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Fig. 2.2. Linear to circular polarization conversion.

Fig. 2.3. Orthogonal polarization conversion.
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Fig. 2.8. Phase distribution of the reflected wave on aperture (Θ = 30◦).
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Fig. 3.10. Reflection phase properties for the TE and the TM incidences.
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Fig. 3.12. Design example.
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Fig. 3.13. Reflection phase properties for the different incident angle.

32



3

#1 #2 #3 #4 #5 #6 

#7 #8 #9 #10 #11 #12 

Fig. 3.14. Geometries for designing reflectarray.
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Fig. 3.15. Reflection phase properties of the co-polarization for designing reflectarray.
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Fig. 3.16. Amplitude properties of the cross-polarization for designing reflectarray.
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Fig. 3.18. Phase distribution on aperture at 15GHz.
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Fig. 3.19. Design example.
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Fig. 3.20. Reflection phase properties for the different incident angle.
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Fig. 3.21. Geometries for designing reflectarray.

TE L1 & L2 [mm]
 10.5- 5.4  12.3- 7.2
 10.8- 5.7  12.6- 7.5
 11.1- 6.0  13.2- 8.1
 11.4- 6.3  13.8- 8.7
 11.7- 6.6  14.4- 9.3
 12.0- 6.9  14.7- 9.6

L2 L1

dx

dy

Frequency[GHz]

R
e
fl

e
c
ti

o
n
 p

h
a
se

[d
e
g
]

-1260

-1080

-900

-720

-540

-360

-180

0

180

12 13 14 15 16 17 18

(a) TE incidence

TM L1 & L2 [mm]
 10.5- 5.4  12.3- 7.2
 10.8- 5.7  12.6- 7.5
 11.1- 6.0  13.2- 8.1
 11.4- 6.3  13.8- 8.7
 11.7- 6.6  14.4- 9.3
 12.0- 6.9  14.7- 9.6

L2 L1

dx

dy

Frequency[GHz]

R
e
fl

e
c
ti

o
n
 p

h
a
se

[d
e
g
]

-1260

-1080

-900

-720

-540

-360

-180

0

180

12 13 14 15 16 17 18

(b) TM incidence

Fig. 3.22. Reflection phase properties of the co-polarization for designing reflectarray.
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Fig. 3.23. Amplitude properties of the cross-polarization for designing reflectarray.

38



3

y

x
dx = 9.6 mm

d
y 

=
 9

.6
 m

m

144 mm

1
4
4
 m

m

Fig. 3.24. Designed reflectarray antenna.
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Fig. 3.25. Phase distribution on aperture at 15GHz.
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Fig. 3.26. Measurement system of reflectarray.
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(a) Fabricated reflectarray (Ω shape)

(b) Fabricated reflectarray (Four axially symmetrical shape)

Fig. 3.27. Photograph of the fabricated reflectarrays.
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Fig. 3.28. Radiation patterns for the TE incident wave.
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Fig. 3.29. Radiation patterns for the TM incident wave.
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(k) TE incidence (20GHz)

Fig. 3.33. Radiation patterns for the TE incident wave.
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(a) TM incidence (10GHz)
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(c) TM incidence (12GHz)
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(f) TM incidence (15GHz)
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(g) TM incidence (16GHz)
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(h) TM incidence (17GHz)
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(i) TM incidence (18GHz)
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(j) TM incidence (19GHz)

-30 0 30 60 90

0

Azimuth[deg]

R
e
la

ti
v

e
 p

o
w

e
r[

d
B

]

-20

-10

0

-30

 Co-pol.(Cal)
 Co-pol.(Meas)

(k) TM incidence (20GHz)

Fig. 3.34. Radiation patterns for the TM incident wave.
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Fig. 3.35. Cross-polarization characteristics for the both incidences.
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Table 4.1. Designed parameters for each geometry.
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Fig. 4.16. Radiation patterns for the TE incident wave.
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Fig. 4.17. Radiation patterns for the TM incident wave.
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Fig. 4.18. Radiation patterns of the circularly polarized wave.
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Fig. 5.6. Reflection phase properties for the TE and the TM incidences.

12 13 14 15 16 17 18

-180

-90

0

90

180

Frequency [GHz]

P
h
as

e 
d
if

fe
re

n
ce

 [
d
e
g
]

Fig. 5.7. Phase difference.
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Fig. 5.8. Amplitude properties for the TE and the TM incidences.
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Fig. 5.10. Reflection phase properties of the co-polarization.
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Fig. 5.15. Radiation patterns for the orthogonal polarized wave.
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measured ones for the orthogonal polarization conversion reflectarray.
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Fig. 6.2. Optimized geometries.
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Fig. 6.3. Phase difference (+180◦).
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Fig. 6.4. Reflection phase properties in the case of phase difference +180◦ for the TE and

the TM incidences.
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Fig. 6.5. X-polar amplitude properties in the case of phase difference +180◦ for the TE

and the TM incidences.
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Fig. 6.6. Optimized geometries.
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Fig. 6.7. Phase difference (+90◦).
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Fig. 6.8. Reflection phase properties in the case of phase difference +90◦ for the TE and

the TM incidences.
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Fig. 6.9. X-polar amplitude properties in the case of phase difference +90◦ for the TE

and the TM incidences.
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Fig. 6.10. Optimized geometries.
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Fig. 6.11. Phase difference (−90◦).
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(b) TM incidence

