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Abstract In order to attain the weight saving of a Mars observation airplane, we are planning to supply energy

by microwave. This paper presents the direction detection technologies of the airplane. An array antenna receives

the pilot signal sent from an airplane, and we can detect the direction of the airplane by their phase differences.

Quadrature detection was used for phase difference detection. After checking the accuracy of quadrature detec-

tion by the experiment which detects the phase difference of the signal outputted from a function generator, we

conducted the direction detection experiment.
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1. ং 

༂͍ͯ͠Δɻ͔͠͠୳׆͕ػͷ୳ࠪܕߦՐͰ্ࡏݱ

Δ߹ɺՐද໘ͷ࠭ʹ્·ΕҠಈ͢ߦ্Λ͕ػࠪ

͕͍ɻͦ͜Ͱඈߦ୳ࠪػʹΑΔՐ୳͕ࠪఏҊ͞Ε͍ͯΔɻ

͔͠͠Րͷେີؾٿʹൺ 0.75 ˋͱඇৗʹখ͍ͨ͞

Ί༲ྗΛड͚ʹ͍͘ɻ͕ͨͬͯ͠ຊڀݚͰόοςϦʔΛখܕ

Խ͠ػମͷܰྔԽΛਤΔͨΊʹਤ 1ʹࣔ͢Α͏ʹՐ্͔Β୳

༺डిʹػͱΛఏҊ͢Δɻ୳ࠪ͜͏ߦΛڅڙແઢిྗػࠪ

ͷΞϯςφΛෑ͖٧ΊΔ͜ͱͰిྗͷڅڙΛड͚Δɻ୳ࠪػ

ిಈϓϩϖϥʹΑΓਪਐྗΛಘΔɻՐ୳ࠪػͷૹిγες

Ϝͷڀݚࡏݱ্࣮͕ݧਐΊΒΕ͍ͯΔஈ֊Ͱ͋Δ [1]ɻ্

͍ͯ͠Δ͕ɺํݕΛͷํػߦͰը૾ॲཧʹΑͬͯඈݧ࣮

͕ࠩޡݕ 15 deg.ͱେ͖͘ඈܧߦଓ͕ࠔͰ͋ΔɻՐ

্Ͱͷӡ༻Λ͑ߟΔͱɺํݕࠩޡ 0.2 deg.ҎԼͰ͋Δඞ

ཁ͕͋Δ͜ͱ͕༷ΑΓ͞ࢉܭΕ͍ͯΔɻ͕ͨͬͯ͠ຊڀݚͰ
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ํݕγεςϜͷڀݚΛ͏ߦɻ

2. ύΠϩοτ৴߸Λ༻͍ͨํݕγεςϜ

ຊڀݚͰύΠϩοτ৴߸Λ༻͍ͨํݕγεςϜΛఏҊ

͢Δɻਤ 2ʹࣔ͢Α͏ʹجଆʹ 3ͭͷΞϯςφͰΞϨΠΞϯ

ςφΛߏ͢ΔɻΞϯςφͷִؒ λ/2ͱ͢Δɻඈ͔ػߦΒૹ

৴ͨ͠ύΠϩοτ৴߸ͷड৴Ґ૬ࠩΛଌఆ͢Δ͜ͱͰํݕ

Λ͏ߦɻΞϯςφ̍ͱ̎ͷड৴Ґ૬ࠩΛ δɺΞϯςφ̍ͱ̏ͷ

ड৴Ґ૬ࠩΛ ζ ͱ͢Δͱɺجଆ͔ΒͨݟඈػߦͷͷํҐ֯ θ

ͱ֯ڼ ϕ

θ = tan−1
(
ζ
δ

)
(1)

ϕ = cos−1
(
1
π

√
δ2 + ζ2

)
(2)

