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ARTICLE INFO ABSTRACT

Keywords: On-chip couplers play a critical role in converting high-frequency terahertz (THz) radiation into detectable near-
GaN HEMT field signals, fundamentally determining the sensitivity of high-electron-mobility transistor (HEMT)-based THz
Deep learning detectors. Conventional single-unit HEMT detectors employing standard antenna designs face inherent limita-
g:tf:;‘;face tions: they must compromise between achieving high resonance intensity and maintaining broad bandwidth

coverage. To address this fundamental trade-off, we present a highly efficient meta-array coupler that leverages
Fano resonance, complemented by a dedicated deep-learning design framework utilizing Kolmogorov-Arnold
Networks (KAN). Our meta-array architecture demonstrates remarkable performance improvements over con-
ventional bow-tie couplers, expanding the operational bandwidth from 270 GHz to 972 GHz—a 3.6-fold
enhancement. Crucially, the Fano resonance arising from the integration of split-ring resonators (SRR) with
bow-tie antennas in our meta-coupler design achieves a dramatic 70-fold enhancement in the antenna factor at
the resonance frequency, delivering near-field coupling efficiencies that fundamentally surpass the capabilities of
standalone antenna structures. The versatility of our proposed structure and predictive framework extends
beyond this specific implementation, offering a generalizable approach for customized meta-array designs
tailored to specific frequency requirements. This advancement significantly reduces the performance gap be-
tween current THz detector capabilities and the demanding requirements of next-generation THz applications.

Fano resonant

1. Introduction

Terahertz (THz) radiation, occupying the spectral region between
infrared and microwave frequencies, has gained significant attention for
biomedical imaging [1], chemical sensing [2,3], high-speed communi-
cation [4-6] and non-destructive diagnostics [7,8] due to its unique low
photon energy and molecular fingerprinting capabilities [9-11]. Unlike
infrared radiation, THz waves exhibit millielectronvolt-level photon
energy, enabling non-ionizing interactions with biological tissues while
penetrating non-polar materials—a critical advantage for in vivo im-
aging. However, practical applications face two fundamental limita-
tions: the inherently low output power of existing solid-state THz
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frequency multipliers [12] and severe signal attenuation caused by the
high water content of biological tissues [13], which collectively hinder
the detection of weak THz signals.

High-electron-mobility transistor (HEMT)-based detectors have
emerged as promising candidates for room-temperature THz detection,
offering high-speed operation and CMOS compatibility [14-18]. Yet
their performance is constrained by a critical dimensional mismatch: the
microscale HEMT channel dimensions are orders of magnitude smaller
than the submillimeter THz wavelengths. This mismatch necessitates
on-chip couplers to enhance near-field coupling efficiency [19]. Con-
ventional dipole couplers suffer from low quality factors and weak
resonant strengths, failing to generate sufficient self-mixing electric
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fields in the gated channel for high-sensitivity detection [20-22]. While
advanced subwavelength structures—including three-lobed dipoles
[20], bowtie antennas [23], and periodic gratings [24]—have improved
localized field enhancement, their performance remains limited by
inherent trade-offs between bandwidth and intensity in single-resonance
systems. Recent advances in impedance-matching optimization have
demonstrated progress in THz detection sensitivity. Bauer et al. ach-
ieved a noise-equivalent power (NEP) of 31 pW/v/Hz at 600 GHz
through systematic detector impedance tuning [25]. While such strat-
egies—including coplanar waveguides and metamaterial-loaded gate
configurations [24] —enhance energy transfer efficiency, they remain
insufficient for addressing the fundamental limitation of weak field
amplification within the HEMT channel.

Recent advances in Fano resonance systems, leveraging discrete-
continuum state interference effects, have demonstrated unprece-
dented spectral control in nanophotonics and plasmonics [26,27].
Asymmetric meta-atom arrays enable synergistic optimization of
narrowband high-Q resonances and broadband responses [28,29], of-
fering new possibilities for overcoming HEMT field enhancement limits.
However, the extreme geometric sensitivity of Fano resonators to
structural parameters like inter-element spacing makes traditional
trial-and-error design approaches prohibitively time-consuming and
costly. Although deep learning has shown promise in metasurface
modeling, no specialized neural network frameworks exist for Fano
coupler design in HEMT detectors.

This study introduces a Fano-resonant meta-array coupler that syn-
ergistically combines a strongly resonant split-ring structure with a
broadband bowtie antenna to generate intense localized electric fields
beneath the HEMT gate. The results demonstrate a 270-972 GHz oper-
ational bandwidth (Af = 702 GHz), representing a huge improvement
over conventional bowtie couplers, with a 70-fold antenna factor
enhancement at the Fano resonance peak. Furthermore, we present a
Kolmogorov-Arnold Network (KAN)-based forward design frame-
work—the first application of deep learning for HEMT coupler reso-
nance prediction and structural optimization. By leveraging KAN’s
theorem-driven univariate decomposition and parameter-efficient ar-
chitecture, we achieve rapid, accurate modeling of subwavelength array
electromagnetic responses. This integrated approach of meta-array en-
gineering and neural network-driven design provides a systematic
pathway for developing high-performance THz detection systems.