Fig. 6.12. Reflection phase properties in the case of phase difference −90◦ for the TE and

the TM incidences.
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Fig. 6.13. X-polar amplitude properties in the case of phase difference −90◦ for the TE

and the TM incidences.
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Fig. 6.14. Optimized geometries.
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Fig. 6.15. Phase difference (−180◦).
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(b) TM incidence

Fig. 6.16. Reflection phase properties in the case of phase difference −180◦ for the TE

and the TM incidences.
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Fig. 6.17. X-polar amplitude properties in the case of phase difference −180◦ for the TE

and the TM incidences.
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Fig. 6.19. Phase distribution of the TE (V-pol.) and the TM (H-pol.) incident waves on

aperture at 15GHz..
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Fig. 6.20. Amplitude distribution of the TE (V-pol.) and the TM (H-pol.) incident waves

on aperture at 15GHz.
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Fig. 6.21. Required phase difference on aperture at 15GHz.
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Fig. 6.23. Photograph of the fabricated reflectarray surface.
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Fig. 6.24. Radiation patterns.
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Fig. 6.25. Radiation patterns.

113



6

10 11 12 13 14 15 16 17 18 19 20
0

10

20

30

40

Frequency [GHz]

G
a
in

 [
d
B

]

 V-pol. (Cal)
 H-pol. (Cal)

 V-pol. (Meas)
 H-pol. (Meas)

Fig. 6.26. Comparison between the calculated and the measured gains for the V- and

H-polarizations.

10 11 12 13 14 15 16 17 18 19 20

Frequency [GHz]

0

10

20

30

40

50

60

70

80

E
ff

ic
ie

n
c
y
 [

%
]

 V-pol. (Cal)
 H-pol. (Cal)

 V-pol. (Meas)
 H-pol. (Meas)

Fig. 6.27. Comparison between the calculated and the measured aperture efficiency for

the V- and H-polarizations.

 V-pol. (Meas)
 H-pol. (Meas)

10 11 12 13 14 15 16 17 18 19 20

Frequency [GHz]

-50

-40

-30

-20

-10

0

C
ro

ss
 p

o
la

ri
za

ti
o
n
 [

d
B

]

Fig. 6.28. Comparison between the calculated peak cross polarization levels and the

measured ones for the V- and H-polarizations.

114



6

6.5

,

. , ,

, 360◦

, 2 , .

, , 2

2 ,

.

, −180◦ +180◦ ,

. , , ,

,

.

115



6-1 E. M. Pioa, J. A. Encinar, M. Barba, R. Florencio, R. R. Boix, and V. Losada, “Dual

polarized reflectarray transmit antenna for operation in Ku- and Ka-bands with independent

feeds,” IEEE Trans. and Propagat., Vol.65, No.6, pp.3241-3246, Jun. 2017.

6-2 J. A. Encinar, R. Florencio, M. Arrebola, M. A. S. Natera, M. Barba, J. E. Page, R. Biox,

and G. Toso, “Dual-polarization reflectarray in Ku-band based on two layers of dipole array

for a transmit-receive satellite antenna with South American coverage,” Int. J. Microw.

Wirel. T., 10(2), pp.149-159, Feb. 2018.

6-3 , , , , “Ω

,” C,

Vol.J101-C, No.12, pp.489-497, Dec. 2018.

6-4 Zhou, S. B. Sorensen, and H. Viskum, “Multiple spot beam reflectarrays for high through-

put satellite applications,” Proceedings of Internatilan Symposium on IEEE Antennas and

Propagation(APS), pp.1213-1214, Jul. 2016.

6-5 D. Martinez-de-Rioja, E. Martinez-de-Rioja, J. A. Encinar. R. Florencio, and G. Toso,

“Reflectarray to generate four adjacent beams per feed for multispot satellite antennas,”

IEEE Trans. and. Antennas Propagat., Vol.67, No.2, pp.1265-1269, Feb. 2019.

6-6 , , , , , , “

,” , B-1-51, Mar. 2018.

6-7 , , , “

,” , EMT-17-145, pp.231-236, Nov. 2017.

6-8 D. Higashi, H. Deguchi, and M. Tsuji, “GA-produced reflectarray elements having arbi-

trary phase-difference between two orthogonal linear-polarizations,” IEEE Antennas and

Propagat. Symp. Digest, pp.1641-1642, 2018.

116



7

7

, ,

,

. ,

.

7.1

,

, , ,

,

. ,

, . ,

(GA) ,

. ,

,

, . ,

.

.

(1) ,

Ω 4 . , TE , TM

, , , 360◦

, ,

. Ω ,

, Ω ,

Ω ,

, . ,

, 4 .