ͱࢉܭͰ͖ΔɻํݕࠩޡΛ 0.2 deg.ҎʹऩΊΔͨΊʹɺ

ࠩޡग़Ґ૬ࠩݕ 0.23 deg.ҎͰͳ͚ΕͳΒͳ͍͜ͱ͕

༷ΑΓ͞ࢉܭΕ͍ͯΔɻຊڀݚͰҐ૬ࠩݕग़ͷํࣜͱͯ͠

ͰύΠϩοτ৴߸ͷपڀݚΛ༻͍Δɻຊݕަ 3 GHz

Λ༻͍ΔɻΞϯςφͰड৴͞Εͨ৴߸ͦͷ··Ͱप͕

Ͱ͋Δ͔Βɺ100ࠔɺ৴߸ॲཧ͕͘ߴ kHzʹμϯίϯόʔ

τͨ͠ޙʹަݕΛ͏ߦɻ

ਤ 1 Րඈߦ୳ࠪػͷແઢૹి֓೦ਤ

ਤ 2 γεςϜݕํ

3. ༗ઢʹΑΔҐ૬ࠩݕग़࣮ݧ

3. 1 ϩʔΧϧ৴߸Λج४৴߸ʹ༻͍ͨަݕ

ަݕճ࿏ͷߏΛਤ 3ʹࣔ͢ɻਤ 3ͷߏͰɺΞϯς

φ (i)͔Βͷೖྗ৴߸ Asin(ωt +α)ͱج४ͱͳΔϩʔΧϧ৴߸

BsinωtͷؒͷҐ૬ࠩͰ͋Δ αΛݕग़͢Δ͜ͱ͕Ͱ͖Δɻਤ 3

ͷߏΛΞϯςφ (ii)ɺΞϯςφ (iii)ʹରͯͦ͠ΕͧΕ࡞

͢ΔͱɺΞϯςφ (ii)͔Βͷೖྗ৴߸ͱج४৴߸ͷҐ૬ࠩ β ͓

ΑͼΞϯςφ (iii) ͔Βͷೖྗ৴߸ͱج४৴߸ͷҐ૬ࠩ γ Λݕ

ग़͢Δ͜ͱ͕Ͱ͖Δɻαɺβɺγ ͕ಘΒΕΕ

δ = β − α (3)

ζ = γ − α (4)

ͱ͍͏͔ؔΒΞϯςφؒҐ૬ࠩ δ ͼٴ ζ ͕ಘΒΕΔɻ

ύΠϩοτ৴߸Λμϯίϯόʔτͯ͠ಘΒΕͨೖྗ৴߸

ిѹ͕͍ͨΊɺΦϖΞϯϓʹΑΓ૿෯Λ͏ߦɻ·ͨμϯί

ϯόʔτ࣌ͷߴपͱϊΠζΛ͑ΔͨΊϩʔύεϑΟϧλΛɺ

DCΦϑηοτΛ͑ΔͨΊDCΧοτίϯσϯαΛૠೖ͢Δɻ

ೖྗ৴߸ͱج४৴߸ΛثࢉʹΑͬͯ͢ࢉΔͱɺୈೋߴௐ

ͱྲྀͷ͕ग़ྗ͞ΕΔɻ

A sin(ωt+ α)×B sinωt =
AB
2

(cosα− cos(2ωt+ α))(5)

͜ͷ৴߸ΛϩʔύεϑΟϧλʹ௨͢͜ͱͰӈลୈೋ߲͕আ͞ڈ

Ε (AB/2) cosα ͕ग़ྗ͞ΕΔɻ͜ͷ৴߸ަݕʹ͓͚Δ

ಉ૬ I(In-phase)ͱݺΕ

Iα =
AB
2

cosα (6)

ͱ͢Δɻ·ͨɺϩʔΧϧ৴߸BsinωtΛ 90Ҡ૬ثͰ 90Ҡ૬

͠ Bcosωtͱͨ͠ͷͱೖྗ৴߸Λ͢ࢉΔɻग़ྗ͞Εͨ৴߸

ΛϩʔύεϑΟϧλʹ௨͢͜ͱͰ (AB/2) sin δ ͕ग़ྗ͞ΕΔɻ

͜ͷ৴߸ަݕʹ͓͚Δަ Q(Quadrature-phase)

ͱݺΕ

Qα =
AB
2

sinα (7)

ͱ͢ΔɻಘΒΕͨ I,QͷΛ༻͍Δ͜ͱͰ

α = cos−1

(
Iα√

I2α +Q2
α

)
(8)

ਤ 3 ަݕճ࿏ͷߏ
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ͱ͍͏͕ؔΓཱͪɺα͕ࢉग़Ͱ͖Δɻ࣮ࡍʹਤ 3ͷߏΛ

