ ( )THP P ک HP P ࣬฻Ǵ࣬྽ܭ᛾ܴ HP P ϣޑϡન ( )H

ij
P P ϡનک ( )H

ji
P P ࣬฻ǴӧԜ

1 ,i j L≤ ≤ Ƕଷ೛ 1p  ಃ΋ঁՉӛໆǴޑൻᕉંତPࣁ

ಃiঁՉӛໆޑൻᕉંତP߾
i
p а 1p  ࣁҢ߄

1
1                                                               (3.1)i

i
−=p J p  

ύځ n n×∈J ℝ  ࣁ࿼ඤંତǴࣁ

0 0 1

1 0 0
                                                (3.2)

0 1 0

 
 
 =
 
 
 

J

⋯

⋱

⋮ ⋱ ⋱ ⋮

⋯

 

ௗΠٰ࿶ၸаΠ௢Ꮴ 
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( )

( ) ( )

( ) ( )

( )

1 1
1 1

2
1 1

1 1
1 1

                                                      (3.3)

H

ij

H
i j

Hi j

H i j

Hj i

H
j i

H

ji

− −

+ −

− −

=

=

=

=

=

=

P P

p p

J p J p

p J p

J p J p

p p

P P

 

ள᛾Ƕ 

 

ЇЇЇЇ౛౛౛౛ 2. ଷ೛ L L×∈P ℂ  ࣁԾ࣬ᜢંତޑကൻᕉંତPۓൻᕉંତǴࣁ

1,1

2,2

1, 1

1,2 1,

2,1 2,3

3,2

2, 1

1, 2 1

1,3 1, 1

2,

3,1

,

,1 ,

2,

1,1

2 2 ,1, ,

            

L

L

L

L

L L

L L L L

L L L

H

L L

L L

L

L

L L L

− −

−

−

−

−

− −

− − −

−

 
 
 
 
 
 = =  
 
 
 
 
  

=

G G

G

G

G G

G G

G

G

G G

G G

G

G

G G

G

G

G P P

G

G

⋯

⋱

⋱ ⋮

⋮ ⋱

⋱

⋯

⋱

⋱

⋱

⋱

□ □

⋱ □

⋱

⋱

△ △

△ △

△ ⋱□ ⋱

⋱

○ ⋯

○ ⋱

⋱ ⋮

⋮ ⋱⋱ △ □

□ ⋱ ⋱ △ ○

L L×

 
 
 
 
 
 

∈ 
 
 
 
 
 
 
□ □

△

△

ℂ

⋯ ○△

 

Ծ࣬ᜢંତGԖаΠ੝܄Ƕ 

(1) ჹفϡન࣬ӕǴջ 

1,1 2,2 ,L L
= = =G G G⋯  

 ࡓϡનԖΠӈೕفჹߚ(2)
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, , , ,

1 ,1 , ,1 ,
2

i i d j j L d k d k l L d l

L
d i k L d j l d

+ + − + + −
 = = =     ≤ ≤ ≤ ≤ − ≤ ≤    

G G G G

 

ᆕӝа΢੝܄ǴёளрԾ࣬ᜢંତGϣόӕϡનޑനεኧໆࣁ
1

1
2

L −  +
 
 

Ƕ 

 

 :ηٯ

1,3 1,4

2,4 2,5

3,1 3,5

4,1 4,2

5,2

1,2 1,5

2,1 2,3

3,2 3,4

4,3 4,5

5,1

1,1

2,2

3,3

5,3

4,4

5,5,4 5

  ,  5L

 
 
 
 
 =  
 
 
 
  

 
 
 
 
 = = 
 
 
 
  

G G

G

G G

G G

G G

G

G G

G G

G G

GG

GG G

G G G G G

□ □

□ □

□ □

□

△ △

△ △

△ △

△ △

○

○

○

○□

○△ □ □ △

 

ჹܭ 1d = ǴΟޑ׎فϡન཮࣬฻Ǵջ 

i i k k

i k

j l+ +

 ≤ ≤= = = 
 ≤ ≤

G G G G
, 1 1,5 1, 5,1

1 , 4
,  

1 , 1
 

 

ჹܭ 2d = Ǵ҅Бޑ׎ϡન཮࣬฻Ǵջ 

, 2 , 3 2, 3,

1 , 3
,  

1 , 2i i i j k k l l

i k

j l+ + + +

 ≤ ≤= = = 
 ≤ ≤

G G G G  

 

Proof: 

з
i
p ύ1ځಃiঁՉӛໆǴޑൻᕉંତPࣁ i L≤ ≤ ǴൻᕉંତPޑԾ࣬ᜢંତ߄Ңࣁ 
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1 1 1 2 1

2 1

1

                           (3.4)

H H H

L

H
H

H H

L L L

 
 
 
 

=  
 
 
 
  

p p p p p p

p p
P P

p p p p

⋯

⋱ ⋱ ⋮

⋮ ⋱ ⋱ ⋮

⋯ ⋯

 

ൻᕉંତPࣁԎݢΚ૟ંତǴࡺԾ࣬ᜢંତ HP PҭࣁԎݢΚ૟ંତǴा᛾ܴԾ࣬ᜢંତ

HP PڀԖЇ౛ 2܌ගр่ޑᄬ܄Ǵ࣬྽ܭ᛾ܴ
1 2 1
H H

L
 
  
p p p p⋯  Ƕ܄Ԗჹᆀڀ

ଷ೛Ԗ΋ׇӈ
w

h n n wLδ
∞

=−∞

   = −      ∑ ǴךॺஒճҔh n 
  

ӈׇ܄ҥຼයࡌٰ
i
pɶǴ

i
p ک

i
pɶ Ԗ

Πӈᜢ߯ 

( )
( )1

                               (3.5)i i i

i i

f h n

f −

   = = ⊗    
 =

p p p

p p

ɶ

ɶ
 

Եቾ 2j ≥ Ǵךॺёа௢Ꮴр 

( ) ( )
( ) ( )

( ) ( )

( ) ( )
( ) ( )( )

( )

1 1
1 1

1 1
1

1 1
1

1 1
1 2

1 1
1 2

1 2

      

      

      

      

                                                   (3.6)

HH

j j

H

L L j

H

L j L

H

j

H

L j

H

L j

f f

f f

f f

f f

f f

− −

− −
+ −

− −
+ −

− −
−

− −

− −

− −

=

=

=

=

=

=

p p p p

p p

p p

p p

p p

p p

ɶ ɶ

ɶ ɶ

ɶ ɶ

ɶ ɶ

ɶ ɶ

 

ಃΒঁ฻ဦ٬ҔΑԎݢΚ૟ંତޑ੝܄Ƕ 

ಃΟঁ฻ဦࢂ߾ճҔΑЇ౛ 1Ƕ 

ಃѤঁ฻ဦࢂ߾ჹڬܭයૻ܄ဦѳ౽2 L j− − Ƕ 

ಃϖঁ฻ဦࢂ
i
pɶ  LǶࣁ܄යຼޑ

ӢԜךॺ௢Ꮴрჹܭ 2j ≥ Ǵ ( )1 1 2

H H

j L j− −
=p p p p Ǵջ

1 2 1
H H

L
 
  
p p p p⋯  Ƕ܄Ԗჹᆀڀ

നךࡕॺஒीᆉԾ࣬ᜢંତ HP PϣόӕϡનޑനӭኧໆǴाीᆉԾ࣬ᜢંତ HP Pόх

֖ჹفϡનޑόӕϡનޑനӭኧໆǴ࣬྽ܭѐीᆉ
1 2 1
H H

L
 
  
p p p p⋯ ϣόӕϡનޑനӭ



 