, , 4 1

, 2 2

. 4 , ,

,

. ,

117



7

Ku ,

, ,

. , , Ω , 4

, ,

, .

(2) Ω

. ,

, 90◦ . ,

, ,

, .

,

, ,

, .

(3) ,

. ,

,

. , 2

, , ,

. ,

, ,

, ,

,

.

(4) 2

. , ,

, 360◦ , 2

, . ,

, 2 2

,

. ,

−180◦ +180◦ ,

. , ,

, ,

.

, ,

, , ,

.

, , ,

, ,

118



7

,

.

7.2

, ,

.

, ,

. , ,

.

, ,

. , , ,

. , .

119



A

,

, ( )

.

A.1

, Fig. A.1

. , ,

, .

Er(r, θ, φ) =
e−jkr

Ri
F (r, θ, φ)an (A.1)

, F ,

F (r, θ, φ) =
j

λ

ab

4

1 + cos θ

2
fx(th, uh)fy(te, ue) (A.2)

. , fx, fy .

fx(th, uh) =

∫ 1

−1

cos(
πx

2
)e−j2πthx

2

ejπuhx cosφdx (A.3)

fy(te, ue) =

∫ 1

−1

e−j2πtey
2

ejπuey sinφdy (A.4)

P

H plane:

E plane:l
e

l
h

b

a

r

y

z
θ

x

φo

x-z

y-z
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Fig. B.1. Basic of reflectarray elements based on resonance behavior for dual polarization.

B.1

, S11 ,

, . ,

. ,

E(s) ,

E(s) = −jωµ0A+
1

jωε0
∇
(

∇ ·A
)

(B.1)

. A G ,

A(r) =

∫∫

S

G
(

r, r′
)

· J(r′)dS′ = G ∗ J (B.2)

G
(

r, r′
)

=
e−jk0

∣

∣r−r′

∣

∣

4π
∣

∣r − r′
∣

∣

(B.3)

. r r′ , , , S

. , ∗ .

B-1



, x dx, y dy 2

, (Floquet , C ) ,

E
(s)
t .

−
[

E
(s)
x (x, y)

E
(s)
y (x, y)

]

=
1

dxdy

∞
∑

p=−∞

∞
∑

q=−∞

[

G̃xx G̃yx

G̃xy G̃yy

][

J̃x
J̃y

]

e−jkxpxe−jkyqye−jkzpqz (B.4)

, G̃xx, G̃yx, G̃xy G̃yy D

, Jx, Jy ,

J̃x(kxp, kyq) =

∫∫

S

Jx(x, y)e
−jkxpxe−jkyqydS (B.5)

J̃y(kxp, kyq) =

∫∫

S

Jy(x, y)e
−jkxpxe−jkyqydS (B.6)

. , J̃x, J̃y Jx, Jy .

, k x y ,

kxp = k0 sin θ cosφ+
2πp

dx
(B.7)

kyq = k0 sin θ sinφ+
2πq

dy
(B.8)

. , (p, q) Floquet (p, q = 0,±1,±2, · · · ,±∞) ,

z kzpq ,

kzpq =

{

√

k20 − (ktpq)2, k20 − (ktpq)
2 ≥ 0

−j
√

(ktpq)2 − k20, k20 − (ktpq)
2 < 0

(B.9)

(ktpq)
2 = (kxpq)

2 + (kypq)
2

. (B.4) , ,

. ,

, z = 0 x-y ,

E
(i)
t +E

(s)
t = 0 (B.10)

. , E
(i)
t ,E

(s)
t , FSS FSS

. ,

−
[

E
(i)
x (x, y)

E
(i)
y (x, y)

]

=
1

dxdy

∞
∑

p=−∞

∞
∑

q=−∞

[

G̃xx G̃yx

G̃xy G̃yy

][

J̃x
J̃y

]

e−jkxpxe−jkyqy (B.11)

, (B.11) (Electric Field Integral Equation, EFIE)

.

B.2

, J(x, y)

B . , B roof-top . Roof-top

B-2



, Fig. B.2 ,

. , N ×M

, roof-top . x Jx y Jy ,

Unit cell

y

x

・・・Conducting region

・・・Non conducting region

dy

dx

(a) Unit cell divided into N ×M subcells.

x-directed

rooftop function

Conducting plate

Substrate

y-directed

rooftop function

Δx

Δy

x

y

1

0
11

(b) Roof-top basis function.

Fig. B.2. Analysis of the array using subdomain basis functions.
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2 e−j(kxpn∆x+kyqm∆y) (B.23)

T̃y = sinc

(

kxp
∆x

2

)

sinc2
(

kyq
∆y

2

)

e−jkyq
∆y
2 e−j(kxpn∆x+kyqm∆y) (B.24)

. , (B.22)

,

−
[

Ex0T̃x
∗
(k, l)

Ey0T̃y
∗
(k, l)

]

=
∆x∆y

dxdy

N/2−1
∑

n=−N/2

M/2−1
∑

m=−M/2

∞
∑

p=−∞

∞
∑

q=−∞
[

T̃ ∗
x (k, l)G̃xx(p, q)B̃x(n,m) T̃ ∗

x (k, l)G̃xy(p, q)B̃y(n,m)

T̃ ∗
y (k, l)G̃yx(p, q)B̃x(n,m) T̃ ∗

y (k, l)G̃yy(p, q)B̃y(n,m)

][

Ix(n,m)

Iy(n,m)

]

(B.25)

. , Ex0, Ey0 x, y . ,

Ix, Iy
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.
[

Vx
Vy

]

=

[

Zxx Zxy

Zyx Zyy

][

Ix
Iy

]

(B.26)

, [V ] = [Z][I] . [V ]

, [Z][I] , [I] . ,

[Z] .

