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Fig. 5. Single-layer transmission spectrum (a) in dB units (b) in percentage units
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Fig. 6. Single-layer frequency response (a) Isolation (b) Difference in transmission rate
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Table 1. Single-layer Isolation Extreme Value

WAEA BR/GHz  [REE/dB

WAl 8.40 19.2110
W/ ME 11.49 -12.3137
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MRAEGER T DA Y, AEIE 10 R S ) @ i AR MELSAL , %2R T RES 3R, TR G B I g 0 A i
A TR AR S AR

412 =ZEZART

XFRRGR, AR HHE L R I ARG A L A 3% Rk, (Hoeh A 2Ry HA
RS S A ik, IESTERS R BORI AL, B R AR

DR, BT = 2R T, BRI ABABABA Z4HES, SIS RE B S50 ZU 1 R X
], A PESHR .

B, FESLRRAE

=



K8 =JZ YIG #E T45tnEK

Fig. 8. Schematic diagram of a three-layer YIG superatomic structure
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Fig. 9. Triple-layer transmission spectrum (a) in dB units (b) in percentage units
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Fig. 10. Triple-layer frequency response (a) Isolation (b) Difference in transmission rate
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Table 2. Triple-layer isolation extremum

WAER W%/GHz  [@EfE/dB

WAl 8.35 29.6623
Wi 11.48 -24.8946
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Fig. 11. Single-layer frequency response (a) Phase (b) Phase difference

10



WS RN, R IAEREIAE AR IR S A R A O 2 A B AR R . Rl AERE A IR AL
RISE SR AR, TE S AR A AL 2 (EROR, BT A A AR B S AR G B 58 o SRTT, E—20
K, MGZRDMEREBONEIR, Tikste®n (-, ) RsEiEXE.

RYESERIRIDITEEE R, =R A AR T BA LSRG SR A B RE Fy . TR, FRATHN = 2 s
TR PRI, DAIARAS S A 22, DASCHRpsE B R T R G M AR L o) B T

[FREAE( B A o 150mm 500, 58] =2 AR N, PASIE )AL 22, 43 510
E12(a) FI12(b) s,

(a) (b)

B 12 =R (a) HI6L (b) AHAZ2E

Fig. 12. Triple-layer frequency response (a) Phase (b) Phase difference
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Fig. 13. Results of the response of the three-layer superatomic parameters
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Fig. 14. (a) Unit phase distribution (b) Phase difference histogram
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— A7 ) ESCIUTRR AR . SR, SR POR R o RS, PR AT Al R T R T R I
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Table 3. Forward phase holds the optimal unit

i () w|E (h)  EEERE RE@ESR RRMG e

3.00 mm 4.70 mm 0.89 0.53 3.08 rad -2.42 rad
2.90 mm 7.00 mm 0.93 0.68 2.97 rad 2.09 rad
2.95 mm 5.80 mm 0.92 0.88 2.84 rad 0.61 rad
3.10 mm 3.00 mm 0.90 0.97 3.11 rad -0.55 rad

[y, FATHARL R TS A R AR AR, 4P
4 AR LR T

Table 4. Reverse phase holding the optimal unit

i () W (h)  EEERR RE@ESR R A6

4.55 mm 7.00 mm 0.79 0.87 -0.99 rad -0.92 rad
3.90 mm 6.45 mm 0.63 0.70 0.80 rad -0.64 rad
3.20 mm 3.35 mm 0.70 0.99 2.13 rad -0.64 rad
2.60 mm 6.15 mm 0.96 0.71 -2.52 rad -0.81 rad

A E LR T B AR O, FRATTRHE R4S R T T S E G R b | IE A A B PS5 R an & 15 (a) fir
TN, B RS R AN E 15 (b) s .
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Fig. 15. Optimal unit position (a) Forward (b) Reverse
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Fig. 16. Results of the three-layer superatomic parameter response (excluding local response)
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Table 5. Optimal unit phase holding in the reverse direction after excluding local response

i (r) W (h)  EEERER S RE@ESR R A6

2.45 mm 3.95 mm 0.98 0.04 -1.95 rad -0.53 rad
1.55 mm 6.65 mm 1.00 1.00 -1.98 rad -2.64 rad
2.10 mm 5.60 mm 0.99 0.93 -2.16 rad 1.93 rad
2.20 mm 4.50 mm 0.99 0.41 -2.19 rad 0.70 rad

6 SR SRR S A AR AT fee UL B G

Table 6. Optimal unit phase holding in the reverse direction after excluding local response

Fie () mE(h)  IEREEEE REEERER REMG R

2.55 mm 5.00 mm 0.98 0.04 -2.29 rad -0.91 rad
4.40 mm 7.00 mm 0.65 0.83 -0.65 rad -0.80 rad
3.85 mm 6.40 mm 0.41 0.70 1.58 rad -0.63 rad
3.10 mm 3.20 mm 0.89 0.98 2.52 rad -0.74 rad

FHEREPREZ BT SREMEIR o, IR A AR AR ANEILT () s, SRR A5 TS5 R AN 17 (b) By

No

(a) (b)

1T SRR W i) dre DL BT (a) IETA) (b) Bl

Fig. 17. Optimal unit position excluding local response (a) Forward (b) Reverse
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Fig. 18. (a) Superatom (b) Experimental Sample Diagram
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Fig. 19. (a) Experimental Setup (b) Schematic Diagram of Measurement
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Fig. 20. Linearly Polarized Transmission Spectrum
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Fig. 21. (a) Circular Polarization Transmission Spectrum (b) Forward-Backward Phase Difference
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SESGIVAZHCE

import numpy as np
import matplotlib.pyplot as plt
import glob

import os

# Xk EAR

folder_path = r'C:\Users\14716\Desktop\Magnetic PC Metasurface\COMSOL\YIG'