͠࡞Ґ૬ࠩͷݕग़࣮ݧΛͨͬߦɻೖྗ৴߸ͱج४৴߸ͱʹ

ϑΝϯΫγϣϯδΣωϨʔλ͔Β 100 kHzͷ৴߸Λग़ྗͨ͠ɻ

A=0.002V,B=5Vͱ͠ɺΦϖΞϯϓͷ૿෯ 2000 ͱ͠

ͨɻαΛ −180 deg.͔Β +180 deg.·ͰมԽͤ͞Ґ૬ࠩݕग़Λ

ɻग़ྗ͞ΕΔͨͬߦ Iͱ QϚΠίϯʹΑͬͯ A/D

มͨ͠ɻݕग़Ґ૬ࠩࠩޡΛਤ 4ʹࣔ͢ɻ࠷େݕग़Ґ૬ࠩࠩޡ

 α͕ 12.9 deg. ,β ͕-9.7 deg.ͱͳͬͨɻ

ύΠϩοτ৴߸Λ༻͍ͨํݕγεςϜɺਤ 3ʹࣔ͢

ճ࿏ΛΞϯςφʹଓ͠ɺα,β,γݕަ ΛٻΊΔ͜ͱͰɺδ,ζ

Λݕग़Ͱ͖Δɻ͔͠͠ड৴৴߸ͱج४৴߸ͷप͕ͣΕͨ

߹ɺI ͱ Qʹؒ࣌มԽ͢Δؚ͕·ΕΔΑ͏ʹͳΔɻΞϯς

φͰड৴͢Δ৴߸͕มಈ͢ΔཁҼͱͯ͠ҎԼͷ Β͛ڍ2͕ͭ

ΕΔɻ

̍ͭύΠϩοτ৴߸ͷൃৼثʹ͓͚ΔपมಈͰ͋Δɻ

प҆ఆͷ͍ 3GHzͷൃৼثΛ༻͍ͨ߹ɺप҆ఆ

͕ 10−6 Ͱ͋ΔਫথൃৼثͰ PLL (Phase Locked Loop)Λ

͢Δͱߏ 3 kHzͷपมಈ͕ൃੜ͢Δɻ

̎ͭυοϓϥʔޮՌʹΑΔपมಈͰ͋Δɻඈ͕ػߦ

Ҡಈ͢Δ͜ͱʹΑΓɺύΠϩοτ৴߸पมಈ͢Δɻఆ

͍ͯ͠ΔՐඈߦ୳ࠪػͷ߹࠷େ 500HzͱͳΔɻ

ൃৼٴثͼυοϓϥʔޮՌʹΑΓɺύΠϩοτ৴߸ͷड৴प

ΛৗʹҰఆʹ͢Δ͜ͱࠔͰ͋Δɻड৴৴߸ͱج४৴߸

ͷ֯प͕∆ωͣΕ͍ͯΔ߹Λఆ͢Δͱɺਤ 3ͷճ࿏ߏ

ʹΑͬͯݕग़͞ΕΔ Iͱ Q

Iα =
AB
2

cos(∆ωt+ α) (9)

Qα =
AB
2

sin(∆ωt+ α) (10)

ͱͳΔɻࣜ (9)ɺࣜ (10)ΑΓ

α = −∆ωt+ cos−1

(
Iα√

I2α +Q2
α

)
(11)

ਤ 4 ϩʔΧϧ৴߸Λج४৴߸ʹ༻͍ͨަݕͷݕग़Ґ૬ࠩࠩޡ

ͱ͍͏͕ؔΓཱͭɻಉ༷ʹ β ʹରͯ͠ަݕΛ͏ߦͱ

β = −∆ωt+ cos−1

(
Iβ√

I2β +Q2
β

)
(12)

ͱ͍͏͕ؔΓཱͭɻࣜ (12)−ࣜ (11)ΑΓ

δ = cos−1

(
Iβ√

I2β +Q2
β

)
− cos−1

(
Iα√

I2α +Q2
α

)
(13)