Floquet ,

Floquet

.

B.4

,

Floquet ,

. , (Fast Fourier Transform, FFT)

. (B.25) T̃ ∗
x B̃x ,

T̃ ∗
x (k, l)B̃x(n,m) = T̃ ′

∗

x(p, q)B̃
′
x(p, q)e

j(kxp(k−n)∆x+kyq(l−m)∆y)

= T̃ ′
∗

x(p, q)B̃
′
x(p, q)e

j 2πp
N

p̄ej
2πq
M

q̄ej(kx0p̄∆x+ky0q̄∆y) (B.27)

. , p̄ = k − n, q̄ = l −m ,

B̃′
x(p, q) = T̃ ′

x(p, q) = sinc2
(

kxp
∆x

2

)

sinc

(

kyq
∆y

2

)

(B.28)

B̃′
y(p, q) = T̃ ′

y(p, q) = sinc

(

kxp
∆x

2

)

sinc2
(

kyq
∆y

2

)

(B.29)

. ,

P (p̄, q̄) = e−j(kx0p̄∆x+ky0q̄∆y) (B.30)

, (B.27) ,

T̃ ∗
x (k, l)B̃x(n,m) = T̃ ′

∗

x(p, q)B̃
′
x(p, q)e

j 2πp
N

p̄ej
2πq
M

q̄P ∗(p̄, q̄) (B.31)

. T̃ ∗
x B̃y, T̃

∗
y B̃x T̃ ∗

y B̃y ,

T̃ ∗
x (k, l)B̃y(n,m) = T̃ ′

∗

x(p, q)B̃
′
y(p, q)e

j(kxp
∆x
2

−kyq
∆y
2

)ej
2πp
N

p̄ej
2πq
M

q̄P ∗(p̄, q̄) (B.32)

T̃ ∗
y (k, l)B̃x(n,m) = T̃ ′

∗

y(p, q)B̃
′
x(p, q)e

−j(kxp
∆x
2

−kyq
∆y
2

)ej
2πp
N

p̄ej
2πq
M

q̄P ∗(p̄, q̄) (B.33)

T̃ ∗
y (k, l)B̃y(n,m) = T̃ ′

∗

y(p, q)B̃
′
y(p, q)e

j 2πp
N

p̄ej
2πq
M

q̄P ∗(p̄, q̄) (B.34)

. , (B.23) (B.24) .

T̃ ∗
x (k, l) = T̃ ′

∗

x(p, q)P
∗(k +

1

2
, l) (B.35)

T̃ ∗
y (k, l) = T̃ ′

∗

y(p, q)P
∗(k, l +

1

2
) (B.36)
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Floquet (p, q) = (0, 0) , (B.31)

(B.36) (B.25) , .

−
[

Ex0T̃ ′
∗

x(0, 0)P
∗(k + 1

2 , l)

Ey0T̃ ′
∗

y(0, 0)P
∗(k, l + 1

2 )

]

=

N/2−1
∑

n=−N/2

M/2−1
∑

m=−M/2

{

N/2−1
∑

p=−N/2

M/2−1
∑

q=−M/2
[

G̃′
xx(p, q) G̃′

xy(p, q)

G̃′
yx(p, q) G̃′

yy(p, q)

]

ej
2πp
N

p̄ej
2πq
M

q̄

}[

P ∗(p̄, q̄) 0

0 P ∗(p̄, q̄)

][

Ix(n,m)

Iy(n,m)

]

(B.37)

,

G̃′
xx(p, q) =

∆x∆y

dxdy

∞
∑

p′=−∞

∞
∑

q′=−∞

G̃xxT̃ ′
∗

x(r, s)B̃
′
x(r, s) (B.38)

G̃′
xy(p, q) =

∆x∆y

dxdy

∞
∑

p′=−∞

∞
∑

q′=−∞

G̃xyT̃ ′
∗

x(r, s)B̃
′
y(r, s)e

j(kxr
∆x
2

−kys
∆y
2

) (B.39)

G̃′
yx(p, q) =

∆x∆y

dxdy

∞
∑

p′=−∞

∞
∑

q′=−∞

G̃yxT̃ ′
∗

y(r, s)B̃
′
x(r, s)e

−j(kxr
∆x
2

−kys
∆y
2

) (B.40)

G̃′
yy(p, q) =

∆x∆y

dxdy

∞
∑

p′=−∞

∞
∑

q′=−∞

G̃yyT̃ ′
∗

y(r, s)B̃
′
y(r, s) (B.41)

