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Fig. 1. Unit structure.
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Fig. 2. Non-dominant hierarchy division.
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Fig. 4. Optimized structure and its spectrum: (a), (b) Single-band; (c), (d) dual-band; (e), (f) triple-band.
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Fig. 5. The iterative process of the non-dominated solution

set of the single-band sensor part.
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Fig. 7. Spectral characteristics of the sensor in different polarization directions (a)—(c) and different incident angles (d)—(f); (a),
(d) single-band; (b), (e) dual-band; (c), (f) triple-band.

F 8
1.69 THz At

HRUFAL AR R R Y (a), (), (e) ML (b), (d), (£); (a), (b) BASALIEES; (c), (d) B 1.43 THz Ab; (e), (f) XU

Fig. 8. Surface electric field (a), (c), (e¢) and current distribution (b), (d), (f) of single and dual-band absorbers; (a), (b) single-band;
(¢), (d) dual-band at 1.43 THz; (e), (f) dual-band at 1.69 THz.
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Fig. 9. Surface electric field (a), (c), (e) and current distribution (b), (d), (f) of the three-band absorber; (a), (b) 1.31 THz; (c),

(d) 1.59 THz; (e), (f) 1.90 THz.
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Fig. 10. Normalized impedance diagrams of the three types of absorbers: (a) Single-band; (b) dual-band; (c) triple-band.
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# 3 HERET MR
Table 3. Performance under manufacturing errors.

w/pm L/pm g/pm I/pm b/pm h/pm f/THz A% Q

i 8.19(2.35%)  157.58(-1.51%) 11.03(0.23%) 69.1(-2.67%)  18.15(0.82%) 16.68(1.9%) 1.61  97.03 162.96
i

8.27(3.33%) 163.74(2.34%)  11.4(3.68%)  71.88(1.25%) 17.33(-3.71%) 17.48(2.79%) 1.574 88.07 189.71

141 7441 341

11.38(3.47%)  163.30(1.43%) 0(2.06%) 66.26(1.95%) 12.89(-0.86%) 15.19(1.24%)

B 1.67  99.88 88.27
XU

1.43 8254 37.96

10.71(-2.63%) 163.65(1.65%) 0(-3.75%)  63.84(-1.78%) 12.53(-3.63%) 14.52(-3.22%)

1.7 94.73 7593

132 8321 37.64

9.23(2.59%) 174.68(1.56%) 0(-1.46%) 66.31(3.6%)  15.40(-3.72%) 16.92(-0.49%) 1.595 98.03 82.78

1.91 9481 74.57
=M

1.33 7449 3261

9.41(4.59%) 172.81(0.47%) 0(-3.61%)  61.76(-3.51%) 15.61(-2.42%) 17.58(3.41%) 1.62 8740 67.00

1.92 9991 52.29

5 P IE N BOE S A X R REPL IR 22

—a— K f = B v WU - ZHiA v ZHA e ZHif
—o— HUlfiA - WA, o A, - =HHA; o =HA, e =MiiA,
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80 80 | 80 |
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& E &
2 40 2 40} &8 40t
A # #
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X /X /X I XS XS X S X /X /X IXS K XS
ANV VNS A S NN AN VA VI SN AR S

2H 24

11 RESETTERRRE M (a) B (b) BUL (c) =45
Fig. 11. Impact of key parameters on performance: (a) Single-band; (b) dual-band; (c) triple-band.

JIT AT S5 R BRI IR TR i A% 24 R i £0.05 THz, 7
BRI EORBR R 2E, R B A SEE.