2. Design and method
Based on the antenna-coupled HEMT self-mixing model with passive

drain bias [19], the self-mixing photocurrent generated in the transistor
can be represented as

i0xPoZoZE(Vy) Ao (®)
L

Ao(®) :/ & £, cosgpdx @
0

E(Vy) =dG/dv,

Where Py(w)is the received THz energy flux, Z, = 377 Q is the free-
space impedance,z is the effective distance between the gate and the
channel, respectively. Field-effect factor Z(V;) characterizes the gate
voltage’s ability to modulate the channel conductance G,which is
determined by the quantum well structure and the Schottky gate. The

L
most critical and important antenna factor Aq(w) = / £ E,cos ¢pdx is the
0

integral of the mixing factor M(x) = &,£,cos ¢ within the gated two-
dimensional electron gas (2DEG) channel, which is determined by the
detector’s ability to couple with the THz field. &, = E, /Eo, &, = E, /E,,
and ¢ represent the horizontal and vertical THz field enhancement
factors within the gated 2DEG channel and the phase difference between
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the induced fields, respectively.

Currently, the primary limiting factor for achieving higher sensitivity
in HEMT-based THz detectors, aside from transistor transconductance,
is the excitation efficiency described by the antenna factor. Enhancing
near-field coupling over a broad frequency band places multiple, often
conflicting, requirements on the design of on-chip couplers. However,
conventional antenna structures struggle with significant dimensional
mismatches, limiting their ability to enhance the self-mixing electric
fields effectively within the transistor’s gate-controlled channel.

To address these challenges of achieving strong near-field coupling
and rapidly designing complex parameter structures, we propose a
synergistic hardware-software solution that integrates advanced on-chip
coupler design with deep learning-based prediction. Specifically, we
developed a meta-array coupler capable of Fano resonance by inte-
grating strongly resonant split-ring resonators (SRRs) with weakly
resonant broadband bowtie structures, substantially enhancing near-
field coupling. Complementing this hardware approach, we introduce
a KAN-based deep learning model trained specifically for rapid predic-
tion of resonance spectra, enabling efficient optimization through
nonlinear mapping between coupler geometry and near-field enhance-
ment characteristics.

The meta-array structure is shown in Fig. 1(a), and an enlarged view
of its unit cell is presented in Fig. 1(b). It is designed on a standard
thinned GaN heterostructure substrate with dimensions of 360 x
360 pum. The metallic components, composed entirely of gold due to its
high conductivity and low loss at THz frequencies, include critical pa-
rameters such as the gap and radius (R,) of the ring-shaped SRR, as well
as the bowtie length parameter (L,) with an opening angle of 60° The
AlGaN layer has a dielectric constant of 8.9 and a thickness of 23 nm.
Therefore, particular attention is given to the field enhancement at the
23 nm depth beneath the meta-array, where the self-mixing channel is
located. To accurately reflect realistic device conditions, the source and
drain electrodes were also included in simulations.

The meta-array’s complex structure and multiple design parameters
make full-wave simulations computationally expensive, posing chal-
lenges for customizing the resonant frequency. To address this, we
introduce a deep neural network based on KAN for the first time in
terahertz detection, as shown in Fig. 1(c-d). This network establishes a
complex nonlinear mapping between design parameters and the reso-
nant spectrum. Unlike traditional MLPs, KANs apply learnable activa-
tion functions to weights rather than neurons, allowing for greater
flexibility in processing input data and more accurate modeling of
intricate variable relationships. All training data were generated
through finite element method (FEM) simulations, with a perfectly
matched layer (PML) boundary condition applied along the z-direction
to minimize reflections. The incident terahertz wave propagates along
the —z direction with linear polarization along the x-axis. To quantify
the mixing factor and antenna factor in Eq. (1), we focused on extracting
the transverse (E,) and longitudinal (E,) enhanced electric fields at a
depth of 23 nm beneath the grating. This extensive dataset serves as the
foundation for training the deep neural network and evaluating the
meta-array’s performance.