# REUTH X4, Blin h=2.txt, h=3.txt &

file_list = glob.glob(os.path.join(folder_path, 'our_canshu_single.txt'))

# R T B ARIE B Bl

f_values = []

abs_S21_fwd = []
abs_S21_bwd = []
arg_S21_fwd = []
arg_S21_bwd = []

# 38 R AR SR U AR
for file_name in file_list:

try:

# £ )i genfromtxt BT FEBAT, FAEEREFHF

data = np.genfromtxt(file_name, comments='Y%', skip_header=1) # ALFEPL '%' FFkEyEBAT

if data.size ==

print(f"File {file_name} is empty or has invalid data.")

continue

f = datal:, 0] # & — 7| &M%
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30 abs_S21_fwd_data = datal:, 3] # %8 S21 F (ZmW7])
31 abs_S21_bwd_data = datal:, 4] # %% {H S21 [ (FELF])
32 arg_S21_fwd_data = datal:, 1] # #i{r S21 IFf (& —7)

33 arg_S21_bwd_data = datal:, 2] # #ifr S21 i (& =7)

85 # B0 B 7 5%
36 f_values.append(f)
37 abs_S21_fwd.append(abs_S21_fwd_data)
38 abs_S21_bwd.append(abs_S21_bwd_data)
39 arg_S21_fwd.append(arg_S21_fwd_data)

10 arg_S21_bwd.append(arg_S21_bwd_data)

12 except Exception as e:

13 print (f"Error reading {file_namel}: {e}")

5 # WHEHTA nunpy A
16 f_values = np.concatenate(f_values)

17 abs_S21_fwd

np.concatenate(abs_S21_fwd)

1s  abs_S21_bwd = np.concatenate(abs_S21_bwd)

10 arg_S21_fwd = np.concatenate(arg_S21_fwd)

50 arg_S21_bwd = np.concatenate(arg_S21_bwd)

51

52 # Z WS4TSR R Y KN

53 plt.figure(figsize=(10, 6), dpi=400)

54 plt.plot(f_values, abs_S21_fwd, label="Forward Transmission |T|", color='blue', lw=2)

55 plt.plot(f_values, abs_S21_bwd, label="Backward Transmission |T|", color='red', lw=2, linestyle='--')
56 plt.xlabel("Frequency (Hz)")

57 plt.ylabel("Transmission Magnitude |TI[")

58 plt.title("Forward and Backward Transmission Magnitude |T|")

50 plt.legend()

60 plt.grid(True)

26



61 plt.tight_layout()

oo # WHILHBHEZR (EW - KF)

64 T_difference = abs_S21_fwd - abs_S21_bwd

66 plt.figure(figsize=(10, 6), dpi=400)

67 plt.plot(f_values, T_difference, label="Difference (Forward - Backward)", color='green', 1lw=2)
6s  plt.xlabel("Frequency (Hz)")

60 plt.ylabel("Transmission Magnitude Difference")

70 plt.title("Transmission Magnitude Difference (Forward - Backward)")

71 plt.legend()

72 plt.grid(True)

73 plt.tight_layout ()

75 # S| IE AR 1 Y AR

76 plt.figure(figsize=(10, 6), dpi=400)

77 plt.plot(f_values, arg_S21_fwd, label="Forward Phase T", color='blue', 1lw=2)

78 plt.plot(f_values, arg_S21_bwd, label="Backward Phase T", color='red', lw=2, linestyle='--')
70 plt.xlabel("Frequency (Hz)")

s0  plt.ylabel("Phase (Radians)")

s1 plt.title("Forward and Backward Phase T")

52  plt.legend()

83 plt.grid(True)

s4  plt.tight_layout()

s7 phase_difference = np.angle(np.exp(1lj * (arg_S21_fwd - arg_S21_bwd)))

88

so  plt.figure(figsize=(10, 6), dpi=400)

o0 plt.plot(f_values, phase_difference, label="Phase Difference (Forward - Backward)", color='green',

1w=2)
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91 plt.xlabel("Frequency (Hz)")

92 plt.ylabel("Phase Difference (Radians)")

93 plt.title("Phase Difference (Forward - Backward)")
94 plt.legend()

95 plt.grid(True)

96 plt.tight_layout()

os # BRTFTHER

99 plt.show()

100

01 # H#A dB

102 abs_821_fwd_dB = 20 * np.logl0O(abs_S21_fwd)

103 abs_821_bwd_dB = 20 * np.logl0O(abs_S21_bwd)

104

s # Sl E 4 E (dB)

106 plt.figure(figsize=(10, 6), dpi=400)

107 plt.plot(f_values, abs_S21_fwd_dB, label="Forward Transmission (dB)", color='blue', lw=2)

10s  plt.plot(f_values, abs_S21_bwd_dB, label="Backward Transmission (dB)", color='red', lw=2,
linestyle='--")

100 plt.xlabel("Frequency (Hz)")

110 plt.ylabel("Transmission (dB)")

111 plt.title("Forward and Backward Transmission (dB)")

112 plt.legend()

113 plt.grid(True)

114 plt.tight_layout ()

115

116 # BREK

117 plt.show()

AL B
1 import numpy as np

28



N}

-

10

16

19

30

import
import
import

import

matplotlib.pyplot as plt
glob
os

math

from matplotlib.colors import LogNorm

from scipy.optimize import minimize

# Xk ER

folder_

path = r'C:\Users\14716\Desktop\Magnetic PC Metasurface\COMSOL\YIG\10.5'

# BT H X4, Plin h=2.txt, h=3.txt &

file_list = glob.glob(os.path.join(folder_path, '*.txt'))

# R T B AR B B

r_values = []
h_values = []
abs_S21_fwd = []
abs_S21_bwd = []
arg_S21_fwd = []
arg_S21_bwd = []

# R T B AR B B

all_data

file_num

0 # ATHF#IAETREMXGER

0

# 3 BT CHR Ot BB 4

for file_name in file_list:

try:

# f# ) genfromtxt Bk EBAT, HFAEFHKEFH



33 data = np.genfromtxt(file_name, comments='%', skip_header=1) # ALFEPL '%' FFLEyEEAT

35 if data.size ==
36 print(£"File {file_name} is empty or has invalid data.")