31 
 

ኧໆǶճҔ
1 2 1
H H

L
 
  
p p p p⋯ Ծ࣬ᜢંତډǴёள܄Ԗჹᆀڀ HP Pόх֖ჹفϡનǴό

ӕϡનޑനӭኧໆࣁ
1

2

L − 
 
 

ǴջԾ࣬ᜢંତ HP Pόӕϡનޑനӭኧໆࣁ
1

1
2

L −  +
 
 

Ƕ 

 

ЇЇЇЇ౛౛౛౛ 3.[18] Եቾ{ }
1

[ ]
L

i
p i

=
җᐱҥ࣬ӕϩѲޑଯථᒿᐒᡂኧ 2(0, )N σ ܭჹ߾ғǴౢ܌ [ ]p i ޑ

ѳБуᕴஒ཮ᅈى 

( )2 2 2 2

1

Pr [ ] 2 2 exp
L

i

p i k Lt t tσ σ σ
=

  − ≥ + ≤ −   
∑  

 ک

( )2 2 2

1

Pr [ ] 2 exp
L

i

p i k Lt tσ σ
=

  − ≤ − ≤ −   
∑  

ӧ೭္t ᅈ0ى 1t≤ ≤ ǴЪёளډჹᆀ܄΢ࣚ 

( )2 2 2

1

Pr [ ] 4 2 exp
L

i

p i k Lt tσ σ
=

   − ≥ ≤ −  
∑  

 

ЇЇЇЇ౛౛౛౛ 4.[18] Եቾ{ }
1

[ ]
L

i
p i

=
җᐱҥ࣬ӕϩѲޑԖࣚᒿᐒᡂኧౢ܌ғǴ٬ள [ ]p i ᅈى [ ]p i a≤ Ǵ 

Ԗࣚᒿᐒᡂኧޑᡂ౦ኧࣁ 2 2E [ ]p i σ  =  
Ǵ߾ 

2
2 2

4
1

2
Pr [ ] 2 exp

L

i

t
p i k t

ka
σ

=

       − ≥ ≤ −        
∑  

 

}౛ 1. ሦૐׇӈۓ౛ۓ౛ۓ౛ۓ }
1

[ ]
L

i
p i

=
җᐱҥ࣬ӕϩѲѳ֡ॶࣁ႟ޑଯථᒿᐒᡂኧౢғǴځᡂ౦ኧ

ࣁ 2E [ ] 1/p i L  =  
Ƕӵ݀

( ) ( )

2

2 2

108

log 4 43 2
S

S L

LS δ
≤

++
ԋҥǴ߾ 
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( )
2 2

2

1
Pr  does not satisfy RIP 2exp 4 exp

36 2 54

S S
L LL

S

δ δ     −     ≤ − + −           
P  

 

Proof: 

a)  

а੝ቻॶٰࡋفޑԵቾज़ڋ฻ຯ܄፦Ǵёள 

( ) ( )
2

2

1 1   ,   
H

H

S S
δ δ− ≤ ≤ + = ⇔

z Gz
G P P

z

 

( ) ( ) ( ) ( )min max2

2

1 1   

,  and ,                                                             (3.7)

                                      

H

T T T
S T T S

T

H

T T T
T S T

δ λ λ δ− ≤ ≤ ≤ ≤ +

= = ∀

z G z
G G

z

G P P
 

ӧ೭္( )0 1
S
δ≤ ≤ Ƕ 

 

b) 

аጕ܄жኧύ Gersgorin disksۓ౛ٰԵቾ(3.7)Ǵӵ݀ 

,

,

1 ,  

,  ,                        (3.8)

,  0 and 0

i i d

o
i j

d o s d o

i

i j
S

δ

δ

δ δ δ δ δ

 − ≤ ∀ ≤ ∀
 + = ≥ ≥

G

G  

ԋҥǴ(3.7)߾൩཮ԋҥǴջPᅈىज़ڋ฻ຯ܄፦Ƕ 

Ҟࣁޑ௢ᏤрPόᅈىज़ڋ฻ຯ܄፦ޑᐒ౗΢ࣚǴа Gersgorin disksۓ౛ٰԵቾPόᅈ

εǴޑᐒ౗΢ٰࣚޑ፦܄฻ຯڋज़ىௗԵቾPόᅈޔᐒ౗΢ࣚǴஒ཮Кޑ፦܄฻ຯڋज़ى

ջ 

( )
( )

Pr upper bound of that  does not satisfy RIP

Pr upper bound of that  does not satisfy (3.8)≤

P

P
 

ӢԜёள 
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( )
( )

Pr  does not satisfy RIP

Pr upper bound of that  does not satisfy (3.8)≤

P

P
 

аΠஒᙖҗ௢ᏤPόᅈޑ(3.8)ىᐒ౗΢ࣚǴٰ؃рPόᅈىज़ڋ฻ຯ܄፦ޑᐒ౗΢ࣚǶ 

 

c) 

җЇ౛ 3ǴёளډGޑჹفϡન 2
,

1

[ ]
L

i i
j

p j
=

= ∑G ᅈى 

( )2

1

4
Pr [ ] 1 2 exp                                                 (3.9)

L

j

p j Lt t
L=

   − ≥ ≤ −   
∑  

з
2

16
d

L
t

δ
= Ǵёள 

( )
2

,
Pr 1 2exp                                                  (3.10)

16
d

i i d

Lδ
δ

  ⇒ − ≥ ≤ −    
G  

ӆҗЇ౛ 1ёள 

( )
2

, ,
1

Pr 1 Pr 1 2exp                    (3.11)
16

L
d

i i d i i d
i

Lδ
δ δ

=

    ⇒ − ≥ = − ≥ ≤ −        
G G∪  

 

d) 

ௗ๱ୖԵ[18]ϣۓ౛ 6ύޑ௢ᏤၸำǴёள 

2

, 2
Pr 4 exp                                                      (3.12)

6

o o
i j

L

S S

δ δ     ≥ ≤ −        
G  

ӆҗЇ౛ 1ёள 

2

, 2
1 1,

1
Pr 4 exp                              (3.13)

2 6

L L
o o

i j
j i i j

LL

S S

δ δ

= = ≠

       −       ⇒ ≥ ≤ −                
G∪ ∪  

 

e) 
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வ c)ک d)Ǵךॺёளډ 

( )
2 2

2

1
Pr  does not satisfy RIP 2exp 4 exp          (3.14)

16 2 6

d o
L LL

S

δ δ     −     ≤ − + −           
P  

 

f) 