3. Results and discussion
3.1. Field enhancement characteristics of SRR in the gated channel

To gain a deeper understanding of the meta-array’s resonant prop-
erties, we first examined the near-field coupling at a depth of 23 nm
beneath the gate for an isolated SRR. As shown in Fig. 2(a), the SRR
structure is characterized by two key parameters: the gap and the outer
ring radius R,. When a THz field is applied to the nanogap, it induces a
strong local electric field enhancement, resulting in an effective carrier
multiplication effect. This intensified local field interacts with the sub-
strate, increasing the nonlinearity of its local conductivity and making
the SRR functionally analogous to a closed-ring resonator (CRR) [30].
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Fig. 1. Synergistic integration of meta-array coupler and neural network for HEMT Detection. (a) Schematic of the meta-array structure. (b) Schematic of the meta-
atom structure with a period of 360 x 360xm. (c) A KAN-based deep neural network models the nonlinear relationship between design parameters and the near-field
coupling electric field of the meta-array.
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Fig. 2. Structure of the split ring resonator and related performance characterization. (a) 3D schematic of the proposed SRR structure and its related geometric
dimensions. (b) The curve of electric field intensity as a function of the frequency of the incident electromagnetic wave, measured at the center of the gap, 23 nm
below the surface of the substrate, when the gap is 0.15 ym. When the radius R, = 60 ym, two enhancement points can be observed at 174.7 GHz and 624.8 GHz,
respectively, marked with red dashed lines. (c) and (f) respectively illustrate the surface current distribution of the SRR at the 174.7 GHz and 624.8 GHz points
indicated by the dashed lines in (b). The black arrows denote the directions of surface electric current. (d) and (g) display the electric field energy density distribution
at the corresponding frequencies. The magnified view near the gap is shown in (e) and (h).
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When the gap size is 0.15 um, the electric field enhancement curves at a
depth of 23 nm within the substrate at the center of the gap for different
R, are shown in Fig. 2(b). It is evident that the single SRR structure leads
to two resonance peaks. As the radius R, increases, the resonance peak of
the SRR at that point gradually shifts towards lower frequencies.
Simultaneously, the localized electric field strength excited at this
location is significantly enhanced with the increase of R,, indicating an
inverse relationship with the radius.

The resonance mechanism of the isolated SRR was analyzed by
examining the two resonance peaks marked by red dashed lines in Fig. 2
(b). When R, = 60 um, two distinct resonance modes appear at f; =
174.7GHz and f, = 624.8 GHz. To better understand the underlying
physical mechanisms, numerical simulations were conducted to
examine the surface currents and electric energy densities at these
resonance frequencies. Fig. 2(c)-(e) depict the surface current, electric
field intensity distribution, and local electric field enhancement at the
gap for the f; resonance, respectively, while Fig. 2(f)-(h) show the
corresponding distributions for f,. The two resonance modes exhibit
distinct surface current patterns: at f1, the current circulates counter-
clockwise around the entire ring, whereas at f», the surface current splits
and flows in opposite directions. This strongly indicates that the low-
frequency resonance corresponds to a magnetic dipole response, while
the high-frequency resonance arises from an electric dipole mode.
Achieving high Q-factor resonance in the gap for both dipole responses
can enhance the coupling of THz fields in traditional GaN HEMT THz
detectors. Due to the significant impedance mismatch, only a small
fraction of the THz power is coupled into the mixing region [31]. The
locally enhanced electric field can substantially mitigate this issue.
Therefore, we specifically focus on the electric field distribution at the
center of the gap, 23 nm below the substrate surface, as this region is
crucial for the self-mixing operation of the field-effect detector. This
focus distinguishes our work from other SRR-related studies [32,33].
Fig. 2(e-h) show that the electric field distribution at both resonance
points is significantly concentrated in the gap, demonstrating substantial
enhancement compared to the substrate without structures. Quantita-
tive analysis of the extracted electric field reveals that the enhancement
factor § is approximately 1811 at 174.7 GHz, relative to the substrate

Optics and Lasers in Engineering 195 (2025) 109253

without the SRR structure. Even at non-resonant frequencies, the field
enhancement factor remains two orders of magnitude higher. The local
high Q-factor characteristic effectively addresses the poor coupling
capability of GaN HEMT THz detectors to the local mixing region’s
electric field due to impedance mismatch issues [19].

Therefore, particular emphasis is placed on the meta-structure’s
capability to enhance the coupled electric field in the gated channel.
&vwe = Ex/Eo and &, = E,/Ey were defined to characterize the meta-
atom’s influence on the mixing factor. As previously discussed, varia-
tions in the SRR radius R, inversely affect the resonance frequency,
while changes in the SRR’s structural dimensions significantly impact
the enhancement factors éXsRR and éZSRR. Fig. 3 illustrates the effect of the
gap and R, dimensions of the meta-atom on éxs}zk' Fig. 3(a), 2(b), and 3
() show the impact of different gap sizes on & xsue fOT R =40 ym, 60 ym
and 80 um, respectively. Fig. 3(d), 3(e), and 3(f) depict the influence of
different R, values on normalized éxsm for gap sizes of 0.15 ym,
0.25 um, and 0.35 um, respectively. With a consistent R,, the magnitude
of émx at the resonance frequency is inversely proportional to the gap
size. Additionally, as the gap increases, the resonance frequency slightly
increases. According to the formula Eyqy, = Vyqp/gap, for a constant R,,
the area exposed to the THz field remains nearly unchanged. Thus, with
nearly constant induced voltage, a smaller gap results in a higher local
electric field intensity. For the same gap, the effect of different R, on
normalized éxSRR is consistent with Fig. 3(b). As R, increases, the peak
frequency significantly decreases, corresponding to the SRR’s magnetic
and electric dipole modes.