37 continue

39 r = datal:, 0] # £—%| & r &
10 h = datal[:, 1] # %:ﬂ% h fﬁ
1 abs_S21 _fwd_data = datal:, 2] # ZxH{f S21 Fr (% =7))

12 abs_S21 _bwd_data = datal:, 3] # ZH{f S21 i (7))
13 arg_S21_fwd_data = datal:, 4] # #ifr S21 IF ] (FHF|)

14 arg_S21_bwd_data = datal:, 5] # fH{L S21 K [ (%x7])

16 # BRI E 5 R
A7 r_values.append(r)
18 h_values.append(h)
19 abs_S21_fwd.append(abs_S21_fwd_data)
50 abs_S21_bwd.append(abs_S21_bwd_data)
51 arg_S21_fwd.append(arg_S21_fwd_data)

52 arg_S21_bwd.append(arg_S21_bwd_data)

54 # AFRNMRERANEINER, FBEEH AT

55 num_points = len(r)

56 indices = np.arange(num_points*file_num, num_points*(file_num + 1), 1).reshape(-1, 1) #
a7 %75

57 combined_data = np.hstack((indices, r.reshape(-1, 1), h.reshape(-1, 1),

58 abs_S21_fwd_data.reshape(-1, 1),

59 abs_S21_bwd_data.reshape(-1, 1),

60 arg_S21_fwd_data.reshape(-1, 1),

61 arg_S21_bwd_data.reshape(-1, 1)))
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63 # Y BB A0 B 5 &

64 all_data.append(combined_data)

66 file_num += 1

68 except Exception as e:
69 print (f"Error reading {file_namel}: {e}")

70

1 # BRERKHA nupy H4

~

72 r_values = np.concatenate(r_values)

73 h_values = np.concatenate(h_values)

74 abs_S21_fwd = np.concatenate(abs_S21_fwd)
75 abs_S21_bwd = np.concatenate(abs_S21_bwd)
76 arg_S21_fwd = np.concatenate(arg_S21_fwd)

77 arg_S21_bwd = np.concatenate(arg_S21_bwd)

7o # WREHFEN numpy H Al
so all_data = np.vstack(all_data) # ¥ & e 58 ik — > A WS4l

81

ss # B XKEF KT
51 INDEX_COL = 0

s5  R_COL

1]
e

g6 H_COL

1]
N

ss # BN FHFEERY WA
s9  keep_rows = []

90

o # EXWMEAEK

92 def curve(x):

93 return 162085.51453 * np.exp(-x / 0.22109) + 11.33267 * np.exp(-x / 1.36609) + 3.19609
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94

5 def distance(x, point):
96 y_curve = curve(x)
97 return math.sqrt((x - point[0])*(x - point[0]) + (y_curve - point[1])*(y_curve - point[1]))

98

oo # WGFTAET, #AARML

100 for row in all_data:

101 r_val = row[R_COL]

102 h_val = row[H_COL]

103

104 # ERARMEARERIUERSN x &

105 result = minimize(lambda x: distance(x, (r_val, h_val)), r_val, bounds=[(2.5, 5.0)])
106

107 # HERB WA R NER

108 min_x = result.x[0]

109 min_distance = distance(min_x, (r_val, h_val))

110

11 # WEBNEE > 0.1, ¥UMARERY

112 if min_distance > 0.1 and r_val * r_val / 25 + h_val * h_val / 49 < 1.8 :
113 keep_rows.append (row)

114

s # RREWATH % numpy KA

1

.
1

116 filtered_data = np.array(keep_rows)

117

us  # KRR B K lE P REES R

119 filtered_indices = filtered_datal:, INDEX_COL]
120 r_filtered = filtered_datal[:, R_COL]

121 h_filtered = filtered_datal[:, H_COL]

122 abs_S21_fwd_filtered = filtered_datal:, 3]

123 abs_S21_bwd_filtered = filtered_datal:, 4]

124 arg_S821_fwd_filtered = filtered_datal:, 5]
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125 arg_S821_bwd_filtered = filtered_datal:, 6]

127 print(f"Remaining matching units: {len(filtered_indices)}")

128

129

130 ' mmmmmmmmmm oo mm oo WHERHLEH - v

131 # WEERfR K ER

132 abs_S21_diff = abs_S21_fwd - abs_S21_bwd

133

134 # {#Jf np.angle H— AL £F [-pi, pil X

135 arg_S821_diff = np.angle(np.exp(1lj * (arg_S21_fwd - arg_S21_bwd)))

136

137 # RIEEK

135 fig, axs = plt.subplots(2, 3, figsize=(18, 10), dpi=400)

139

o # RE B AN AR

141 point_size = 5 # K & H AN

112 marker_style = 's' # ¥ AW HREE AT H

143

ua # LRI ASKAE (Efl. KA. £57)

145 iml = axs[0, O].scatter(r_values, h_values, c=abs_S21_fwd, cmap='RdY1Bu', vmin=0, vmax=1,
s=point_size, marker=marker_style)

146 axs[0, 0].set_title('Forward')