,

r = p+ p′N, s = q + q′M

−N
2

≤ p ≤ N

2
− 1, −M

2
≤ q ≤ M

2
− 1

. FFT−1 (B.37) ,

−
[

Ex0T̃ ′
∗

x(0, 0)P
∗(k + 1

2 , l)

Ey0T̃ ′
∗

y(0, 0)P
∗(k, l + 1

2 )

]

=

N/2−1
∑

n=−N/2

M/2−1
∑

m=−M/2

{

FFT−1

[

G̃′
xx(p, q) G̃′

xy(p, q)

G̃′
yx(p, q) G̃′

yy(p, q)

]

p̄,q̄

}[

P ∗(p̄, q̄) 0

0 P ∗(p̄, q̄)

][

Ix(n,m)

Iy(n,m)

]

(B.42)

. ,

. , (B.37)

,

−
[

Ex0T̃ ′
∗

x(0, 0)P
∗(k + 1

2 , l)

Ey0T̃ ′
∗

y(0, 0)P
∗(k, l + 1

2 )

]

=

[

P ∗(k, l) 0

0 P ∗(k, l)

]{

N/2−1
∑

p=−N/2

M/2−1
∑

q=−M/2
[

G̃′
xx(p, q) G̃′

xy(p, q)

G̃′
yx(p, q) G̃′

yy(p, q)

]{

N/2
∑

n=−N/2

M/2
∑

m=−M/2

[

P (n,m) 0

0 P (n,m)

]

·
[

Ix(n,m)

Iy(n,m)

]

e−j 2πp
N

ie−j 2πq
M

j

}

ej
2πp
N

kej
2πq
M

l

}

(B.43)
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, ,

−
[

Ex0T̃ ′
∗

x(0, 0)P
∗(k + 1

2 , l)

Ey0T̃ ′
∗

y(0, 0)P
∗(k, l + 1

2 )

]

=

[

P ∗(k, l) 0

0 P ∗(k, l)

]

· FFT−1

{ [

G̃′
xx(p, q) G̃′

xy(p, q)

G̃′
yx(p, q) G̃′

yy(p, q)

]

· FFT
{ [

P (n,m) 0

0 P (n,m)

][

Ix(n,m)

Iy(n,m)

]}}

(B.44)

. , (Conjugate Gradient Method, CGM)

, Ix, Iy .

B.5

, [V ] . ,

. , E
(i)
t , Floquet

e
(+)
rpq (r = 1, 2) ,

E
(i)
t =

∞
∑

p=−∞

∞
∑

q=−∞

(a1pqe
(+)
1pq(x, y) + a2pqe

(+)
2pq(x, y)) (B.45)

. , (+) +z .

, Floquet e
(+)
rpq (r = 1, 2)

e
(+)
1pq(x, y) = j

√

Z∗
1pq(Fyux − Fxuy)ψ(x, y) (B.46)

e
(+)
2pq(x, y) = j

√

Z∗
2pq(Fxux + Fyuy)ψ(x, y) (B.47)

. , Fx = kxp/ktpq, Fx = kyp/ktpq . , T ∗(x, y)

E
(i)
t , [V ]

.
[

Vx
Vy

]

= −
[

L1x L2x

L1y L2y

][

a1pq
a2pq

]

= −
[

j
√

Z∗
1pqFy(p, q)T̃

∗
x (k, l) j

√

Z∗
2pqFx(p, q)T̃

∗
x (k, l)

−j√Z∗
1pqFx(p, q)T̃

∗
y (k, l) j

√

Z∗
2pqFy(p, q)T̃

∗
y (k, l)

][

a1pq
a2pq

]

(B.48)

, (k, l) , T̃ ∗
x , T̃

∗
y (B.35) (B.36) . ,

EFIE [V ] = [Z][I] , [L] ,

[V ] = [Z]−1[I] = [Z]−1[L][A][a] (B.49)

. , [a] a1pq, a2pq

. , [A] , z = 0

, ,

.
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B.6

EFIE (Gen-

eralized Scattering Matrix, GSM) S21 z ≥ 0

( 1) E1t 1 E
(t)
1t E

(s)
1t

E1t = E
(t)
1t +E

(s)
1t

=
∞
∑

p=−∞

∞
∑

q=−∞

(T1pqa1pqe
(+)
1pq(x, y) + T2pqa2pqe

(+)
2pq(x, y))

+

∫

S′

Ḡ(x, y;x′, y′) · J(x′, y′)dS′ (B.50)

S′ e
(+)
1pq e

(+)
2pq

Floquet (+) +z

T1pq, T2pq

TE Floquet

T100 1 1 E1t

e
(+)
rpq (r = 1, 2)

E1t =
∞
∑

p=−∞

∞
∑

q=−∞

(b1pqe
(+)
1pq(x, y) + b2pqe

(+)
2pq(x, y)) (B.51)

(B.51) (B.50)
∫∫

S

(e(±)
rpq × h∗(±)

r′p′q′) · (±uz)dS = δr
′

r δ
p′

p δ
q′

q (B.52)