Adjusting the two key parameters, R, and the gap, tunes the
enhancement frequency point and the mixing factor’s enhancement
factor. This capability allows for the unique customization of meta-
atoms for desired frequency bands in the THz Meta-Coupler. Fig. 4(a)
summarizes the effect of the meta-atom radius R, on the distribution of
&,ow With a 0.15 ym gap. As R, increases from 40 ym to 80 ym, the
resonance peaks of both observed modes shift towards lower frequencies
linearly, accompanied by an increased enhancement factor and broader
FWHM, indicating better coupling with the incident THz field. This
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Fig. 3. Illustrates the impact of R, and gap variations on the localized field enhancement of the SRR. Each subfigure presents the electric field intensity at a fixed
location, specifically at the center of the gap, 23 nm within the dielectric. (a), (b), and (c) correspond to SRRs with R, values of 40 um, 60 um, and 80 um,
respectively. (d), (e), and (f) correspond to SRRs with gap size of 0.15 ym, 0.25 um, and 0.35 pm.
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Fig. 4. Illustrates the relationship between the SRR’s gap, radius R,, and resonance intensity below 1000 GHz. The gray dashed lines mark the frequencies of the two
peak resonance enhancements. (a) THz field enhancement at the point of interest (23 nm within the central substrate) as a function of R, with a 0.15 pm gap. (b) THz
field enhancement at the same point as a function of the gap, with R, fixed at 60 um.

enhances the self-mixing efficiency of field-effect detectors. Conversely,
the gap mainly affects the Q-factor of the resonance, as shown in Fig. 4
(b). With R, set to 60 um, as the gap decreases from 0.45 ym to 0.15 um,
the gray dashed line remains nearly constant, but the Q-factor signifi-
cantly increases. This indicates that optimizing the gap size within
semiconductor manufacturing limitations can substantially enhance the
enhancement factor fZSRR at the desired point. The ability to flexibly
select R, and the gap enables customization of detectors to target spe-
cific frequency points, addressing a major limitation of traditional ar-
chitectures. This represents a significant advancement in detector
design.

3.2. Meta-array architecture and the generation of Fano resonance

Fig. 5(a) presents a schematic diagram of the proposed Meta-
Coupler. Fig. 5(b) illustrates the schematic diagram of a common
field-effect detector architecture (hereafter referred to as Con-Coupler,
widely adopted in many studies [25]. Since the substrate and gate of
the transistor are identical in both devices, the ideal mixing factor Z(V;)
remains the same. The only difference lies in the surface coupler.
Therefore, the key factor affecting the detection performance of GaN
HEMTs with the same specifications is the antenna factor A (w) [19].
Due to their different coupling architectures, and based on the analysis
of the Meta-Coupler enhancement factor in Section 2. The transverse
and longitudinal enhancement factors for this architecture can be
decomposed into contributions from both the meta-atom and the

Ey

(a)

THz Waves

Cap
AlGaN
GaN

Fig. 5. Compares the proposed Meta-Coupler (a) with the conventional bowtie

coupling antenna, where &me .. consists of the contribution from éxm of
the SRR and & +,, Of the antenna, and similarly for éZMM .- I contrast, for
the Con-Coupler architecture, the enhancement factors arise solely from
the coupling antenna, givenby &, =&, and&, =§&, .

According to the self-mixing model, mixing is highly localized within
the gate-controlled 2DEG channel. Consequently, the electric field
strength 23 nm below the center of the gate, referred to as the point of
interest, is a crucial parameter for evaluating the performance of the
field-effect detector. Fig. 6(d) illustrates the relationship between elec-
tric field intensity and incident frequency at points of interest for the
coupler of conventional detector with L, = 100, 120, and 140 um. The
curve exhibits a symmetric quasi-Lorentzian lineshape within the
0-1000 GHz range. The detector, integrated with bowtie antennas of
varying lengths, shows an optimal operating point within this frequency
band. For L, = 140 um, the optimal frequency fcon is 476 GHz with a
peak intensity of 668 V/m; for L, = 120 um, fcon2 is 537 GHz with a
peak intensity of 551 V/m; and for L, = 100 um, fcons is 641 GHz with a
peak intensity of 461 V/m. The antenna length L, is inversely propor-
tional to the center frequency fcon, following a relationship similar to
that of a dipole antenna, fo~ ¢ /(4v/€La), where L, is the antenna length
shown in the Fig. 5. c is the speed of light in a vacuum, and € =~ (1 +¢)/2
[16].As the antenna size decreases, the field strength induced at the
point of interest by the coupling antenna in response to the same inci-
dent plane wave E, gradually decreases. However, the optimal operating
frequency fcon increases, accommodating higher frequency detection
requirements. This highlights the trade-off problem faced by