ͱͳΓ δ Λݕग़Ͱ͖Δɻ࣮ࡍʹ ∆ω=2π × 2 rad/sͱ͠ɺβ Λ

0 deg.ʹݻఆ͠ αΛ-180 deg.͔Β 180 deg.·ͰมԽͤͯ͞Ґ૬

Λਤࠩޡग़Ґ૬ࠩݕͱ͖ͷͨͬߦग़Λݕࠩ 5ʹࣔ͢ɻ࠷େݕग़

Ґ૬ࠩࠩޡ-15.9 deg.ͱͳͬͨɻ

४৴߸ͷؒʹपجग़ਫ਼͕͍ཁҼͱͯ͠ɺड৴৴߸ͱݕ

ͷͣΕ͕͋Δͱड৴৴߸ͷৼ෯ʹΈ͕ੜ͍ͯ͡Δ͜ͱ͕ߟ

͑ΒΕΔɻ·ͨɺαͱ β ͔Β δ Λݕग़͢Δ߹ɺδ ͷݕग़ࠩޡ

ʹ α ͱ β ͷ྆ํͷݕग़͕ࠩޡॏ͞ΕΔɻ͜ΕΒͷΛ

ղܾ͢ΔͨΊʹɺຊڀݚͰΞϯςφ (i)Ͱͷड৴৴߸Λج४

৴߸ʹ༻͍ͨަݕΛఏҊ͢Δɻ

3. 2 ड৴৴߸Λج४৴߸ʹ༻͍ͨަݕ

Λਤߏ 6ʹࣔ͢ɻ͜ͷํࣜͰ͋ΔͱɺδΛٻΊΔͨΊʹ͏ߦ

Ґ૬ࠩݕग़ҰͰࡁΉɻ·ͨϩʔΧϧ৴߸͕ෆඞཁͱͳΔͨ

ΊઃඋͷখܕԽ͕ظͰ͖Δɻਤ 6ͷߏΛ༻͍ͯҐ૬ࠩݕग़

Λͨͬߦɻަݕͷճ࿏ʹৼ෯ 2mVɺप 100 kHzͷ

৴߸ΛҐ૬ࠩ δ Λ-180 deg.͔Β 180 deg.·ͰมԽͤͭͭ͞ೖ

ྗͨ͠ɻݕग़Ґ૬ࠩࠩޡΛਤ 7ʹࣔ͢ɻ࠷େࠩޡ 3.4 deg.ͱ

ͳΓɺਤ 3ͷߏΑΓݕग़Ґ૬ࠩͷਫ਼্͕ͨ͠ɻ

4. ແઢʹΑΔํݕ࣮ݧ

ड৴৴߸Λج४৴߸ʹ༻͍ͨަݕΛ༻͍ͯํݕ࣮ݧ

Λͨͬߦɻ࣮ݧ෩ܠΛਤ 8ʹࣔ͢ɻύΠϩοτ৴߸ૹ৴Ξϯς

φͱड৴ΞϯςφڞʹάϥϯυϓϨʔϯΞϯςφΛ༻͍ͨɻ

ड৴ΞϨΠΞϯςφΛλʔϯςʔϒϧͷதԝʹઃஔ͠ɺ3m

͍͠ʹૹ৴ΞϯςφΛઃஔͨ͠ɻૹ৴Ξϯς͕͞ߴͨ͠

φʹ 3GHz, 8.14 dBmͷిྗΛγάφϧδΣωϨʔλΑΓೖ

ྗͨ͠ɻड৴ΞϨΠΞϯςφʹͯड৴͞Εͨ 3GHzͷ৴߸ͱɺ

ਤ 5 2HzͷपͣΕ͕͋Δ߹ͷަݕͷݕग़Ґ૬ࠩࠩޡ
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γάφϧδΣωϨʔλ͔Βग़ྗͨ͠ 3GHzΑΓ 100 kHz͍