ௗΠٰз
2

3d S
δ δ= ǵ

1

3o S
δ δ=  [18]ǴжΕ(3.14)ள 

( )
2 2

2

1
Pr  does not satisfy RIP 2exp 4 exp          (3.15)

36 2 54

S S
L LL

S

δ δ     −     ≤ − + −           
P

 

 

g) 

җࣁ(3.15)ܭᐒ౗΢ࣚǴനεόຬၸ΋Ǵӧ೭ঁज़ڋΠѐ௢Ꮴᅈޑ(3.15)ىкϩచҹǴз

(3.15)Ѹ໪λܭ΋Ǵளډ  

2 2

2

1
2exp 4 exp 1                       (3.16)

36 2 54

S S
L LL

S

δ δ     −     − + − ≤           
 

ௗΠٰ࿶ၸख़ཥ᏾౛Ǵёள 

( )
2 2

2
2 log2 log +1                            (3.17)

36 54

S S
L L

L
S

δ δ
⇒ + ≤ +  

( ) ( )

2

2 2

108
                                   (3.18)

log 4 43 2
S

S L

LS δ
⇒ ≤

++
 

ᆕӝ(3.15)(3.18)کֹ ԋ᛾ܴǶ 

 

 

ௗΠٰԵቾаԖࣚᒿᐒᡂኧౢғሦૐׇӈǴԖࣚᒿᐒᡂኧёаࢂΠӈ൳ᅿᐒ౗ϩѲ[18]: 

1. [ ] ~ unif[- 3 / , 3 / ]p i L L  
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2.
1 /           with prob. 1/2

[ ] ~
1 /         w.p. 1/2

L
p i

L


−

 

3.

1 /             w.p. / 2

[ ] ~ 0                    w.p. 1 ,  (0,1) fixed

1 /           w.p. / 2

Lq q

p i q q

Lq q

 − ∈
−

 

аΠۓ౛ஒϟಏаԖࣚᒿᐒᡂኧౢғޑൻᕉંତPόᅈىज़ڋ฻ຯ܄፦ޑᐒ౗΢ࣚǶ 

 

}౛ 2. ሦૐׇӈۓ౛ۓ౛ۓ౛ۓ }
1

[ ]
L

i
p i

=
җᐱҥ࣬ӕϩѲکѳ֡ॶࣁ႟ޑԖࣚᒿᐒᡂኧౢғǴځᡂ౦

ኧࣁ 2E [ ] 1 /p i L  =  
ǴЪ [ ]p i ᅈى [ ] /p i c L≤ Ǵӧ೭္ 1c ≥ Ƕӵ݀

( ) ( )

2 2

2 2

32

log 2 216 1
S

c S L

LS δ
≤

++
ԋҥǴ߾ 

( )
2 2

2 2 2

1
Pr  does not satisfy RIP 2exp 2 exp

22 32

S S
L LL

c c S

δ δ     −     ≤ − + −           
P  

 

Proof: 

a) 

а੝ቻॶٰࡋفޑԵቾज़ڋ฻ຯ܄፦Ǵёள 

( ) ( )
2

2

1 1   ,   
H

H

S S
δ δ− ≤ ≤ + = ⇔

z Gz
G P P

z

 

( ) ( ) ( ) ( )min max2

2

1 1   

,  and ,                                                            (3.19)

                                      

H

T T T
S T T S

T

H

T T T
T S T

δ λ λ δ− ≤ ≤ ≤ ≤ +

= = ∀

z G z
G G

z

G P P  

ӧ೭္( )0 1
S
δ≤ ≤ Ƕ 
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b) 

аጕ܄жኧύ Gersgorin disksۓ౛ٰԵቾ(3.19)Ǵӵ݀ 

,

,

1 ,  

,  ,                                                      (3.20)

,  0 and 0

i i d

o
i j

d o s d o

i

i j
S

δ

δ

δ δ δ δ δ

 − ≤ ∀ ≤ ∀
 + = ≥ ≥

G

G  

ԋҥǴ(3.19)߾ԋҥǴջPᅈىज़ڋ฻ຯ܄፦Ƕ 

Ҟࣁޑ௢ᏤрPόᅈىज़ڋ฻ຯ܄፦ޑᐒ౗΢ࣚǴа Gersgorin disksۓ౛ٰԵቾPόᅈ

᛾ܴޑ౛ 1ۓکᐒ౗΢ࣚǴ౛җޑ፦܄฻ຯڋज़ى b)೽ϩ࣬ӕǴӧ೭္όӆᙧॊǶ 

 

c) 

җЇ౛ 4ǴёளډGޑჹفϡન 2
,

1

[ ]
L

i i
j

p j
=

= ∑G ᅈى 

( )
2

, 2

2
Pr 1 2exp                                                 (3.21)d

i i d

L

c

δ
δ

  − ≥ ≤ −    
G  

ӆҗЇ౛ 1ёள 

2

, 2
1

2
Pr 1 2exp                                              (3.23)

L
d

i i d
i

L

c

δ
δ

=

    − ≥ ≤ −        
G∪  

 

d) 

ௗΠٰୖԵ[18]ύۓ౛  ௢ᏤၸำǴёளޑ4

2

, 2 2
Pr 4 exp                                                      (3.24)

8

o o
i j

L

S c S

δ δ     ≥ ≤ −        
G  

ӆҗЇ౛ 1ёள 

2

, 2 2
1 , 1

1
Pr 4 exp                            (3.25)

2 8

L L
o o

i j
i i j j

LL

S c S

δ δ

= ≠ =

       −       ⇒ ≥ ≤ −                
G∪ ∪  
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e) 

வ c)ک d)Ǵךॺёளډ 

( )
2 2

2 2 2

2 1
Pr  does not satisfy RIP 2exp 4 exp      (3.26)

2 8

d o
L LL

c c S

δ δ     −     ≤ − + −           
P  

 

f) 

ௗΠٰз
1

2d S
δ δ= ǵ

1

2o S
δ δ=  [5]ǴжΕ(3.26)ள 

( )
2 2

2 2 2

1
Pr  does not satisfy RIP 2exp 4 exp     (3.27)

22 32

S S
L LL

c c S

δ δ     −     ≤ − + −           
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g) 

җࣁ(3.27)ܭᐒ౗΢ࣚǴനεόຬၸ΋Ǵӧ೭ঁज़ڋΠѐ௢Ꮴᅈޑ(3.27)ىкϩచҹǴз

(3.27)Ѹ໪λܭ΋Ǵளډ  

2 2

2 2 2

1
2exp 4 exp 1                       (3.28)

22 32

S S
L LL

c c S

δ δ     −     − + − ≤           
 

ௗΠٰ࿶ၸख़ཥ᏾౛Ǵёள 

( )
2 2

2 2 2
log2 log +1                            (3.29)

2 32

S S
L L

L
c c S

δ δ
⇒ + ≤ +  

( ) ( )

2 2

2 2

32
                                   (3.30)

log 2 216 1
S

c S L

LS δ
⇒ ≤

++
 

ᆕӝ(3.27)(3.30)کֹ ԋ᛾ܴǶ 
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3.23.23.23.2    ኧॶϩ݋ᆶКၨኧॶϩ݋ᆶКၨኧॶϩ݋ᆶКၨኧॶϩ݋ᆶКၨ    