(b) Eo

THz Waves

Cap
AlGaN
GaN

antenna-coupled GaN HEMT detector (b). In the conventional design, a bowtie

antenna (arm length L, flare angle & = 60°) is integrated onto the HEMT’s source and gate, enabling detection of x-polarized terahertz waves.
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Fig. 6. Comparison of electric field intensity in the 23 nm channel beneath the gate for Meta-Coupler with various L, and R, values as the incident terahertz wave
frequency changes, with a gap of 0.15 um. (a) (b) (c) show the impact of different R, values on the local electric field under the gate of the Meta-Coupler for L, = 100,
120, and 140 pm. (d) illustrates the relationship between the incident frequency and the electric field intensity at the same position under the gate of conventional
GaN HEMT terahertz detectors with L, = 100, 120, and 140 ym. The yellow dashed lines indicate the position of the resonance peak introduced by the bowtie
antenna, while the red dashed lines show the positions of the additional resonance peaks introduced by SRRs with various R, sizes.

conventional field-effect detectors: balancing induced field strength
with the optimal frequency fc,n. Typical bowtie and dipole
antenna-coupled field-effect detectors face difficulties in overcoming
this issue [16].

To investigate the differences in electric field coupling modes be-
tween the proposed Meta-Coupler architecture and traditional detectors,
the same coupling antenna length L, was used for both detection chips to
minimize its influence on electric field intensity distribution in the gated
channel region. Fig. 6(a), (b), and (c) show the relationship between
electric field strength and incident THz wave frequency for Meta-
Coupler with L, =100, 120, 140 ym and R, = 30, 35, 40, 45,
50 um. Each subplot shows two resonance peaks: f; (related to the
meta-atom structure) and f, (determined by the coupled antenna). As
the meta-atom radius increases, the f; resonance peak frequency de-
creases, and the coupled electric field strength increases, as observed in
Meta-Coupler with L, =100, 120, 140 um. This behavior resembles the
SRR unit study but with differences. The red dashed circle shows a Fano
shape, contrasting with the symmetric quasi-Lorentzian lineshape in
Fig. 3 The physics of Fano resonances can be explained using a model of
two coupled driven oscillators, described by the following matrix
equation [34,35,27]:

w0 — o — iy, g x1\ _ . f
( g ﬂ)z—w—ih)(xz) 71()‘2) 2

Here, 7, and y, are the damping coefficients, x; and x, represent the
oscillator amplitudes, @; and w, are the resonant frequencies, and f; and
f> are the external forces with the driving frequency w. The coupling
constant g characterizes the interaction between the oscillators. Fano
resonance arises from the coupling of two oscillators with significantly
different damping rates, resulting in narrow and broad spectral lines.
The coupling constant g is smaller than the larger damping coefficient y.
In the Meta-Coupler architecture, both the strong resonance generated

by the SRR and the relatively mild resonance from the coupled antenna
are introduced simultaneously. The coupling of these two oscillators
with significantly different damping rates results in the Fano resonance
depicted by the red dashed lines in Fig. 6 The amplitude of the driven
oscillator 1 (meta-atom) near the resonance frequency of oscillator 2
(bow-tie antenna) can be expressed as [271:

b (@) & |f2| —215—; &9 Where

(01 —w9)? 4712 (Q2+1)

Q= {a} —ws +(f—?) (”’11;;’2’2) h(lg%z) is the dimensionless frequency. The
Fano parameter q determines the spectral shape and depends on the
spectral detuning between the oscillators w, — ;. By comparing the
electric field values in Fig. 3 and Fig. 6(d), we found that the
coupling-induced Fano resonance further enhances the original reso-
nances of the SRR and bowtie antenna, thereby strengthening the
coupling capability of the Meta-Coupler architecture to the terahertz
field. To our knowledge, this is the first observation of Fano resonance
enhancement in the gate-controlled channel of a HEMT-based terahertz
detector. The introduction of this new resonance mechanism offers a
novel design concept and theoretical foundation for optimizing and
developing the next generation of field-effect detectors.

To gain deeper insight into the coupling interactions between the
SRR and the bowtie antenna, we employed coupled-mode theory (CMT)
to analyze the spectral response characteristics of the different struc-
tures. Based on the distinct coupling mechanisms, three analytical line-
shape models were established: (i) a single Lorentzian model (Eq. (1)) to
describe the resonance behavior of an isolated antenna, (ii) a double
Lorentzian model (Eq. (2)) to characterize an isolated SRR exhibiting
two resonant modes, and (iii) a double Fano model (Eq. (3)) to capture
the spectral features of the coupled Meta-Coupler. In these models, the
Fano asymmetry factor (q) is defined using the normalized frequency
parameter and is extracted from the experimental spectra via a least-
squares fitting procedure. The definitions of the quality factor (Q) and
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the damping factor (y) used in the models are provided as Eq. (6), Eq.
.