117 axs[0, 0].set_xlabel('r (mm)')

145 axs[0, 0].set_ylabel('h (mm)')

110 plt.colorbar(iml, ax=axs[0, 0], label='Transmission')

150

151 im2 = axs[0, 1].scatter(r_values, h_values, c=abs_S21_bwd, cmap='RdY1Bu', vmin=0, vmax=1,
s=point_size, marker=marker_style)

152 axs[0, 1].set_title('Backward')

1535 axs[0, 1].set_xlabel('r (mm)')
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156

159

160

161

162

163

164

165

166

167

168

169

170

176

179

180

axs[0, 1].set_ylabel('h (mm)')

plt.colorbar(im2, ax=axs[0, 1], label='Transmission')

im3 = axs[0, 2].scatter(r_values, h_values, c=abs_S21_diff, cmap='coolwarm', vmin=-1, vmax=1,

s=point_size, marker=marker_style)

axs[0, 2].set_title('FWD-BWD')
axs[0, 2].set_xlabel('r (mm)')
axs[0, 2].set_ylabel('h (mm)')

plt.colorbar(im3, ax=axs[0, 2], label='Transmission Difference')

# HER

]
]

np.array([2.5, 2.65, 2.85, 3.0, 3.4, 3.65, 3.85, 4.25, 4.75, 4.95])

np.array([7.0, 5.85, 5.0, 4.65, 4.2, 4.0, 3.85, 3.7, 3.55, 3.5])

~
]

im3 = axs[0, 2].scatter(x, y, facecolors='none', edgecolors='red', s=100, linewidths=2,

label='Selected point')

x_line = np.arange(2.5, 5.0, 0.01)
y_line = 162085.51453 * np.exp(-x_line / 0.22109) + 11.33267 * np.exp(-x_line / 1.36609) + 3.19609

im3 = axs[0, 2].plot(x_line, y_line)

# oHMALE (Em. RH. £57)

im4 = axs[1, 0].scatter(r_values, h_values, c=arg_S21_fwd, cmap='hsv', vmin=-np.pi, vmax=np.pi,
s=point_size, marker=marker_style)

axs[1, 0].set_title('Forward Phase')

axs[1, 0].set_xlabel('r (mm)')

axs[1, 0].set_ylabel('h (mm)')

plt.colorbar(im4, ax=axs[1, 0], label='Phase (rad)')

imb = axs[1, 1].scatter(r_values, h_values, c=arg_S21_bwd, cmap='hsv', vmin=-np.pi, vmax=np.pi,

s=point_size, marker=marker_style)

axs[1, 1].set_title('Backward Phase')
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181 axs[1, 1].set_xlabel('r (mm)')
132 axs[1, 1].set_ylabel('h (mm)')

153 plt.colorbar(imb, ax=axs[1l, 1], label='Phase (rad)')

185 im6 = axs[1, 2].scatter(r_values, h_values, c=arg_S21_diff, cmap='coolwarm', s=point_size,
marker=marker_style)

156 axs[1, 2].set_title('Phase Difference')

187 axs[1, 2].set_xlabel('r (mm)')

185 axs[1, 2].set_ylabel('h (mm)')

150 plt.colorbar(im6, ax=axs[1l, 2], label='Phase Difference (rad)')

190

191 plt.tight_layout()

192 plt.show()

193

log NP ) L 3

105 # WEERMR K ER

196 abs_S821_diff_filtered = abs_S21_fwd_filtered - abs_S21_bwd_filtered

197

1908 # ) np.angle H— WA ZE [-pi, pil Z|d

199 arg_S821_diff_filtered = np.angle(np.exp(lj * (arg_S21_fwd_filtered - arg_S21_bwd_filtered)))

200

201 # QZEEW

202 fig, axs = plt.subplots(2, 3, figsize=(18, 10), dpi=400)

203

204 # RE E M AN AR

205 point_size = 5 # I H AN

206 marker_style = 's' # [ EWREEAFTH

207

208 # LHIEWMAKE (EW. KW, £7)

200 iml = axs[0, O].scatter(r_filtered, h_filtered, c=abs_S21_fwd_filtered, cmap='RdY1Bu', vmin=0,

vmax=1, s=point_size, marker=marker_style)
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210 axs[0, 0].set_title('Forward')
211 axs[0, 0].set_xlabel('r (mm)')
212 axs[0, 0].set_ylabel('h (mm)')

213 plt.colorbar(iml, ax=axs[0, 0], label='Transmission')

215 im2 = axs[0, 1].scatter(r_filtered, h_filtered, c=abs_S21_bwd_filtered, cmap='RdY1Bu', vmin=0,
vmax=1, s=point_size, marker=marker_style)
216 axs[0, 1].set_title('Backward')

axs[0, 1].set_xlabel('r (mm)')

N
~

218 axs[0, 1].set_ylabel('h (mm)')

219 plt.colorbar(im2, ax=axs[0, 1], label='Transmission')

221 im3 = axs[0, 2].scatter(r_filtered, h_filtered, c=abs_S21_diff_filtered, cmap='coolwarm', vmin=-1,
vmax=1, s=point_size, marker=marker_style)

222 axs[0, 2].set_title('FWD-BWD')

223  axs[0, 2].set_xlabel('r (mm)')

224 axs[0, 2].set_ylabel('h (mm)')

225 plt.colorbar(im3, ax=axs[0, 2], label='Transmission Difference')

226

2 # SHIAME (Ef. R, £7)

228 im4 = axs[1, O] .scatter(r_filtered, h_filtered, c=arg_S21_fwd_filtered, cmap='hsv', vmin=-np.pi,
vmax=np.pi, s=point_size, marker=marker_style)