    

 όᅈى RIPޑᐒ౗΢ࣚ 

 ගр܌ගр ҁፕЎύ܌ [18]

ଯථᒿᐒᡂኧ 2

2
2

2

2 exp
36

2 exp
54

S

S

L
L

L
L

S

δ

δ

  −    
  + −    

 

2

2

2

2exp
36

1
4 exp

2 54

S

S

L

LL

S

δ

δ

  −    
   −    + −       

 

Ԗࣚᒿᐒᡂኧ 2

2

2
2

2 2

2 exp
2

2 exp
32

S

S

L
L

c

L
L

c S

δ

δ

  −    
  + −    

 

2

2

2

2 2

2exp
2

1
2 exp

2 32

S

S

L

c

LL

c S

δ

δ

  −    
   −    + −       

 

߄ 3-1ൻᕉંତόᅈىज़ڋ฻ຯ܄፦ޑᐒ౗΢ࣚ 

 

ӧ[18]ύ܌Եቾس಍ંତࣁԎݢΚ૟ંତǴԶӧךॺ္زࣴޑǴ߾ஒ௃ۯݩ՜Կس಍ં

ତࣁൻᕉંତǴჹྣ߄ 3-1Ǵёа࣮ډόፕࢂଯථᒿᐒᡂኧࢂ܈Ԗࣚᒿᐒᡂኧౢ܌ғр

 ೿ၨྗዴǶ่݀ޑॺךᐒ౗΢ࣚǴޑ፦܄฻ຯڋज़ىόᅈځൻᕉંତǴޑ
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ಃѤകಃѤകಃѤകಃѤക    ᓸᕭགෳೌמᆶ೯ၰ՗ෳᓸᕭགෳೌמᆶ೯ၰ՗ෳᓸᕭགෳೌמᆶ೯ၰ՗ෳᓸᕭགෳೌמᆶ೯ၰ՗ෳ    

    

4.14.14.14.1     ಍ኳࠠس಍ኳࠠس಍ኳࠠس಍ኳࠠس

    ӣ៝ 2.1࿯ൂၩݢᓎୱ฻ϯس಍Ǵ(2.4)Ҕܭ೯ၰ՗ෳǴӧፕЎύஒԵቾ೯ၰีࣁ౧

೯ၰǴख़ཥۓက(2.4)ࣁ 

 

[0] [0] [ 1] [1] [0] [0]

[1] [1] [0] [2] [1] [1]

[ 1] [ 1] [0] [ 1] [ 1]

y p p L p h z

y p p p h z

y L p L p h L z L

      −      
      
      = +      
      
     − − − −           

y P h

⋯

⋯

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮

⋯ ⋯
����	���
 �������������	������������
 ����	���


            (4.1)








 
 

z

����	���


 

 

೯ၰ L∈h ℂ Ԗ S дځॶǴޑ႟ߚঁ L S− ঁॶࣣࣁ႟Ǵ L∈z ℂ ଯථᚇૻӛޑ႟ࣁѳ֡ॶࣁ

ǴໆӅᡂ౦ኧંତ(covariance matrix)ࣁ 2
Lσ Ι Ǵ L∈P ℂ ಍ંତǴҗሦૐၗ਑ӛໆسࣁ L∈p ℂ

ಔԋǴЪس಍ંତPڀԖൻᕉંତࢎޑᄬǴ L∈y ℂ  ௗԏӛໆǶࣁ
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4.4.4.4.2222 ന٫ሦૐׇӈޑ೛ीന٫ሦૐׇӈޑ೛ीന٫ሦૐׇӈޑ೛ीന٫ሦૐׇӈޑ೛ी    

    ӧ೭࿯ϣ৒ Ǵ္ஒ཮வϕѾό࣬ᜢ܄፦ޑᢀᗺрวǴ௢ᏤӵՖ೛ीሦૐׇӈ{ }
1

[ ]
L

i
p i

=
Ǵ

٬ளᓸᕭགෳೌמёа׳Ԗਏޑൺচี౧ၗ਑ǴаΠӃϟಏЬा่݀Ǵௗ๱ӆ຾Չ᛾

ܴǶ 

 

}౛ 3. ଷ೛ሦૐׇӈۓ౛ۓ౛ۓ౛ۓ }
1

[ ]
L

i
p i

=
ࣁᚆණഡҥယᙯඤޑ { }

1
[ ]

L

i
v i

=
=v Ǵӵ݀vᅈى

2 2 2
1 2v v v L     = = =          … Ǵ߾ൻᕉંତ L∈P ℂ ፦ୖኧ܄ҬંତǴЪϕѾό࣬ᜢ҅ࣁ

0u = Ƕ 

Proof: 

з
i
p ύ1ځಃiঁՉӛໆǴޑൻᕉંତPࣁ i L≤ ≤ ǴԵቾϕѾό࣬ᜢ܄፦ୖኧuǴஒځ

а
1
p  аΠࣁҢǴ߄

1 1

1 1

max ,

 max ,

 max                                     (4.2)

i j
i j

i ji j

i jH

i j

u
≠

− +≠

−

≠

=

=

=

p p

p p

p J p

 

ύځ
i j−
J ࿼ඤંତǴёа೏ഡҥယᙯඤંତࣁ

L
F ჹفϯǴӧ೭္

L
F  ࣁကۓ

2

( 1)

2 /

( 1) ( 1)

1 1 1

11
,            (4.3)

1

L

j L

L

L L

w w
w e

L

w w

π

−

− −

 
 
 
 

= = 
 
 
 
  

F

⋯

⋯

⋮ ⋮ ⋮ ⋮

⋯

 

ஒ
i j−
J аഡҥယᙯඤંତ

L
F ჹفϯࡕǴёள 

                                        (4.4)
i j i jH

L L

− −
=F J F D  

 ύځ
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2 2 2
2 ( 1)

diag 1, , , ,             (4.5)
j i j j i j j L i ji j
L L Le e e

π π π
− − − − − − −−

    =  
    

D …  

ஒ(4.4)ׯቪࣁ
i j i jH

L L

− −
=J F D F ǴжΕ(4.2)Ǵளډ 

1 1
max                                               (4.6)

i jH H

L L
i j

u
−

≠
= p F D F p  

з
1L

=v F p ǴжΕ(4.6)ளډ 

2 2 2

1 1 2 2

max

 max                   (4.7)

i jH

i j

i j i j i j

L L
i j

u

v v vλ λ λ

−

≠

− − −

≠

=

= + + +

v D v

…
 

ௗ๱٬Ҕ࢒Ջό฻ԄёளډϕѾό࣬ᜢ܄፦ୖኧuޑ΢ࣚࣁ 

4 4 4

1 2
                                     (4.8)

L
u L v v v≤ + + +…  

ௗΠٰךॺགྷाѐനλϯϕѾό࣬ᜢ܄፦ୖኧuޑ΢ࣚǴ٬ϕѾό࣬ᜢ܄፦ୖኧuޑ΢

ࣚёаࣁനλǴ຾΋؁؃ளനޑ٫vǶԵቾӧሦૐׇӈૈޑໆࣁW ΠǴаന٫ϯڋज़ޑ

ୢᚒ߄Ң 

4 4 4

1 2

2 2 2

1 2

min

subject to                              (4.9)