7/2

o)=L +A————— 3
(@) = Ig (@ — mo)2 2
7 5
(@) = Iy +A; + Iy + Ay @
¢ (0 — 0n)* +7} ¢ (@ — w02)* + 13
(q1 + 81)2 (g2 + 82)2
I(a)) = Ibgl +A1Té‘%+lbg2 +A2T€% (5)
Q= FV\J;;IM ©®)
,
y = 273 @)

As shown in Fig. 7, we conducted a systematic spectral fitting anal-
ysis for the three devices: the antenna (L, = 100 ym), the SRR (r, =
40 ym), and the metasurface coupler (L, = 100 ,r, = 40 ym). The co-
efficients of determination (R?) of the fitted results reached 0.939,
0.998, and 0.999, respectively, confirming the high accuracy and reli-
ability of the proposed models. Notably, the double-Fano fitting for the
Meta-Coupler achieved an R? as high as 0.999, clearly demonstrating
that the integrated structure supports a high-purity Fano resonance.
From the fitted parameters, we successfully extracted the damping rate
(y), quality factor (Q), and Fano asymmetry parameter (q) for each
resonant mode. The corresponding values are summarized in Table 1.
The meta-coupler that generates Fano resonances exhibits higher Q
factors in both modes compared with the SRR and the antenna. This
superior performance indicates that the meta-coupler has great potential
for enhancing molecular fingerprint sensing applications [36].

Furthermore, analysis of the resonance frequencies enables us to
unambiguously identify the origins of the two Fano modes: Fano mode 1
(633 GHz) arises from the coupling between SRR mode 1 and the an-
tenna, whereas Fano mode 2 (565.5 GHz) results from the interaction
between SRR mode 2 and the antenna.

All f values in the table are in GHz, E values are in V /m, and L, and
R, values are in ym.

To illustrate the resonances in the Meta-Coupler and compare them
with the Con-Coupler, Table 2 shows the bowtie antenna resonant peaks
(fcom1) from the 3 Con-Coupler in Fig. 6, alongside the meta-atoms (f;)
and bowtie antenna (f2) peaks from the 15 Meta-Couplers. For Meta-
Couplers with the same R,, f; values vary by only 1-2 GHz, indicating
that L, length has minimal impact on f;. This supports the conclusion
that the f; resonant point is primarily determined by the meta-atom. For
Meta-Coupler with the same L, size, the f, resonance remains nearly
unchanged despite different meta-atom R, sizes. This indicates that R,
variations minimally impact the f, peak, which is primarily determined

(a) SRR Double Lorentzian fitting

(b) Antenna Lorentzian fitting
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by the bowtie antenna. Additionally, the electric field intensity at the
Meta-Coupler’s resonant peaks is significantly higher than that of the
Con-Coupler with the same L,. When L, = 140 um, the field strength at
f1 of the Meta-Coupler (R, 50 pm to 30 um) is 1.52, 1.46, 1.44, and 1.44
times that of the Con-Coupler’s maximum value over the entire fre-
quency range. At f,, the values are 1.68, 1.64, 1.66, 1.61, and 1.59 times.
For L, = 120 um, at f1, the values are 1.68, 1.53, 1.49, 1.39, and 1.39
times, and at f,, they are 1.73, 1.66, 1.65, 1.60, and 1.57 times. When
L, = 100 pm, at f;, the values are 1.70, 1.56, 1.44, 1.38, and 1.31
times, and at f5, they are 1.60, 1.57, 1.55, 1.54, and 1.49 times.

These results show that the Meta-Coupler’s electric field coupling at
the transistor’s gate channel is significantly improved compared to
traditional Con-Coupler, often exceeding 1.5 times and reaching up to
1.73 times. This enables independent control of the meta-atom and
coupled antenna, allowing flexible adjustment of resonance positions for
dual or multiple resonances. The Fano resonance further enhances the
coupling capability, addressing the trade-off between operating fre-
quency and intensity in Con-Couplers.

The Meta-Coupler architecture provides remarkable enhancement in
local coupling electric field strength, while also significantly improving
the detector’s bandwidth. Fig. 8(a) illustrates the electric field intensity
as a function of frequency at a point of interest under the gate for a Meta-
Coupler with R, =20 ym and L, = 100 ym, compared to a Con-
Coupler with L, = 100 ym.

The red shaded area indicates the frequency range where the Meta-
Coupler’s coupling electric field exceeds the maximum value Econ_max Of
the traditional Con-Coupler. The gray shaded area indicates the fre-
quency range where the Meta-Coupler ’s coupling electric field exceeds
half the maximum value Econ_max/2 of the Con-Coupler. The red shaded
area covers approximately 474 GHz to 746 GHz, indicating that within
this 272 GHz bandwidth, the coupling electric field intensity of the new
architecture surpasses the maximum value of the traditional Con-
Coupler. This means that, using the maximum coupling field strength
of traditional detectors as a baseline, the Meta-Coupler architecture can
greatly enhance the detector’s operational bandwidth. The gray area
spans 270 GHz to 474 GHz and 746GHz to 972 GHz. Using the half-
peak value of the maximum field strength Ec,n_max Of the Con-Coupler
as the benchmark, the new architecture achieves a bandwidth
enhancement covering 270 GHz to 972 GHz, totaling 702 GHz.
Achieving such a wide bandwidth with a single traditional architecture
transistor detector is almost impossible, making this a significant
breakthrough. Fig. 8(b) and (c) present the results for L, =
120 ym and 140 um, respectively. In these instances, the new archi-
tecture also exhibits ultra-wideband characteristics, with the red and
gray shaded areas covering most of the frequency range from 0 to 1000
GHz. Similarly, Fig. 8(d), (e), and (f) illustrate the electric field intensity
at the point of interest under the gate of Meta-Coupler as a function of R,
for L, =100 pm, 120 um, and 140 um, respectively. It can be seen that
when R, is relatively small, corresponding to the upper part of the