৴߸ΛɺΞφϩάϛΩαΛ༻͍ͯ͢ࢉΔ͜ͱͰ 100 kHzʹμ

ϯίϯόʔτ͠ɺަݕΛͨͬߦɻμϯίϯόʔτ༻ͷ

3GHzΑΓ 100 kHz͍৴߸ɺ̏ͭͷΞϨΠΞϯςφͦΕͧ

ΕʹҐ૬͕ྗۃ͍͠ঢ়ଶͰೖྗ͢Δඞཁ͕͋ΔͨΊɺγάφ

ϧδΣωϨʔλ͔Βग़ྗ͞Εͨ৴߸ΛύϫʔσόΠμΛ༻͍ͯ

̏ͭʹͤ͞ذɺηϛϦδουέʔϒϧʹͯͦΕͧΕͷΞφϩ

άϛΩαଓͨ͠ɻ

λʔϯςʔϒϧΛ 0 deg.͔Β 90 deg.·Ͱ 5 deg.ִؒͰճస

ͤ͞ɺૹ৴ΞϯςφͷํΛݕग़͢Δ࣮ݧΛͨͬߦɻํݕ

γεςϜʹΑ࣮ͬͯଌ͞Εͨํݕࠩޡͱɺਤ 7ͷަݕ

ΛਤࠩޡݕΒਪଌ͞ΕΔํ͔ࠩޡ 9ʹࣔ͢ɻ࠷େ࣮ଌݕ

ࠩޡ 7.8 deg.ͱͳΓɺཁ͞ٻΕΔ 0.2 deg.Λຬ͍ͨͯ͠ͳ͍ɻ

ަݕ͔ࠩޡΒਪଌ͞ΕΔํݕࠩޡ࠷େ-1.0 deg.Ͱ

͋ͬͨͨΊɺ࣮ଌ͞Εͨࠩޡͷେ෦ަݕࠩޡҎ֎ͷ෦

͔Βੜ͍ͯ͡Δ͜ͱ͕͑ݴΔɻ

͜ͷཁҼ̏ͭ͑ߟΒΕΔɻ1ͭɺμϯίϯόʔτ༻

ͷ৴߸͕ΞφϩάϛΩαʹ౸ୡ͢Δ·Ͱͷؒʹܦ࿏ࠩʹΑͬͯ

Ґ૬͕มԽ͢Δ͜ͱ͕͛ڍΒΕΔɻμϯίϯόʔτ༻ͷ৴߸

ͷҐ૬ͷͣΕݕग़Ґ૬ࠩʹӨڹΛ༩͑Δɻ2ͭɺΞ

ϯςφͷ S12 ͕ड৴Ξϯςφ͝ͱʹ͜ͱͳΓɺड৴৴߸ͷҐ૬

ਤ 6 ड৴৴߸Λج४৴߸ʹ༻͍ͨަݕճ࿏ͷߏ

ਤ 7 ड৴৴߸Λج४৴߸ʹ༻͍ͨަݕͷݕग़Ґ૬ࠩࠩޡ

͕มԽͯ͠͠·͍ͬͯΔ͜ͱ͕͑ߟΒΕΔɻ3ͭɺΞϨΠ

Ξϯςφͷ࡞ਫ਼͕͘ɺΞϯςφִ͕ؒ λ/2ͱͳ͍ͬͯͳ

͍͜ͱ͕͑ߟΒΕΔɻ

1ͭͱ 2ͭͷཁҼωοτϫʔΫΞφϥΠβΛ༻͍ͯҐ

૬ͷมԽΛଌఆ͓͖ͯ͠ɺϓϩάϥϜͰิਖ਼Λ͔͚Δ͜ͱ͕ղ

ܾͰ͖Δɻ3ͭͷཁҼɺΞϨΠΞϯςφΛύονΞϯςφ

ʹม͢ߋΔ͜ͱͰɺΤονϯάͳͲͷ࡞ਫ਼ͷํ͍ߴ๏Ͱ

ΒΕΔɻ͑ߟΔ͜ͱͰղܾͰ͖Δͱ͢࡞

5. ݁ 

ຊڀݚͰඈػߦͷํਪఆͷڀݚΛͨͬߦɻҐ૬ࠩͷݕग़

ํࣜͱͯ͠ަݕΛఏҊ͠ɺ࣮ݧΛͨͬߦɻϩʔΧϧ৴߸Λج

४৴߸ʹ༻͍ͨަݕͰݕग़Ґ૬ࠩ࠷͕ࠩޡେ-15.9 deg.ͱ

ͳͬͨɻड৴৴߸Λج४৴߸ʹ༻͍ͨަݕͰݕग़Ґ૬

େ࠷͕ࠩޡࠩ 3.4 deg.ͱͳΓɺਫ਼ͷ্ʹޭͨ͠ɻແઢ

ਤ 8 θ=45deg.ͷͱ͖ͷํݕ࣮ݧ෩ܠ

ਤ 9 ࠩޡݕํ
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ʹΑΔํݕ࣮ݧΛͨͬߦͱ͜Ζɺ࠷େ 7.8 deg.ͷํݕ

࣮͕ࠩޡଌ͞Εͨɻ͜Εैདྷͷը૾ॲཧʹΑΔํݕ

ࠩޡ 15 deg.ΑΓਫ਼্͕ͨ͜͠ͱΛ͍ࣔͯ͠Δ͕ɺ

ඪͷ 0.2 deg.Λୡ͍ͯ͠ͳ͍ɻަݕ͔ࠩޡΒਪଌ͞Ε

Δ-1.0 deg.ͷ࠷େํݕࠩޡΑΓେ͖ͳํݕ࣮͕ࠩޡ

ଌ͞Ε͍ͯΔ͜ͱΑΓɺํݕࠩޡΛൃੜ͍ͤͯ͞Δओͳݪ

ҼަݕͰͳ͍͜ͱ͕ͨ͑ݴɻ͑ߟΒΕΔཁҼͱͯ͠ɺ

μϯίϯόʔτ༻৴߸ͷܦ࿏ࠩʹΑΔҐ૬ͷมԽɺड৴Ξϯ

ςφͷ S12 ͷҧ͍ɺΞϨΠΞϯςφͷ࡞ਫ਼Λͨ͛ڍɻޙࠓ

͜ͷཁҼΛվળ͢Δ͜ͱͰํݕਫ਼ͷ্Λ͢ࢦɻ

จ ݙ
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