L

L

L v v v

v v v W

+ + +

+ + + =

v
…

…

 

ௗΠٰ࿶ၸϯᙁၸࡕǴࣁ 

4 4 4

1 2

2 2 2

1 2

min

subject to                              (4.10)

L

L

v v v

v v v W

+ + +

+ + + =

v
…

…

 

ௗ๱ჹज़ڋచҹ଺ѳБࡕ᏾౛Ǵջ 

2
2 2 2 2

1 2

4 4 4 2 2 2 22
1 2 1 2 1 3

2          (4.11)

L

L

v v v W

v v v W v v v v

  + + + =  
 ⇔ + + + = − + +   

…

… …

 

ճҔ(4.11)ёஒന٫ϯୢᚒ(4.10)ׯቪࣁ 



 

42 
 

2 2 2 22
1 2 1 3

min 2                             (4.12)W v v v v
 − + +   v

…  

ӆϯᙁ(4.12) 

2 2 2 22
1 2 1 3

2 2 2 2

1 2 1 3

min 2

max                                   (4.13)

W v v v v

v v v v

 − + +   
 ≡ + +   

v

v

…

…

 

ௗ๱ճҔᆉ൳ό฻Ԅ؃ள(4.13)ޑനε΢ࣚ 

2 2 2 2

1 2 1 3

2 2
2 2 2 2

1 2 1 3

max

                             (4.14)
4 4

v v v v

v v v v

  + +   

     + +       
≤ + +

v
…

…

 

 

྽vᅈىచҹ
2 2 2

1 2 N
v v v= = =… Ǵޑ(4.14)߾฻ဦԋҥǶ 

നࡕஒచҹ
2 2 2

1 2 N
v v v= = =… жΕ(4.7)Ǵ࿶ၸаΠीᆉ 

 

( )
( )

2 2 2

1 1 2 2

2

1 1 2

2

1 1 2

2

2

1 2

2
2

1 2

2

1 2

max

  =max

  = max

1
  = max

1

1
  = max

1

1 1
  = max

1
 0     

i j i j i j

N N
i j

i j i j i j

N
i j

i j i j i j

N
i j

j i j N
N

i j j i j
N

j i j

i j j i j
N

i j j i j
N

u v v v

v

v

e
v

e

e
v

e

v

e

π

π

π

π

π

λ λ λ

λ λ λ

λ λ λ

− − −

≠

− − −

≠

− − −

≠

− −

≠ − −

− −

≠ − −

≠ − −

= + + +

+ + +

+ + +

−

−

−

−

−

−
=

…

…

…

                                                                   (4.15)
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а΢᛾ܴΑ྽vᅈىచҹ
2 2 2

1 2 N
v v v= = =… ਔǴёளډϕѾό࣬ᜢ܄፦ୖኧu0ࣁǴ

ջൻᕉંତP҅ࣁҬંତǶ 
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4.34.34.34.3        ኳᔕϩ݋ኳᔕϩ݋ኳᔕϩ݋ኳᔕϩ݋ 

    ӧ೭λ࿯Ǵஒගр΋٤ኧॶኳᔕǴӧ೯ၰ՗ෳ΢Ǵ཮КၨനλѳБ՗ෳکݤᓸᕭག

ෳೌמǴќѦᗋ཮ᡍ᛾߻य़ക࿯܌ගрׯ๓ᓸᕭགෳޑೌמБݤǴځ٬ӧ೯ၰ՗ෳ΢ё

аԖ׳λޑᇤৡǶኳᔕӧ೛ۓ΢Ǵҗܭᒱᇤӛໆࢂҗѳ֡ॶࣁ႟ޑଯථϩѲౢ܌ғǴ܌

аӧ೯ၰ՗ෳБय़཮٬Ҕ Dantzig selector methodٰ ՗ෳี౧೯ၰǶ 

 

 

ኳᔕ 1:КၨനλѳБکݤᓸᕭགෳೌמӧ೯ၰ՗ෳ΢֡ޑБᇤৡϷၗ਑฻ϯ΢ޑՏϡ

ᒱᇤ౗ 

 

    ኳᔕ೛ۓ΢ǴᆾӦьᛥኳᔕԛኧࣁ 2000Ǵ٬ҔѤ࣬࣬౽ᗖ௓(quadrature phase shift 

keying, QPSK)ፓᡂǴ೯ၰࡋߏ 16L = Ǵ
1,2

2 logLλ σ= ⋅P  [18]Ǵځύ
1,2
P ൻࣁҢ߄

ᕉંତPϣനεޑՉӛໆኻ൳ٚቺελǶΟ׎فԔጕ߄Ң٬ҔᓸᕭགෳೌמύޑDantzig 

selector methodǴԶࢃဦԔጕ߄Ң٬ҔനλѳБݤǴவΠკёа࣮ډനλѳБ֡ޑݤБ

ᇤৡόڙӭख़ၡ৩ኧໆޑቹៜǴ֡ځБᇤৡޑԔጕӧӚკࣣ࣬ӕǴКၨ Dantzig selector 

methodǴDantzig selector methodӧ՗ෳี౧೯ၰ֡ޑБᇤৡǴ᏾ᡏԶقၨനλѳБٰݤ

 ΠǴDantzig selectorݩ௃ޑኧໆ΢ϲਔǴջ೯ၰཇٰཇόี౧ޑեǴՠ྽ӭख़ၡ৩ޑ

methodӧ֡Бᇤৡ΢ᡂεǴԖௗ߈നλѳБޑݤᖿ༈Ǵᆕӝ΢ॊǴёаޕၰ྽೯ၰཇี

౧ޑ௃ݩΠǴ٬Ҕᓸᕭགෳٰೌמ՗ෳ೯ၰځਏૈၨӳǴќѦӧၗ਑฻ϯБय़Ǵᓸᕭག

ෳೌמӧՏϡᒱᇤ౗΢ΨКനλѳБݤեǶ 
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კ 4-1೯ၰӭख़ၡ৩ኧໆ 1S = ǴᓸᕭགෳکೌמനλѳБݤϐ֡БᇤৡКၨკ 

 

 

 

კ 4-2೯ၰӭख़ၡ৩ኧໆ 2S = ǴᓸᕭགෳکೌמനλѳБݤϐ֡БᇤৡКၨკ 

 

 

0 5 10 15 20 25 30
10

-3

10
-2

10
-1

10
0

10
1

10
2

SNR(dB)

M
S

E

 

 

LS S=1
Dantzig S=1

0 5 10 15 20 25 30
10

-2

10
-1

10
0

10
1

10
2

SNR(dB)

M
S

E

 

 

LS S=2
Dantzig S=2



 

46 
 

 

კ 4-3೯ၰӭख़ၡ৩ኧໆ 3S = ǴᓸᕭགෳکೌמനλѳБݤϐ֡БᇤৡКၨკ 

 

 

 