(C) Meta-Coupler Double Fano fitting
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Fig. 7. (a) Double-Lorentzian fitting of the SRR, (b) single-Lorentzian fitting of the antenna, and (c) double-Fano fitting of the metasurface coupler.
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Table 1
Lorentzian and Fano fitting results and related parameters for the near-field enhancement of the three devices.
Type Device Mode Fresonant (GHz) Damping rate(GHz) Q factor Fano asymmetry parameter
Lorentzian Antenna Model 633.0 186.7 1.7 -
Double Lorentzian SRR Model 241.6 20.2 6.0 -
Mode2 879.4 150.0 2.9 -
Double Fano Meta-Coupler Model 246.8 17.2 7.2 q=149
Mode2 565.5 158.2 1.8 q = 0.04

graphs, the Fano resonance peaks introduced by the meta-atom and the
bowtie-antenna are very close in position, resulting in their overlap and
forming a broader main peak. However, as R, increases, corresponding
to the lower part of the image, the position difference between the two
resonance peaks widens, and the resonance peak introduced by R,

Table 2

Resonance points fe,n and their corresponding peak electric field strengths for
Con-Couplers, and resonance points fi, f> and their corresponding field strengths
for Meta-Couplers, as shown in Fig. 6.

Con-Coupler  Meta-Coupler gradually separates from the main peak. In contrast, the resonance peak
R, 0 50 45 40 35 30 of the bowtie-antenna remains almost unchanged, appearing as a nearly
La vertical line parallel to the y — axis. This phenomenon is further evi-
140 feom =476 h = h = f = h = h = denced by the red dashed line, which clearly bifurcates with increasing
Econ _max = 211 234 261 295 335 R,. This observation provides additional support for the theoretical
668 h;l(); %72: %65: E;145: )3;159: analysis of the two resonance modes in the Meta-Coupler architecture,
£ = £ = fo = £ = £ = specifically the adjustable resonance introduced by the meta-atom and
431 432 431 432 430 the resonance peak from the bowtie-antenna. Additionally, as the po-
Ey = Ey = Ey = Ey = Ey = sition difference between the two resonance peaks increases, small re-
120 fons =557 filis iniB f?y ;016 fioio g.ions.betw§e'n 200 — 400 GHz in Fig. 8(d), (e), anq (f) show electric
oo max — 212 235 261 293 336 field intensities that do not exceed Ecyn_max (but still exceed the half-
551 B = B = B = B = B = peak height). This is due to the separation of the two resonance peaks,
924 842 821 764 766 resulting in a diminished enhancement effect in the middle frequency
fo= fo= fo= fo= fo = range. Additionally, Fig. 8(d) demonstrates that as R, increases, the
476 479 481 481 480

bandwidth enhancement effect of the new architecture is further

%51_ ?12_ Egzll_ %82_ E8267_ amplified, with the frequency range covered by the two black dashed
100 fooms = 641 A= fi = fi = fi = fi = lines expanding. The horizontal width of these black dashed lines is
Econ3_max = 212 234 259 294 337 positively correlated with R,, indicating that for L, = 100 pm, adjusting
461 E = E = E = E = E = R, can increase the Meta-Coupler’s bandwidth beyond 702 GHz. This
fz Si fz li fi 6i fi 31 fi Oi phenomenon is similarly observed in Fig. 8(e) and (f). The Meta-Coupler
520 543 557 558 558 architecture leverages Fano resonance introduced by meta-atoms,
E, = E, = Ey = Ey = Ey = leading to a dramatic improvement in detector bandwidth. Our anal-
739 725 716 708 685 ysis shows that the structure of the meta-atom significantly influences
the detector’s bandwidth. Subsequent efforts can concentrate on
developing multi-frequency resonant meta-atoms to achieve full-band