229 axs[1, 0].set_title('Forward Phase')

230 axs[1, 0].set_xlabel('r (mm)')

231 axs[1, 0].set_ylabel('h (mm)')

232 plt.colorbar(im4, ax=axs[1, 0], label='Phase (rad)')

232 imb = axs[1, 1].scatter(r_filtered, h_filtered, c=arg_S21_bwd_filtered, cmap='hsv', vmin=-np.pi,

vmax=np.pi, s=point_size, marker=marker_style)

[N
12

axs[1, 1].set_title('Backward Phase')

236 axs[1, 1].set_xlabel('r (mm)')
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237 axs[1, 1].set_ylabel('h (mm)')

233 plt.colorbar(imb, ax=axs[1, 1], label='Phase (rad)')

240 1im6 = axs[1, 2].scatter(r_filtered, h_filtered, c=arg_S21_diff_filtered, cmap='coolwarm',
s=point_size, marker=marker_style)

241 axs[1, 2].set_title('Phase Difference')

212 axs[1, 2].set_xlabel('r (mm)')

245 axs[1, 2].set_ylabel('h (mm)')

244 plt.colorbar(im6, ax=axs[1, 2], label='Phase Difference (rad)')

246 plt.tight_layout ()

247 plt.show()

249

251 # X T4 H F E WbinZk

252 n_bins = 100

o # WEZHENE: WARR AR AR AR A
255 hist, xedges, yedges = np.histogram2d(arg_S21_fwd, arg_S21_bwd, bins=n_bins, range=[[-np.pi, np.pil,

[-np.pi, np.pill)

w7 # GIEFA, SHKAE, H#EA Logorn KEFNHHEE

255 plt.figure(figsize=(8, 6), dpi=400)

250 plt.imshow(hist.T, origin='lower', extent=[-np.pi, np.pi, -np.pi, np.pi], cmap='plasma',
norm=LogNorm(), aspect='auto')

260

201 # RE AT

262 plt.xlabel(r'$\phi_f (\omega)$ (rad)', fontsize=12, color='brown')

263 plt.ylabel(r'$\phi_b(\omega)$ (rad)', fontsize=12, color='blue')

264
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205 # REAE

266 plt.xticks([-np.pi, -np.pi/2, O, np.pi/2, np.pil, [r'$-\pi$', r'$-\pi/2%', '0', r'$\pi/2$',
r'$\pi$'], color='brown')

267 plt.yticks([-np.pi, -np.pi/2, O, np.pi/2, np.pil, [r'$-\pi$', r'$-\pi/2$', '0', r'$\pi/2$’,
r'$\pi$'], color='blue')

268

wo # FMBES, #H Logorn $H)

270 plt.colorbar(label='Log Frequency of Occurrence')

a2 # BRERK
273 plt.tight_layout ()

274 plt.show()

217 # ?%%U*ﬁ{l%ﬁﬁ@
ors plt.figure(figsize=(8, 6), dpi=400)
270 n_bins = 100 # ZEH FEWETHE

280 plt.hist(arg_S21_diff, bins=n_bins, range=(-np.pi, np.pi), color='skyblue', alpha=0.7)

w2 # REHRFAFARE

283 plt.title('Phase Difference Histogram')
284 plt.xlabel('Phase Difference (rad)')

285 plt.ylabel('Frequency')

286

# A WA L E T W

N}
o3}
3

288 plt.grid(True)

289

200 # ZRERK

201 plt.tight_layout()
202 plt.show()

293
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294

295

296

298

299

300

301

302

303

304

305

306

307

308

309

310

311

313

314

316

318

319

320

# f P EERTEAMCRA

use_phase_recognition = 'Y'#input (" &% HAMIE AT N 'Y 4k4E, MO N Bk

if use_phase_recognition == 'Y':

# APPSR E, 2B A EFI%

U

phase_diffs

k

phase_diffs = [float(phase) for phase in phase_diffs]

tolerance = 0.3#float(input ("EMAAFWIEZE (B4 NE) - ™)

# FXEBORAEMAALE -, 1 EEA
def adjust_phase(phase):
while phase > np.pi:
phase —= 2 * np.pi # #% H T EE
while phase < -np.pi:
phase += 2 * np.pi # # [H [ L

return phase

# ML RLLERN TR, &R B E

best_global_result = {'total_max_value': -1, 'results': {}, 'best_adjustment':

# BWRE B KBB4 Pr 89 BT B R R AT

for adjustment in np.arange(0, 2 * np.pi / len(phase_diffs), 0.1):

# WEAMCE

input ("FRMAS MEMEMCEE (FESHME, 24 IE) ") .split(,

") .strip() .upper O

D)

None}

adjusted_phase_diffs = [adjust_phase(phase + adjustment) for phase in phase_diffs]

matching units = [1 # FFA &8 TR

# ERFEENETFMEMLEZNET

for target_phase_diff in adjusted_phase_diffs:

matching_indices = np.where((arg_S21_diff >= target_phase_diff - tolerance) &

(arg_S21_diff <= target_phase_diff + tolerance)) [0]
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340

341

344

346

348

349

matching_units.extend(matching_indices.tolist()) # A6 4 1FH) 2 0% 5

matching_units = np.unique(matching_units) # *E

indices_to_remove = [] # Tt F EM %M %5

for idx in matching_units:
# SRR B AR E &AM IEE #yxE
result = minimize(lambda x: distance(x, (r_values[idx], h_values[idx])), r_values[idx],
bounds=[(2.5, 5.0)])
# WH AR MEWRANER
min_x = result.x[0]

min_distance = distance(min_x, (r_values[idx], h_values[idx]))