კ 4-4೯ၰӭख़ၡ৩ኧໆ 1S = ǴᓸᕭགෳکೌמനλѳБݤϐՏϡᒱᇤ౗Кၨკ 
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კ 4-5೯ၰӭख़ၡ৩ኧໆ 2S = ǴᓸᕭགෳکೌמനλѳБݤϐՏϡᒱᇤ౗Кၨკ 

 

 

 

კ 4-6೯ၰӭख़ၡ৩ኧໆ 3S = ǴᓸᕭགෳکೌמനλѳБݤϐՏϡᒱᇤ౗Кၨკ 
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ኳᔕ 2:Кၨ྽ሦૐׇӈᅈۓى౛ 3 ౛ۓىόᅈک 3 ӧ೯ၰ՗ෳ΢֡ޑБᇤৡ 

 

ӧኳᔕკύǴΟ׎فԔጕ߄Ңሦૐׇӈᅈۓى౛ 3ǴԶࢃဦԔጕ߄߾Ңሦૐׇӈόᅈى

౛ۓ 3Ǵځд೛کۓኳᔕ 1࣬ӕǴᢀჸаΠኳᔕკёа࣮ډǴᅈۓى౛ ሦૐׇӈճޑ3

Ҕᓸᕭགෳೌמӧ೯ၰ՗ෳБय़Ǵ֡ځБᇤৡၨόᅈۓى౛ λǴЪ྽ޑሦૐׇӈٰޑ3

೯ၰӭख़ၡ৩ޑኧໆቚуǴջS ᡂεਔǴǴޣٿځϐ໔೯ၰ՗ෳ֡Бᇤৡޑৡຯཇᡉ๱Ǵ

ᡉҢΑᅈۓى౛  ՗ෳᇤৡǶޑೌמ๓ᓸᕭགෳׯሦૐׇӈዴჴёаԖਏޑ3

 

 

კ 4-7 ೯ၰӭख़ၡ৩ኧໆ 1S = Ǵሦૐׇӈᅈۓى౛ ౛ۓىόᅈک3 3ϐ֡БᇤৡКၨ

კ 
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კ 4-8೯ၰӭख़ၡ৩ኧໆ 2S = Ǵሦૐׇӈᅈۓى౛ ౛ۓىόᅈک3 3ϐ֡БᇤৡКၨ

კ 

 

 

 

კ 4-9೯ၰӭख़ၡ৩ኧໆ 3S = Ǵሦૐׇӈᅈۓى౛ ౛ۓىόᅈک3 3ϐ֡БᇤৡКၨ

კ 
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ኳᔕ 3:Кၨሦૐׇӈેࣁፂׇӈکሦૐׇӈᅈۓى౛ 3 ӧ೯ၰ՗ෳ΢֡ޑБᇤৡ 

 

    ኳᔕ 3ӧ೛ۓ΢ǴΟ׎فԔጕࣁᅈۓى౛ ٬Ҕેፂࢂ߾ဦԔጕࢃሦૐׇӈǴԶޑ3

ׇӈբࣁሦૐׇӈǴځд೛ک߾ۓኳᔕ 1࣬ӕǴКၨΠӈӚკǴёа࣮ډӧ೯ၰ՗ෳ΢Ǵ

ેፂׇӈکᅈۓى౛ ӧځፂׇӈેࢂБᇤৡࣣ࣬ӕǴচӢ֡ޑ೯ၰ՗ෳځሦૐׇӈޑ3

ᓎୱ΢Ψᅈۓى౛ 3Ǵ܌а֡ځБᇤৡکᅈۓى౛ ౛ۓуᡍ᛾Α׳ሦૐׇӈ࣬ӕǴޑ3

੝ձࡺёՉǴࣁᙁൂǴаჴሞᔈҔٰ࣮ǴΨၨࣁǴќѦેፂׇӈӧౢғ΢ၨ܄ዴ҅ޑ3

ӧԜჹેፂׇӈ଺ΑኳᔕǶ 

 

 

 

კ 4-10೯ၰӭख़ၡ৩ኧໆ 1S = Ǵሦૐׇӈᅈۓى౛  ፂׇӈϐ֡БᇤৡКၨკેک3
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კ 4-11೯ၰӭख़ၡ৩ኧໆ 2S = Ǵሦૐׇӈᅈۓى౛  ፂׇӈϐ֡БᇤৡКၨკેک3

 

 

 

კ 4-12೯ၰӭख़ၡ৩ኧໆ 3S = Ǵሦૐׇӈᅈۓى౛  ፂׇӈϐ֡БᇤৡКၨკેک3
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ኳᔕ 4:Кၨሦૐׇӈેࣁፂׇӈکሦૐׇӈᅈۓى౛ 3 ӧ೯ၰ՗ෳ΢֡ޑБᇤৡ 

 

ӧኳᔕ 4ύǴךॺஒۓ౛ ᚆޑࡕၸׯ଺КၨǴӧ[19]٬ҔΑঅݤБޑගр[19]ک 3

ණᒿᐒന٫ϯБݤ(discrete stochastic optimization, DSO)ǴځҞࣁޑ྽๏ۓ΋ಔሦૐׇӈǴ

٬Ҕঅ҅ޑࡕᚆණᒿᐒന٫ϯБݤӧᓎୱ΢ډפ፾ӝ໺ଌԜಔሦૐׇӈޑᓎ౗ǴӧԜᙁ

ൂᇥܴځᄽᆉݤǴ[19]ᄽᆉݤύۓကΑՏ࿼ӛໆǴځаᒿᐒޑБԄౢғǴҔٰ،ۓሦૐ

ׇӈё٬Ҕব٤ᓎ౗ǴԶՏ࿼ӛໆޑਏૈӧ೭ঁᄽᆉ္ݤǴҗ҅ೕϯ֡Бᇤৡک៾ख़ӛ

ໆۓ،܌ǴԜᄽᆉࣁݤΑᔆံ҅ೕϯ֡БᇤৡӧෳໆՏ࿼ӛໆਏૈ΢ྗޑዴ܄Ǵ܌аќ

Ѧ٬Ҕ៾ख़ӛໆٰჹ҅ೕϯ֡Бᇤৡբঅ҅ǴᄽᆉݤၸำࢂаᒿᐒБԄౢғ΋ಔՏ࿼ӛ

ໆǴ٠ीᆉ҅ځೕϯ֡БᇤৡǴௗ๱ӆځکдՏ࿼ӛໆ҅ޑೕჄ֡ϩᇤৡբКၨǴ҅ೕ

Ⴤ֡БᇤৡၨեޑՏ࿼ӛໆǴځӧ៾ख़ӛໆύ࣬ჹᔈޑ៾ख़ஒ཮೏ගଯǴӵԜϸᙟ୺Չ

଑୮ၮᆉǴനࡕӆҗ៾ख़ӛໆٰ،ۓനӳޑՏ࿼ӛໆǴаΠஒϟಏ[19]ޑᄽᆉݤǶ 

 

ӧᇥܴᄽᆉ߻ݤӃۓက΋٤಄ဦୖኧ: 

(a)̔ ೕϯ֡Бᇤৡۓကࣁ 

{ }2

2

2

2

ˆ

( , lg)g a

   Ε −   = Ε  
      

h

h h

p

h

 