{

b1pq
b2pq

}

=

∫

S

∫

S′

[{

h
(+)∗
1pq (x, y)

h
(+)∗
2pq (x, y)

}

× Ḡ(x, y;x′, y′) · J(x′, y′)
]

· (+uz)dS
′dS

+

{

T1pqa1pq
T2pqa2pq

}

(B.53)

h
(+)
1pq h

(+)
2pq Floquet

S

[b] = [D1][I] + [T ][a] (B.54)

[b] [a]

[D1] (B.53)

[D1] Floquet (B.54)

[b] = [D1][I] + [T ][a]

= [D1][Z]
−1[V ] + [T ][a]

=
(

[D1][Y ]−1[L][A] + [T ]
)

[a]

= [S21][a] (B.55)
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S21

[S21] = [D1][Z]
−1[L][A] + [T ] (B.56)

S11 z < 0 2 2 z = 0

E2t

E2t = E
(s)
2t

=

∫

S′

Ḡ(x, y;x′, y′) · J(x′, y′)dS′ (B.57)

2 E2t e
(−)
rpq (r = 1, 2)

E2t =
∞
∑

p=−∞

∞
∑

q=−∞

(c1pqe
(−)
1pq (x, y) + c2pqe

(−)
2pq (x, y)) (B.58)

S21

{

c1pq
c2pq

}

=

∫

S

∫

S′

[{

h
(−)∗
1pq (x, y)

h
(−)∗
2pq (x, y)

}

× Ḡ(x, y;x′, y′) · J(x′, y′)
]

· (−uz)dS
′dS

+

{

R1pqa1pq
R2pqa2pq

}

(B.59)

[c] = [D2][I] + [R][a]

= [D2][Z]
−1[V ] + [R][a]

= [D2][Z]
−1[L][A][a] + [R][a]

= [S11][a] (B.60)

S11

[S11] = [D2][Z]
−1[L][A] + [R] (B.61)

[D2] (B.59)
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C Floquet

, Floquet

, ,

. , Floquet , Floquet

Floquet .

C.1 Floquet

, x . dx

F (x) , f1(x) .

f1(x) = F (x)e−jkxx (C.1)

, , k ,

k = k
(

ux sin θ cosφ+ uy sin θ sinφ+ uz cos θ
)

= kxux + kyuy + kzuz (C.2)

. , θ, φ , ux, uy uz

. , f2(x) , f1(x) ,

f2(x) = F (x+ dx)e
−jkx(x+dx) = F (x)e−jkxxe−jkxdx = f1(x)e

−jkxdx (C.3)

. , , ,

. Floquet (Floquet’s theorem)

. , F (x) , .

F (x) =

∞
∑

p=−∞

Cn exp

(

−j 2πpx
dx

)

(C.4)

, Cn , p Floquet (p = 0,±1,±2, · · · )
. (C.1) ,

f1(x) =

∞
∑

p=−∞

Cn exp

[

−j
(

kx +
2πp

dx

)

x

]

(C.5)

, exp
[

−j
(

kx +
2πp
dx

)

x
]

. y

.
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C.2 Floquet

, Floquet . ,

,

(∇2
t +

∂2

∂z2
+ k2)ϕ = 0 (C.6)

. ,

∇2
t =

∂2

∂x2
+

∂2

∂y2
(C.7)

. , ϕ = Φ(x, y)Z(z) ,

(
∂2

∂z2
+ k2Z)Z = 0 (C.8)

(∇2
t + k2t )Φ = 0 (C.9)

, Z e±jkzz , Φ , x, y

Floquet ,

Φ = e−jktpq·t (C.10)

,

(∇2
t + (ktpq)

2)ψpq(x, y) = 0 (C.11)

. ,

kxp = k sin θ cosφ+
2πp

dx

kyq = k sin θ sinφ+
2πq

dy

(ktpq)
2 = (kxp)

2 + (kyq)
2

(kzpq)
2 = k2 − (ktpq)

2

t = xux + yuy

ktpq = kxpux + kyquy (C.12)

,

kzpq =











[

k2 − (ktpq)
2
]

1

2

if k2 − (ktpq)
2 ≥ 0

−j
[

(ktpq)
2 − k2

]
1

2

if k2 − (ktpq)
2 < 0

(C.13)

, dx, dy x , y , k . (C.2) , ψpq

.

ψpq =
1

√

dxdy
e−j(kxpx+jkyqy

=
1

√

dxdy
e−jktpq·t (C.14)
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ψpq Floquet , Floquet ψpq ,

∫∫

S

ψpqψ
∗
mndxdy = δpmδqn (C.15)

. , S

, ∗ .

C.3 Floquet

, Floquet , Floquet

. Floquet , TE TM

.

C.3.1 TE

TE , Am

z . A= 0,

Am .