# WRFRNEFNTO0.1, BEFIEKXTR
if min_distance < 0.1 or r_values[idx] * r_values[idx] / 25 + h_values[idx] *
h_values[idx] / 49 > 1.8:

indices_to_remove.append (idx)

# JHIRITT R T

matching_units = [unit for unit in matching_units if unit not in indices_to_remove]

matching_units = np.array(matching_units)
# 7 IE AR L X 2

fwd_phases = arg_S21_fwd[matching_units] # # BUIE [ 4L

# VS IE AL B 7

hist, bin_edges = np.histogram(fwd_phases, bins=20, density=True)

# WHENETAKIE
found = False # A7 &2 & KB 56 46X H
single_best_result = {'total_max_value': -1, 'results': {}} # FREARHLEE

for i in range(len(bin_edges) - 1):
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354 bin_start = bin_edges[i]
355 bin_end = bin_edges[i + 1]
356 in_bin_indices = matching_units[(fwd_phases >= bin_start) & (fwd_phases < bin_end)] #

HE| LAl X ] T

358 # BEZXENESESIA EARMEMLE

359 all_phase_diffs_present = all(

360 any((arg_S21_diff[in_bin_indices] >= adjust_phase(phase - tolerance)) &
361 (arg_S21_diff[in_bin_indices] <= adjust_phase(phase + tolerance))
362 ) for phase in adjusted_phase_diffs)

363

364 # R YRKX B GAFTA AR £

365 if len(in_bin_indices) > O and all_phase_diffs_present:

366 found = True # REFE, RTRIAFALHHEH

1 # ket A X 5] By FOM{E

367 total_max_value

{ # FELARKEMER

368 current_results
369

370 # AKX ENFREN B E S RAMAE
371 for phase in adjusted_phase_diffs:
372 max_forward = None

373 max_backward = None

374 best_fom = -1 # {74 {LFOM{E

375 forward_phase = None

376 backward_phase = None

377 best_unit_params = None

379 # 5 YR A AT

380 for idx in in_bin_indices:

381 if (arg_S21_diff[idx] >= adjust_phase(phase - tolerance)) and \
382 (arg_S21_diff[idx] <= adjust_phase(phase + tolerance)):

383 forward_transmission = abs_S21_fwd[idx] # IF [ 5%
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384

385

386

387

388

389

390

391

394

396

397

398

399

100

101

102

103

104

105

106

107

108

109

410

411

114

backward_transmission = abs_S21_bwd[idx] # KX [f]& 41 %
forward_phase = arg_S21_fwd[idx] # IF f AL

backward_phase = arg_S21_bwd[idx] # 1 A8 AL

# iHH FOM (E

phase_f = adjust_phase(forward_phase - phase)

phase_b = adjust_phase(backward_phase - phase)

Teff_f = forward_transmission * np.sin(abs(phase_f)) / abs(phase_f)

Teff_b = backward_transmission * np.sin(abs(phase_b)) / abs(phase_b)

fom_value = Teff_f * Teff_b

# EHm LFOMEMA X 54K
if fom_value > best_fom:
max_forward = forward_transmission

max_backward = backward_transmission

max_value = forward_transmission + backward_transmission

forward_phase = arg_S21_fwd[idx] # % v &y I [6 4H (L

backward_phase = arg_S21_bwd[idx] # Xi v # K [ 4L

best_unit_params = (r_values[idx], h_values[idx]) # ¥ %%

best_fom = fom_value

total_max_value *= best_fom # Z 14 7l X 8] T A 4 (L = H FOM{H
current_results[phase] = {

'max_forward': max_forward,

'max_backward': max_backward,

'max_value': max_value,

'forward_phase': forward_phase,

'backward_phase': backward_phase,

'unit_params': best_unit_params,

'FOM': best_fom
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116 # KW YA X AR o R A 4 R

117 if total_max_value > single_best_result['total_max_value']:

118 single_best_result['total_max_value'] = total_max_value

119 single_best_result['results'] = current_results

420

121 # W URIAEAEENERREER

422 if found:

123 print (£" &AL {adjustment:.1f} rad: HKE|FELHFH KM

124 # ERMHERRRERE, 205K @, DE, FEHFFEAR

425 plt.figure(figsize=(8, 6), dpi=400)

126 plt.scatter(r_values, h_values, c=arg_S21_diff, cmap='coolwarm', s=point_size,

marker=marker_style)

128 # LB LR

129 plt.xlabel('r (mm)', fontsize=12, color='brown')

430 plt.ylabel('h (mm)', fontsize=12, color='blue')

431

432 # BEE 4

433 plt.colorbar(label='Phase Difference (rad)')

434

135 # AR AL

436 plt.title(f'Phase Difference after Adjustment {adjustment:.1f} rad', fontsize=14)
437

138 print (£" b4 f Z BYFOMSE L 4 : {single_best_result['total_max_value']:.8f}")

439

140 # WG ENE AL E SR 2% 4 B ARE

441 for phase, result in single_best_result['results'].items():

142 unit_r, unit_h = result['unit_params']

143 phase_diff_single = adjust_phase(result['forward_phase']-result['backward_phase'])
144 print (f" #4742 = = {phase:.2f} rad, "
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145 fULfrA L £ = {phase_diff_single:.2f} rad, "

146 f'E R FEHFE = {result['max_forward']:.2f}, "

147 "R\ FESH E = {result['max_backward']:.2f}, "

148 £ F | AL = {result['forward_phase'l:.2f} rad, "

149 £U60 N R AL = {result['backward_phase']:.2f} rad, "

150 "2 1%5% (r, h) = ({unit_r:.2f} mm, {unit_h:.2f} mm), "
151 f'"FOMEZ i = {result['FOM']:.6£}")