ӧ೭္೯ၰ՗ෳޑБ٬ݤҔ Dantzig selector methodǴךॺஒӧLঁᓎ౗ϣᒧڗ
p

N ঁᓎ

౗ٰ໺ଌሦૐׇӈӧᓎ౗΢ޑၗ਑ǴԶ
1 2

{ , , , }
p

N
k k k=p … ҔٰӸڗ೏ᒧڗᓎ౗ޑ઩Ї

ॶǶ 

 

(b)
m
p ǵˆ

m
p ک

m
pɶ Ңӧಃm߄ ঁ଑୮ޑՏ࿼ӛ Ǵໆ٠ଷ೛܌ԖಔӝՏ࿼ӛໆޑኧໆࣁ

x
N Ǵ

 ؂΋ӈځကᇶշંତPǴۓ

1 2
[ ] { , , , },  {1,2, , }

p
N x

i k k k i N= ∈P … …  
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ҔٰӸڗόӕޑՏ࿼ӛໆǶ 

 

(c)ಃm ঁ଑୮ޑ៾ख़ӛໆࣁ 

{[ ] [ [ ,1], [ ,2], , [ , ]] |

          [ , ] 1,  [ , ] [0,1],  {1,2, , }

x
NT

x

x
i

m m m m N

m i m i i N

π π π

π π

= ∈

= ∈ ∈ 


∑

… ℝ

…

π

 

[19]ᄽᆉݤᄽᆉݤᄽᆉݤᄽᆉݤ: 

؁ᡯ  ۓ೛ۈ߃ : 0

ᒿᐒౢғՏ࿼ӛໆ
0
p ǹ 

з
0 0
=p pɶ ک

0 0
ˆ =p p ǹ 

з 0
x p

N N×
=P ǹ 

з
0

[1] =P p ǹ 

з [ ] 0
x

N
m =π Ъ [0,1] 1π = ǹ 

з 1u = ک 1v = ǹ 

 

FOR 0,1, , 1n M= −…  

FOR 0,1, , 1
p

k N= −…  

 

؁ᡯ 1: 

p
m n N k= ∗ + ; 

ीᆉ ( )
m

g p Ǵௗ๱ౢғ
m
pɶ Ǵځಃk ঁϡનவ܌Ԗᓎ౗઩ЇॶԌନ

m
p ഭΠޑ઩ЇॶύǴа

֡Ϭᐒ౗ϩѲᒿᐒᒧڗǴ
m
pɶ ک߾ϡનޑдځ

m
p ࣬ӕǴӆीᆉ ( )

m
g pɶ  
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؁ᡯ 2(Кၨ
m
p ک

m
pɶ  :(ೕϯ֡Бᇤৡ҅ޑ

if ( ) ( )
m m

g g<p pɶ  

1m m+
=p pɶ ; 

1u m= + ; 

 

else 

1m m+
=p p ; 

End if 

 

؁ᡯ  :(ཥ៾ख़ӛໆ׳)3

ཛྷ൨
1m+

p PܭցӸӧࢂ  

if  ډפ 

ஒӧPύޑډפӈ઩ЇॶӸܭڗ
m
q ; 

else 

   1
m
q m= + ; 

   ٠Ӹڗ
1m+

p ܭ [ 1]m +P ; 

end if 

[ 1] [ ] ( [ ] [ ]) / ( 1)
m

m m q m m+ = + − +π π πr ; 

ύځ [ ] x
N

m
q ∈ ℝr ಃޑ

m
q ঁϡનࣁ 1Ǵځдϡનࣣࣁ 0 

 

؁ᡯ  :(Տ࿼ӛໆޑനӳۓ،)4

if [ 1, ] [ 1, ]m u m vπ π+ > +  
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1 1

ˆ
m m+ +

=p p ; 

  v u= ; 

else 

  
1

ˆ
m+

=p ˆ
m
p ; 

end if 

 

end for(k ) 

end for(n ) 

 

    ჹ٬ܭҔ[19]ޑБݤǴӧीᆉ҅ೕϯ֡Бᇤৡ܌Ҕޑډ೯ၰኧໆࣁ 50Ǵ՗ෳี౧೯

ၰޑБࣁݤ Dantzig selector methodǴηၩݢኧໆࣁ 16Ǵځύሦૐׇӈ٬܌Ҕޑډηၩݢ

ኧໆࣁ 10Ǵځд࣬ᜢ೛߻ک߾ۓय़ኳᔕ 1೛࣬ۓӕǶаΠኳᔕკࢃဦԔጕ߄Ңሦૐׇӈ

ᅈۓى౛ 3ǴԶࢃဦԔጕ߄Ңӧ٬Ҕ[19]ޑБݤΠǴሦૐׇӈӧᓎࢤ΢ѝэԖ೽ϩᓎ౗Ǵ

ഭΠᓎ౗߾ό໺ଌҺՖၗ਑Ǵךॺёаᢀჸр྽೯ၰี౧ໆཇεਔǴځჹܭ೯ၰ՗ෳޑ

֡БᇤৡǴѝ٬Ҕ೽ϩᓎ౗ޑሦૐׇӈӧ೯ၰ՗ෳ΢߄ޑ౜ཇٰཇό౛གྷǴԶᅈۓى౛

 ౜ၨ٫Ƕ߄ځሦૐׇӈޑ3
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ኳᔕ 4:Кၨሦૐׇӈેࣁፂׇӈکሦૐׇӈҗᚆණᒿᐒന٫ϯБౢ܌ݤғǴӧ೯ၰ՗ෳ

΢֡ޑБᇤৡϷၗ਑฻ϯ΢ޑՏϡᒱᇤ౗ 

 

კ 4-13೯ၰӭख़ၡ৩ኧໆ 2S = Ǵሦૐׇӈેࣁፂׇӈکѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈޑ

֡БᇤৡКၨკ 

 

 

კ 4-14೯ၰӭख़ၡ৩ኧໆ 2S = Ǵሦૐׇӈેࣁፂׇӈکѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈޑ

Տϡᒱᇤ౗Кၨკ 
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კ 4-15೯ၰӭख़ၡ৩ኧໆ 3S = Ǵሦૐׇӈેࣁፂׇӈکѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈޑ

֡БᇤৡКၨკ 

 

 

კ 4-16೯ၰӭख़ၡ৩ኧໆ 3S = Ǵሦૐׇӈેࣁፂׇӈکѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈޑ

Տϡᒱᇤ౗Кၨკ 
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ኳᔕ 5:ӧ҅Ҭϩᓎӭπس಍ࢎᄬΠǴКၨሦૐׇӈેࣁፂׇӈکሦૐׇӈҗᚆණᒿᐒന

٫ϯБౢ܌ݤғǴӧ೯ၰ՗ෳ΢֡ޑБᇤৡ 

 

    ќѦǴஒۓ౛ 3ᔈҔӧ҅ҬϩᓎӭπΠǴ٬Ҕ Dantzig selector methodٰ ՗ෳี౧೯

ၰǴፓᡂ΢٬ҔѤ࣬࣬౽ᗖ௓Ǵ಄ӝۓ౛  БᇤৡၨեǶ֡ځሦૐׇӈޑ3

 