Am = jωεµΠm (C.16)

, ε, µ, ω , , . (Floquet

) ,

Πm = uzψpqe
±jkzpqz (C.17)

, Maxwell ,

E = −jωµ∇×Πm (C.18)

H = k2Πm +∇(∇ ·Πm) (C.19)

, Ez, Hz ,

Ez = 0 (C.20)

Hz = (ktpq)
2ψpq(x, y)e

±jkzpqz (C.21)

, ,

Ht = ± jkzpq
(ktpq)2

∇tHz (C.22)

Et =
jωµ

(ktpq)2
uz ×∇tHz = ±Z1pquz ×Ht (C.23)

. ,

Z1pq ≡ 1

Y1pq
≡ ωµ

kzpq
(C.24)

, Z1pq TE , Y1pq TE .

1 TE .
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, TE Floquet ψ1pq , Floquet ψpq

,

ψ1pq(x, y) =
kyqux − kxpuy

ktpq
ψpq (C.25)

. , TE Floquet ψ1pq ,

.

Et = −ωµktpqψ1pq(x, y)e
±jkzpqz

uz ×Ht = ±Y1pqEt, Ht = ∓Y1pquz ×Et (C.26)

TE Floquet ψ1pq Floquet ψ1pq

,
∮

S

ψ1pq ·ψ∗
1mndxdy = δpmδqn (C.27)

.

C.3.2 TM

TM , A z

. Am = 0,

A .

A = jωεµΠ (C.28)

(Floquet ) ,

Π = uzψpqe
±kzpqz (C.29)

, Maxwell ,

E = k2Πm +∇(∇ ·Πm) (C.30)

H = jωε∇×Πm (C.31)

, Ez, Hz ,

Hz = 0 (C.32)

Ez = (ktpq)
2ψpq(x, y)e

±jkzpqz (C.33)

, ,

Et = ± jkzpq
(ktpq)2

∇tEz (C.34)

Ht = − jωε

(ktpq)2
uz ×∇tEz = ∓Y2pquz ×Et (C.35)

. ,

Y2pq ≡ 1

Z2pq
≡ ωε

kzpq
(C.36)
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, Y2pq TM , Z2pq TM .

2 TM .

, TM Floquet ψ2pq , TE Floquet ψ1pq

Floquet ψpq .

ψ2pq(x, y) =
kxpux + kyquy

ktpq
ψpq (C.37)

, TM Floquet ψ2pq , ,

.

Et = ±kzpqktpqψ2pq(x, y)e
±jkzpqz

uz ×Ht = ±Y2pqEt, Ht = ∓Y2pquz ×Et (C.38)

, Floquet ,
∫

cell

ψrpq ·ψ∗
r′p′q′dxdy = δr

r′δp
p′

δq
q′ (C.39)

. , p, q Floquet , r 1 TE , 2

TM .

C.4 Floquet

, Floqeut

Floquet .

E(x, y, z) =
2

∑

r=1

∞
∑

p=−∞

∞
∑

q=−∞

arpq
[

etrpq (x, y) + ezrpq (x, y)uz

]

e±jkzpqz (C.40)

H(x, y, z) =

2
∑

r=1

∞
∑

p=−∞

∞
∑

q=−∞

arpq
[

htrpq (x, y) + hzrpq (x, y)uz

]

e±jkzpqz (C.41)

, r = 1 TE , r = 2 TM . , p, q Floquet

, e, h Floquet ,

Floquet . , arpq . et, ht

Floquet ψpq ,

et1pq (x, y) = −∇× ψpq(x, y)uz (C.42)

ht2pq (x, y) = ∇× ψpq(x, y)uz (C.43)

. TE TM

, etrpq htrpq ,

uz × et1pq = ±Z1pqht1pq (C.44)

ht2pq × uz = ±Y2pqet2pq (C.45)
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. , Z1pq TE , Y2pq TM

. Poynting , TE

,

∫

S

et1pq × h∗
t1p′q′

· (±uz)ds =

{

Y ∗
1pqk

2
tpq, (p, q) = (p′, q′)

0, (p, q) 6= (p′, q′)
(C.46)

, TM ,

∫

S

et2pq × h∗
t2p′q′

· (±uz)ds =

{

Z2pqk
2
tpq, (p, q) = (p′, q′)

0, (p, q) 6= (p′, q′)
(C.47)

. , S .

, TE
√

Z∗
1pq/ktpq , TM

√

Y1pq/ktpq

, , Floquet etrpq ,htrpq , TE

TM Floquet ψrpq ,

et1pq = j
√

Z∗
1pqψ1pq(x, y) (C.48)

et2pq = ±j
√

Z2pqψ2pq(x, y) (C.49)

ht1pq = ±j
√

Y ∗
1pqψ2pq(x, y) (C.50)

ht2pq = −j
√

Y2pqψ1pq(x, y) (C.51)

. , , , Floquet

t .
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D

, (Spectral Domain Approach, SDA)

(electric-type spectral-domain

Green’s function) .