452

153 # Rl R (BTERK) AN B ERRE

454 selected_r = unit_r

455 selected_h = unit_h

456 plt.scatter(selected_r, selected_h, facecolors='none', edgecolors='red', s=100,

linewidths=2,

157 label=f'Selected point for phase {phase:.2f} rad')

458

159 # B E A

460 plt.legend()

161 # B A

162 plt.tight_layout()

163 # BT HE%

164 plt.show()

165 print(" ")

466

167 # R YA B RFOMFARA T £ F R AAFOMPEAR, N EHr2 57w it

168 if single_best_result['total_max_value'] > best_global_result['total_max_value']:
469 best_global_result = single_best_result.copy()

470 best_global_result['best_adjustment'] = adjustment # 7 Kbt (L& &
471 else:

472 print (" Z A {adjustment:.1f} rad: FEKIHFELHGHEX A, 44 %E, \n")
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175 if best_global_result['total_max_value'] > -1:

176 print (£"4 F &AL JH % E % {best_global_result['best_adjustment']:.2f} rad")
177 print (£"4 & & M FOME L % : {best_global_result['total_max_value']:.8f}")
478 for phase, result in best_global_result['results'].items():
179 unit_r, unit_h = result['unit_params']
180 phase_diff = adjust_phase(result['forward_phase']-result['backward_phase'])
181 print (£" E A7 #{L # = {phase:.2f} rad, "
182 f"SEFRAH{L Z = {phase_diff:.2f} rad, "
183 f'IE %S E = {result['max_forward']:.2f}, "
184 f'"}X H %4t % = {result['max_backward']:.2f}, "
185 £'%f v IF | AL = {result['forward_phase']:.2f} rad, "
186 £U%0 N R F AL = {result['backward_phase']:.2f} rad, "
187 "2 1054 (r, h) = ({unit_r:.2f} mm, {unit_h:.2f} mm), "
188 FUFOME AR = {result['FOM']:.6£}")
189 else:
190 print ("RREFEEMHMLARMER. ")
491
192 else:
193 print ("B F Rk WAL, FHATHE. ™
SEH IR S 2 P A

1 import numpy as np

[N}

import hbpy
3 import glob
1 import os

5 import matplotlib.pyplot as plt

# EXEBOAEAME -, 1 EEA

-

s def adjust_phase(phase):
9 while phase > np.pi:

10 phase —= 2 * np.pi # # 1% FH T E
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-

16

19

30

36

39

40

A1

while phase < -np.pi:
phase += 2 * np.pi # #H % E H L&

return phase

# 172 fhadjust_phase & %

adjust_phase_vec = np.vectorize(adjust_phase)

# XPrRBR

folder_path = r'C:\Users\14716\Desktop\Magnetic PC Metasurface\if 77 di 1% % [ f% # # & W \MO_Meta'

# RECUME K PTA B mat X fF

file_names = glob.glob(os.path.join(folder_path, '*.mat'))

# GRREELS AR T8

data_dict = {}

for file_name in file_names:
# BH.mat I
with hbpy.File(file_name, 'r') as mat_data:
# BRMEFEHZBE N T E4L A 'Frequency Hz' F1 'Spectrum’
frequency = np.array(mat_data['Frequency_Hz']).flatten() # %4 A4 — 4414

transmission_coefficient = np.array(mat_datal['Spectrum'])

# REPEIAEI, HHE

if transmission_coefficient.dtype.names: # ﬁé‘;‘% %;‘%%f@ %ff(fﬂ
real_part = transmission_coefficient['real']
imag_part = transmission_coefficient['imag']

transmission_coefficient = np.sqrt(real_part**2 + imag_part**2) # jtH &

# RERFHETHY

data_dict[file_name] = {
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A2 'frequency': frequency,

43 'transmission_coefficient': transmission_coefficient,

14 'real _part': real_part,

A5 'imag_part': imag_part,

16 f'T_{os.path.basename(file_name)}': real_part + 1j * imag_part
AT }

A8

# RBURF XA ) B8

IS

50 Tpp_fw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¥t #% ¥ 1 1% % % 5 7 \\MO_Meta\\L=37cm-pp-forward.mat '] ['T_L=37cm-pp-forward.mat ']
51 Tps_fw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¢t #% ¥ 1 1% % % 5 7 \\MO_Meta\\L=37cm-ps-forward.mat '] ['T_L=37cm-ps-forward.mat ']
52 Tsp_fw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¢t #% ¥ 1 1% % % 5 7 \\MO_Meta\\L=37cm-sp-forward.mat'] ['T_L=37cm-sp-forward.mat ']
53 Tss_fw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¢4 4% 2 5] 1% % # % 7 \\MO_Meta\\L=37cm-ss-forward.mat'] ['T_L=37cm-ss-forward.mat ']

55 Tpp_bw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¥ #% ¥ 1 1% % % % 7 \\MO_Meta\\L=37cm-pp-backward.mat '] [' T_L=37cm-pp-backward.mat ']
56 Tps_bw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¢t #% ¥ 1 1% % % 5 7 \\MO_Meta\\L=37cm-ps-backward.mat '] [' T_L=37cm-ps-backward.mat ']
57 Tsp_bw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ IF 7 ¥ #% ¥ 1 1% % % 5 7 \\MO_Meta\\L=37cm-sp-backward.mat '] [' T_L=37cm-sp-backward.mat ']
58 Tss_bw = data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC

Metasurface\\ iF 7 ¢4 4% 2 5] 1% 4y #2 % ® \\MO_Meta\\L=37cm-ss-backward.mat '] ['T_L=37cm-ss-backward.mat ']
5¢
oo # WHERKES R K
61 Trr_fw = (Tpp_fw + Tss_fw) + 1j * (Tps_fw - Tsp_fw)