B 11 S Z RS RO R P RE A4 1R 22 B0
Pl 4 AL Rk, TE SR VF R ZE T DR 2 80k
BN RIREEIFRFFER AL, LI
JE L XHMERAMERE RN i o B2, PR b iy
MR Z, 5 =08 L RIS 1 b, =hif%
AR Qy 2RI S RO BCR, (AR EIR %2
BB FZME. A0 T 25 0 7 vh 5 P AR 4 25
L, h A THYERZE , LAREAR HHR A RE R 0 T2 R

ARSI A A TR 5 G A R A Y [R] AB
PRI PEREXS FEBE SR ANR 4 iz, thxF LT, B
AL IS ) do el IR SR A 58 SR, P o
SCHRSEBE T B s B B IR . ASSCRY BT FARAN 2
FAAE SR SRR I U, PR R R,

WAFLE Q (EM = Y A5, (HIZ IR e 1) 167 15 K B

FEFR MR IIRZEVE [N, 220307 B AT PR

WSCRMAFAERAR A IS, R, B2 PR e —

AN 2 A AR 2 R H 25 A M RE B A 1 B v i
#4 fREEHEREXT L

Table 4. Comparison of sensor performance.
Ref. f/THz  A/% Q S/(GHz-RIU 1)
[26] 1.613  99.56 — 264.5
Z’;ﬁ);%;;sﬁ 1.6 99.89 177.59 307.14
[30] 0.5—2.3  99.9 — 237.5
31] 05—1.3 96 — 264.2
7';;%21%50 1—2 99.97  89.32 351.43
[32] 0.8—1.5 99.9 177 200
[33] 0.1—1.8 99.9 4825 280
ZIK:);J%%;;S{J 1—2 99.72  82.11 291.43
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Frequency selection design of terahertz metamaterial sensors
based on non-dominated genetic algorithm-II"

QU Weiwei  WANG Yurong LI Guilin  HUANG Yan YI Qin DENG Huf

(School of Information and Control Engineering, Southwest University of Science and Technology, Mianyang 621010, China)

( Received 31 January 2026; revised manuscript received 17 March 2026 )

Abstract

Terahertz (THz) radiation, situated in the spectral gap between microwave and infrared frequencies (0.1-
10 THz), offers distinct advantages including broadband coverage, low photon energy, and unique penetrability.
Given that this regime encompasses the fingerprint vibrational modes of numerous biological macromolecules, it
presents transformative potential for high-precision sensing. Metamaterials, comprising periodically arranged
subwavelength units, can induce robust electromagnetic coupling under THz excitation, facilitating the
development of high-sensitivity, nondestructive THz sensors. Precise alignment between the sensor's resonance
frequency and the characteristic absorption peak of the analyte maximizes the light-matter interaction at the
interface. However, achieving such precise alignment remains a key challenge. Conventional design paradigms
predominantly rely on empirical parameter tuning, which lacks precision in frequency targeting, whereas deep-
learning-based inverse designs are often constrained by the requirement for massive training datasets and
prohibitive computational costs.

This study proposes an efficient optimization framework for THz metamaterial sensors utilizing the Non-
dominated Sorting Genetic Algorithm IT (NSGA-II) with an elitist strategy. By employing fast non-dominated
sorting to stratify the population and integrating crowding distance metrics for individual selection, the
algorithm achieves robust frequency selection and performance optimization. To enhance design flexibility, two
surface geometries with different spectral responses were integrated, allowing for multi-dimensional modulation
of the electromagnetic properties through geometric parameter tuning. An automated co-simulation platform
was established by interfacing MATLAB with CST Microwave Studio. Taking the resonant frequency, peak
absorptivity, and quality factor (Q-factor) as multi-objective functions, the algorithm successfully optimized
three distinct sensor configurations tailored to specific spectral requirements. Numerical results demonstrate
that the resonant peaks of all optimized designs align with the target frequencies within a marginal error of
+0.05 THz, achieving a peak sensitivity of 351.43 GHz/RIU. Based on impedance matching theory and the
analysis of surface electric fields and induced current distributions, the underlying physical mechanism is
identified as the synergistic effect of electric dipole resonance and magnetic resonance.

The application of NSGA-II to the frequency-selective design of THz metamaterials enables the realization
of tunable multi-band responses by merging structures with heterogeneous electromagnetic properties. This
optimization framework significantly enhances design efficiency and provides a systematic methodology for
developing multi-band sensors tailored to specific molecular vibrational characteristics, which holds substantial

promise for applications in biosensing and material characterization.
Keywords: terahertz metamaterial sensor, frequency selection, genetic algorithm, multi-objective
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