 

კ 4-17೯ၰӭख़ၡ৩ኧໆ 1S = Ǵሦૐׇӈᅈۓى౛ ޑѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈک3

֡БᇤৡКၨკ(OFDM) 
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კ 4-18೯ၰӭख़ၡ৩ኧໆ 2S = Ǵሦૐׇӈᅈۓى౛ ޑѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈک3

֡БᇤৡКၨკ(OFDM) 

 

 

კ 4-19೯ၰӭख़ၡ৩ኧໆ 3S = Ǵሦૐׇӈᅈۓى౛ ޑѝ٬Ҕ೽ϩᓎ౗ϐሦૐׇӈک3

֡БᇤৡКၨკ(OFDM) 
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DSO-frequency non-uniform S=2
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ಃϖകಃϖകಃϖകಃϖക    ่ፕ่ፕ่ፕ่ፕ    

    

    ӧҁፕЎύǴԵቾ೯ૻس಍ൂࣁၩݢᓎୱ฻ϯس಍ǴЪ೯ၰᕉნࣁНय़ΠޑᕉნǴ

ӧځǴ܄ё᎞ޑ಍سᓎୱ฻ϯݢΑԖਏቚуൂၩࣁ೯ၰેፂៜᔈ཮Ԗี౧౜ຝวғǴځ

೯ၰ՗ෳ΢ׯޑ๓Ǵஒёफ़ե໺ଌၗ਑ޑՏϡᒱᇤ౗ǴӢԜǴךॺගрஒᓸᕭགෳೌמ

ᔈҔӧൂၩݢᓎୱ฻ϯس಍ޑ೯ၰ՗ෳ΢Ǵک٠தޑـ೯ၰ՗ෳБݤǴനλѳБݤ଺К

ၨǴӧ 4.3࿯ޑኳᔕǴᡍ᛾Αӧ೯ၰ՗ෳޑѳ֡ᇤৡ΢Ǵ٬ҔᓸᕭགෳೌמၨനλѳБ

 եǶޑٰݤ

    ӧᓸᕭགෳೌמύǴس಍ંତӧ೛ۓ΢ஒ཮ቹៜൺচี౧ӛໆྗޑዴ܄ǴࣁΑᕕှ

಍ંତس፦ٰໆϯ܄฻ຯڋǴ٬ҔΑज़ࡋำޑൺচี౧ӛໆೌמ಍ંତቹៜᓸᕭགෳس

ჹܭᓸᕭགෳೌמ΢ޑൺচี౧ӛໆྗޑዴ܄Ǵज़ڋ฻ຯ܄፦ӧۺཷځ΢Ǵڗࢂளس಍

ંତϣีک౧ໆ࣬ӕኧໆޑՉӛໆǴ٠ஒ೭٤Չӛໆ଺ϣᑈǴаளسډ಍ંତՉӛໆϐ

໔࣬ޑᜢ܄ǴԶ࣬ᜢ܄ཇե߾ᓸᕭགෳೌמӧൺচี౧ӛໆޑᇤৡஒཇեǴќѦǴس಍

ંତӧᓸᕭགෳೌמύǴதа੝ޑۓᐒ౗ϩѲٰౢғǴٯӵଯථϩѲ֡܈ϬϩѲǴჹܭ

аᐒ౗ϩѲޑБԄౢ܌ғسޑ಍ંତǴӧϩ݋΢Ǵ೚ӭزࣴޑ೿ޔௗЇҔज़ڋ฻ຯ܄፦

ගрΑஒ߾ǴԶӧ[18]ύǴ݋಍ંତ଺ϩسௗჹޔٰ Gersgorin’sۓ౛ᔈҔӧज़ڋ฻ຯ܄

፦΢Ǵа੝ቻॶࡋفޑǴٰ௖૸྽س಍ંତа੝ۓᐒ౗ϩѲౢғਔǴځᅈىज़ڋ฻ຯ܄

፦ޑᐒ౗ǴԶӧךॺزࣴޑύǴൂၩݢᓎୱ฻ϯس಍ޑൻᕉӷ२೽ϩǴୖԵΑ[7]ޑ໺ଌ

ၗ਑ࢎᄬǴԵቾӧ೭ኬޑ໺ଌၗ਑ࢎᄬΠǴ೯ၰ՗ෳ೽ϩسޑ಍ંତஒڀԖൻᕉંତޑ

ஒڗӕǴ௦࣬[18]ک಍ંତǴسޑᄬࢎॺଞჹᏱԖൻᕉંତךᄬǴӧԜࢎ Gersgorin’sۓ

౛ᔈҔӧज़ڋ฻ຯ܄፦΢Ǵ٠аԜٰϩ٬݋Ҕ੝ۓᐒ౗ϩѲޑБԄٰౢғسޑ಍ંତǴ

дၮᆉځӧځᄬǴ٬่ޑൻᕉંତ੝ਸܭᐒ౗΢ࣚǴӧԜǴҗޑ፦܄฻ຯڋज़ىόᅈځ

΢ஒёૈڀԖ੝ਸ่ᄬǴԶךॺӧ߻य़ക࿯܌ගрޑᇶշۓ౛ 2Ǵջךॺଞჹൻᕉંତ

᛾ܴ΢Ǵஒёளޑ፦܄฻ຯڋज़ى಍ંତόᅈسǴӧ܄੝ޑǴճҔ೭ኬ܄੝ޑᢀჸр܌

 ᐒ౗΢ࣚǶޑዴྗࣁ׳К[18]ډ
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    ќѦǴךॺନΑаᐒ౗ᢀᗺٰϩس݋಍ંତѦǴΨගрΑޔௗ٬Ҕжኧᢀᗺٰ௖૸ 

ӧՖᅿచҹΠౢ܌ғسޑ಍ંତǴځё٬ᓸᕭགෳೌמൺচี౧ӛໆ҅ޑዴ܄ගϲǴӧ

Ԝךॺόаज़ڋ฻ຯ܄፦ٰଞჹس಍ંତ଺ϩ݋ǴԶࢂаϕԛό࣬ᜢ܄፦ٰϩس݋಍ં

ତǴځӧϩ݋΢Ǵϕԛό࣬ᜢ܄፦ӧၮᆉ΢ޑፄᚇ܄ၨज़ڋ฻ຯ܄፦ٰޑ৒ܰǴӧ٬Ҕ

ϕԛό࣬ᜢ܄፦ٰϩس݋಍ંତޑၸำύǴךॺஒሦૐׇӈ܌ಔԋسޑ಍ંତǴவਔୱ

΢ᙯඤډᓎୱ΢଺ϩ݋ǴளډΑۓ౛ ӈϡનελׇޑӧᓎୱ΢ځǴջሦૐׇӈ่݀ޑ3

ӵࣣ݀࣬ӕǴஒёԖਏफ़եᓸᕭགෳೌמჹܭ೯ၰ՗ෳޑᒱᇤ౗Ǵаගϲൂၩݢᓎୱ฻

ϯس಍ޑё᎞܄Ǵӧ 4.3࿯ޑኳᔕύΨᡍ᛾ΑԜ่݀Ƕ 
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