62 Trl_fw = (Tpp_fw - Tss_fw)

1j * (Tps_fw + Tsp_fw)
63 Tlr_fw = (Tpp_fw - Tss_fw) + 1j * (Tps_fw + Tsp_fw)

64 T11_fw = (Tpp_fw + Tss_fw)

1j * (Tps_fw - Tsp_fw)
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66

68

69

70

76

78

79

80

81

86

87

38

89

90

91

94

Trr_bw = (Tpp_bw + Tss_bw)
Trl_bw = (Tpp_bw - Tss_bw)
Tlr_bw = (Tpp_bw - Tss_bw)

T1l_bw = (Tpp_bw + Tss_bw)

#3F F AR AR L
circular_magnitudes_fw = {
'"Trr_fw': np.abs(Trr_fw),
'"Trl_fw': np.abs(Trl_fw),
'Tlr_fw': np.abs(Tlr_fw),
'T11_fw': np.abs(T1l_fw),

}

circular_phases_fw = {

'"Trr_fw': np.angle(Trr_fw),
'"Trl_fw': np.angle(Trl_fw),
'"Tlr_fw': np.angle(Tlr_fw),
'T11_fw': np.angle(T1l_fw),

}

circular_magnitudes_bw = {
'"Trr_bw': np.abs(Trr_bw),
'"Trl_bw': np.abs(Trl_bw),
'"Tlr_bw': np.abs(Tlr_bw),
'T11_bw': np.abs(T11l_bw),

}

circular_phases_bw = {
'"Trr_bw': np.angle(Trr_bw),

'"Trl_bw': np.angle(Trl_bw),

13
13
13

13

(Tps_bw
(Tps_bw
(Tps_bw

(Tps_bw

+

+

Tsp_bw)
Tsp_bw)
Tsp_bw)

Tsp_bw)
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96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

'"Tlr_bw': np.angle(Tlr_bw),
'T11_bw': np.angle(T1l_bw),

}

w2 R A7 B F
data_dict['C:\\Users\\14716\\Desktop\\Magnetic PC
Metasurface\\ IE 7 # % B [ 1% %) # 5k T \\MO_Meta\\L=37cm-pp-forward.mat '] .update ({
'circular_magnitudes_fw': circular_magnitudes_fw,
'circular_phases_fw': circular_phases_fw,
'circular_magnitudes_bw': circular_magnitudes_bw,
'circular_phases_bw': circular_phases_bw,

b

#2018 1 e % 41
plt.figure(figsize=(10, 6), dpi=400)
for file_name, data in data_dict.items():
if 'circular_magnitudes_fw' in data and 'circular_magnitudes_bw' in data:
# R E, AR Y 6GHzF| 15GHz #y 4~
mask = (data['frequency'] >= 6e9) & (datal['frequency'] <= 15e9)
plt.plot(datal'frequency'] [mask], datal'circular_magnitudes_fw']['Trr_fw'] [mask],
label="Trr_fw", color="blue")
plt.plot(datal'frequency'] [mask], datal'circular_magnitudes_bw']['Trr_bw'] [mask],
label="Trr_bw", color="red")
plt.xlabel('Frequency (Hz)')
plt.ylabel('Circular Polarized Transmission Coefficient (Magnitude)')
plt.title('Circular Polarized Transmission Coefficients (Forward and Backward)')
plt.legend(loc="upper right') # ¥ EFlHEA LA
plt.grid(True)
plt.x1im(6e9, 15e9) # & Bx%hh [F 4 6GHzZE| 15GHZ

plt.show()
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126

129

130

131

132

133

134

135

136

137

#2o | A fr Z

plt.

figure(figsize=(10, 6), dpi=400)

for file_name, data in data_dict.items():

plt.
plt.

plt.

plt.
plt.
plt.

plt.

if 'circular_phases_fw' in data and 'circular_phases_bw' in data:

# WX, R{RY6CHzE| 15GHZ fy 3 4

mask = (data['frequency'] >= 6e9) & (datal'frequency']l <= 15e9)
plt.plot(datal'frequency'] [mask], adjust_phase_vec(data['circular_phases_fw']['Trr_fw'] [mask]
- data['circular_phases_bw'] ['Trr_bw'] [mask]), label="Trr_fw Phase - Trr_bw Phase",
color="green")
xlabel('Frequency (Hz)')
ylabel('Phase Difference (radians)')
title('Phase Difference Between Forward and Backward Circular Polarized Transmission
Coefficients')
legend (loc='upper right') # ¥ &k AE#H LA
grid(True)
xlim(6e9, 15e9) # & % xih i [F % 6GHz %] 15GHz

show ()
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Unidirectional Light Propagation in Magnetic

Metasurfaces

Shangrun Lul)

1) ( Sun Yat-sen University, School of Physics, Guangzhou 510275, China)

Abstract

This study aims to construct a bidirectional phase-tunable non-reciprocal metasurface. Based on
the existing materials yttrium iron garnet (YIG) and permanent magnets in the laboratory, we utilize
non-reciprocal effects such as magnetic circular dichroism to achieve unidirectional propagation and phase
control of electromagnetic waves. We analyzed the key factors in the design of non-reciprocal meta-
atoms, especially the relationship between phase and meta-atom parameters, and explored the mechanism
of controlling electromagnetic wave propagation through surface impedance. The results of this study
provide new insights for achieving non-reciprocal metasurfaces with arbitrary polarization using entirely
passive and linear methods, and have guiding significance for the further development of efficient non-

reciprocal devices.

Keywords: Non-reciprocal metasurfaces, magnetic materials, unidirectional propagation
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