
RESEARCH ARTICLE 

Flexible optically transparent ultra-wideband millimeter-wave metasurface with infrared stealth and 

polarization insensitivity 

Zhibo Huang (黄知博)1, Sijia Li (李思佳)1,2,3,*, Zhe Cheng (程哲)1, Yuhao Wu (吴宇豪)1, Xinkun Ma (马新坤)1, 

Ming Liu (刘铭)1, Yulong Zhou (周禹龙)1 

1Information and Navigation College, Air Force Engineering University, Xi’an 710077, China 

2AeroSpace MetaMaterials Laboratory of Suzhou National Laboratory, Xi’an 710051, China 

3Shaanxi Key Laboratory of Artificially-Structured Functional Materials and Devices, Xi’an 710071, China 

Corresponding author. E-mail: *lsj051@126.com 

Received May 18, 2026; accepted June 25, 2026 

 

Supporting Information 

Supplementary Note 1: Analysis of absorption performance based on equivalent circuit theory 

As illustrated in Fig. 2(a), the impedance of free space is Z0 = 377Ω. For normally incident EM waves, the 

adjacent ITO patterned films function as resonant elements. The accumulation of charges between them generates 

capacitor, while the equivalent inductance arises from the changing current. Therefore, ITO patterned films in the 

IRSL are represented by a series resistor-inductor-capacitor (RLC) circuits of equivalent impedance Z1, Meanwhile, 

the resonant ring and a concave equilateral dodecagonal structure in ITO1 film can be modeled as a series RLC 

circuits with an equivalent impedance of Z2. It is noted that the above two circuits are connected in parallel. The 

equivalent circuit impedance of the ITO patterned films is obtained as follows: 
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Since the sheet resistance of ITO2 film is 15 Ω/sq, exhibiting quasi-metallic behavior, it can be represented as a 

short -circuited transmission line with impedance Zt [48]. The PET and the PVC dielectric substrate are equivalent to 

transmission lines with characteristic impedance ZPET and ZPVC respectively. After establishing the ECM of the 

FOTMA, the ABCD matrix is employed on calculating the absorption under normal incident waves [49] 
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Where εPET and εPVC is the dielectric constant of PET and PVC respectively. λ is the wavelength of the incident 

wave. Furthermore, the S-parameters is described by 
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The term Zt is the input impendence of ITO2 film, which can be considered as a short-circuited, Zt = 0. The S-

parameters can be further calculated and used in the assessment of absorption performance 
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Supplementary Table 1. Equivalent circuit parameters of FOTMS. 

Parameter Value Parameter Value 

R1 

L1 

C1 

R2 

6Ω 

0.051nH 

3.26pF 

321.9Ω 

L2 

C2 

Rt 

 

2.15nH 

0.08pF 

15Ω 

 

Supplementary Table 2. Structural parameters of different stages. 

Parameter Value(Stage-1) Value(Stage-2) Value(Stage-3) 

l1 

l2 

w1 

w2 

w3 

/ 

0.65mm 

/ 

/ 

/ 

4.3mm 

1mm 

/ 

0.3mm 

0.4mm 

4mm 

1mm 

0.3mm 

0.3mm 

0.3mm 

Supplementary Table 3. Comparison of absolute and fractional bandwidths for the three design stages. 

Design Stage 
Absorption 

Bandwidth (GHz) 

Absolute 

Bandwidth (GHz) 

Fractional 

Bandwidth (%) 

Stage-1 

Stage-2(Band Ⅰ) 

Stage-2(Band Ⅱ) 

Stage-3 

28.4-38.4 

17.6-31.5 

40.4-42.2 

15-38.7 

10 

13.9 

1.8 

23.7 

29.9 

56.6 

4.4 

88.3 

Supplementary Table 4. Performance comparison of the proposed metasurface and other designs. 

Reference 
Infrared 

Emissivity 
Conformal 

Optically 

Transparent 

(%) 

Absorption 

Bandwidth 

(GHz) 

Unit 

Size (mm2) 

Thickness 

(mm) 

Relative 

volume 

Cost-efficient 

absorption 

Bandwidth 

(%) 

[1] 

[17] 

[19] 

[22] 

[23] 

[34] 

[42] 

[48] 

This work 

None 

None 

None 

None 

None 

0.35 

0.30 

None 

0.47 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

No 

Yes 

No 

60.5 

74 

85 

48 

No 

75.02 

62.05 

85.09 

2.5-14.6 

9.9-27.7 

9.85-41.76 

21.6-39.2 

9.44-120.9 

1.96-20.72 

6-18 

2.5-21.3 

15-38.7 

20×20 

11×11 

15×15 

12×12 

9×9 

12.1×12.1 

18×18 

16.6×16.6 

5×5 

13.4 

4 

1.85 

1.44 

2.78 

16.5 

7.525 

12.9 

1.25 

0.1241 

0.1191 

0.2649 

0.2158 

2.3083 

0.1305 

0.1560 

0.2219 

0.0224 

11.40 

7.97 

4.68 

2.68 

0.74 

12.67 

6.41 

7.12 

38.88 

 