, E(s) H(s)

E(s) = −jωµ0A+
1

jωε0
∇
(

∇ ·A
)

(D.1)

H(s) = ∇×A (D.2)

, z ,

E(s)
z =

1

jωε0

∂

∂z

(

∂

∂x
Ax +

∂

∂y
Ay

)

(D.3)

H(s)
z =

∂

∂x
Ay −

∂

∂y
Ax (D.4)

. ,

H̃(s)
z ∝ −kxp

ktpq
J̃y +

kyq
ktpq

J̃x (D.5)

Ẽ(s)
z ∝ kxp

ktpq
J̃x +

kyq
ktpq

J̃y (D.6)

. , (p, q) Floquet . , Fig. D.1(a)

.
[

u

v

]

=

[

sinΘ − cosΘ

cosΘ sinΘ

][

x

y

]

(D.7)

, cosΘ = kxp/ktpq,sinΘ = kyq/ktpq . , ,

,

J̃ = J̃xux + J̃yuy = J̃uuu + J̃vuv (D.8)

. , (D.5) v ,

H̃(s)
z ∝ −kxp

ktpq
J̃v sinΘ +

kyq
ktpq

J̃v cosΘ = 0 (D.9)

. , (D.6) u ,

Ẽ(s)
z ∝ kxp

ktpq
J̃u sinΘ− kyq

ktpq
J̃u cosΘ = 0 (D.10)
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. , u TE , v TM

. ,
[

Ẽ
(s)
u (p, q)

Ẽ
(s)
v (p, q)

]

=

[

Z̃1pq 0

0 Z̃2pq

][

J̃u(p, q)

J̃v(p, q)

]

(D.11)

, Z̃rpq(r = 1, 2) , r = 1

TE , r = 2 TM . (D.7) (x, y)

,
[

Ẽ
(s)
x (p, q)

Ẽ
(s)
y (p, q)

]

=

[

Z̃1pq sin
2 Θ+ Z̃2pq cos

2 Θ (Z̃2pq − Z̃1pq) cosΘ sinΘ

(Z̃2pq − Z̃1pq) cosΘ sinΘ Z̃2pq sin
2 Θ+ Z̃1pq cos

2 Θ

][

J̃x(p, q)

J̃y(p, q)

]

=

[

G̃xx(p, q) G̃xy(p, q)

G̃yx(p, q) G̃yy(p, q)

][

J̃x(p, q)

J̃y(p, q)

]

(D.12)

, G̃ ,

Z̃rpq .

Z̃rpq =
1

Y
(top)
rpq + Y

(bottom)
rpq

(D.13)

, z = l z = l .

, Y
(top)
rpq z = l z > l , Y

(bottom)
rpq

z = l z < l . ,

,

Yin = Y0
Y0 + YL cothγ0t

Y0 cothγ0t+ YL
(D.14)

. , Y0 , YL

. , Fig. D.1(b) ,

Yin = Y02
Y02 + Y ′

L cothγ02t2
Y02 cothγ02t2 + Y ′

L

(D.15)

. ,

Y ′ = Y01
Y01 + YL cothγ01t1
Y01 cothγ01t1 + YL

. , Fig. D.1(c) t

, (D.13) .

Y (trans) =
Y0

Y0 coshγrpqt+ YL sinhγrpqt
(D.16)

, γrpq = jkzpq . ,

Z̃rpq =
1

Y
(top)
rpq + Y

(bottom)
rpq

Y (trans)
rpq (D.17)

. ,

.

D-2



x

y

v

u

Q

(a) A new coodinate system for spectral-

domain immittance approach.

t
1

t
2

Y
02

Y
01

Y
L

Y'
L

Y
02

(b) Equivalent transmission line model.

E(s)

J

t

Y
L

Y
0

(c) Relation between the current and the scattered field at different z.

Fig. D.1. Equivalent transmission line model for deriving the spectral-domain Green’s

function.
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E

. Fig. E.1(a) , dx 1

θ ,

k0dx sin θ . , k0dx sin θ ,

, θ . , Fig.

E.1(b) , θg ,

k0dx(sin θ + sin θg) . 2π , θg

, θg . , ,

k0dx(sin θ + sin θg) = 2nπ (E.1)

. , n = 1, 2, · · · . , θg = 90◦

,

λ = dx(1 + sin θ) (E.2)

. , λ .

, x dx, y dy 2 . Fig.

E.2(a) , Floquet (p, q) ,

(kxp )
2 + (kyq )

2 ≤ (k0)
2 (E.3)

. , (kx, ky)

, . , Fig. E.2(b)

, (p, q) = (−1, 0), (0, 1) .

, (E.3) ,

λ ≥ dx(1 + sin θ) (E.4)

λ ≥ dy cos θ (E.5)

. , .

, θ dx, dy

.
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dx

Incident wave Reflected wave

Transmitted wave

k0 dx sin

k0 dx sin

k0 dx sin

(a) No grating lobe.

dx

g

k0 dx sin

k0 dx sin g

Incident wave

Grating lobe(s)

(b) Onset of grating lobe.

Fig. E.1. Onset of grating lobe on a one-dimensional periodic structure for plane-wave

incidence.
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(a) No grating lobe.

(b) Onset of grating lobe.

Fig. E.2. Grating lobe diagram on a two-dimensional periodic structure for plane-wave

incidence.
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