enhancement.
Additionally, for the case of L, = 100 ym and R, = 50 um, a polar-
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Fig. 8. (a), (b), and (c) depict the curves of electric field intensity as a function of frequency for Meta-Coupler with R, = 20 ym and L, = 100, 120, and 140 ym,
respectively, in comparison to Con-Coupler of the same length L,. The red shaded area indicates the frequency range where the electric field intensity exceeds the
maximum value of the Con-Coupler, while the gray shaded area indicates the frequency range where the intensity exceeds half the maximum value of the Con-
Coupler. Similarly, (d), (e), and (f) present the electric field intensity at points of interest under the gate of Meta-Coupler as a function of R, for L, = 100 um,
120 ym and 140 um, respectively.
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ization angle analysis was conducted on the near-field enhancement at
the center of the gated channel across multiple frequencies. As shown in
Fig. 9, at the SRR-induced resonance frequency of 261 GHz, a charac-
teristic linear polarization reception scenario is observed, where a po-
larization angle of 0° yields the strongest near-field electric field
enhancement. Similarly, in Fig. 9(b) and (c), which examine the higher-
frequency region dominated primarily by the bowtie antenna, maximum
near-field enhancement is also achieved under standard linear polari-
zation. However, due to the mutual interference between the SRR and
the bowtie structure, the optimal reception angle is no longer
0° Nevertheless, in this study, a polarization angle of 0° is adopted, as it
more closely aligns with practical conditions.

3.3. Resonant frequency prediction for meta-couplers by KAN deep
learning

The novel Meta-Coupler architecture leverages Fano resonance
enhancement to introduce a new mechanism into HEMT-based de-
tectors. While this advancement improves performance, it also brings
about certain challenges. As demonstrated in Table 1, a comparison of
the resonance frequencies f; and f, of Meta-Coupler with the resonance
frequency fcon of Con-Coupler, along with the resonance frequency data
of the meta-atom shown in Fig. 4, indicates that the Fano resonance
causes the two resonance peaks, f; and f,, of the new Meta-Coupler
architecture to diverge from a simple linear combination of the meta-
atom’s resonance peak and the Con-Coupler’s resonance peak. For
instance, when the parameter L, decreases from 140 ym to 100 um, the
f> resonance peak of the Meta-Coupler, associated with the bowtie an-
tenna, shifts relative to the Con-Coupler resonance peak by 9.7 %, 11.4
%, and 18.9 %. This shift becomes more pronounced as L, further de-
creases. A similar trend is observed for the f; resonance peak associated
with the meta-atom. Consequently, predicting the exact resonance peaks
f1 and f, for specific Meta-Coupler structural parameters is highly
challenging. This difficulty arises from the nonlinear coupling between
the meta-atom and the bowtie antenna, leading to Fano resonance. As a
result, it is not feasible to simply predict f; and f, through a linear
combination of the existing resonance data of the meta-atom and the
bowtie antenna. To address this issue, the use of a forward prediction
model based on KAN has been pioneered in the field of THz detectors.

90°
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(b)
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90°

270°
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KAN is a novel neural network architecture proposed in [37], which
we have successfully applied to this study. Unlike
Multi-Layer-Perception (MLP), KAN performs nonlinear transformations
and feature extraction based on the Kolmogorov-Arnold representation
theorem. It exhibits excellent performance in solving partial differential
equations, dynamical modeling, and physical model simulation.
Kolmogorov-Arnold Representation Theorem states that any multidi-
mensional continuous function defined over a bounded domain can be
represented as a finite sum of continuous functions of a single variable.
Specifically, an n-dimensional continuous function f(xi,xz,...,X,) can
be represented as:

2n+1

fx) = ZCI)i< j (/’U(XJ)>

Based on this theorem, each KAN layer consists of two neural
network layers, where ¢;; and @; are single-variable continuous func-
tions corresponding to the neurons of the first and second layer
respectively. The first layer of the KAN layer is edge function layer,
which nonlinearly transforms the input data and passes the transformed
results to the next layer. The edge functions are represented using spline
functions (B-splines):

®

kij+Tij

by(0) = > cijaBr(x) ©)
k=kij

Where By (x) represents the basis functions of B-splines, c;;x are the
learned parameters, k;; and r;; are the starting index and order of the
spline functions, respectively. In KAN training, the spline parameters
cijx of the edge functions are optimized. These parameters control the
shape of the edge functions and the degree of nonlinear transformation.
The second layer is the node layer, which computes a weighted sum of
the outputs from all edge functions in the first layer:

m;
= hy(x) (10)
j=1

Here, ®; represents the output of the node layer, which is the output
of this KAN layer. Unlike traditional MLPs, the node layer in KAN does
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Fig. 9. Sensitivity analysis of near-field enhancement with respect to polarization angle: (a) 261 GHz, (b) 300 GHz, (c) 550 GHz.
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not apply nonlinear activation functions. Instead, it simply performs a
linear combination of the outputs of all edge functions to accurately
represent complex function relationships.

KAN decompose complex multivariate functions into finite combi-
nations of single-variable functions, thereby simplifying the represen-
tation and learning process of complex functions. Compared to MLPs,
KANs are more effective at representing the nonlinear relationships in
complex functions and possess better model interpretability and
parameter efficiency. In this study, we utilized KAN layers to learn the
mapping function from the key parameters R, and L, to the electric field
intensity. As shown in Fig. 10(a), we have developed a multi-layer KAN
network has been developed. It takes R, and L, as inputs and outputs the
electric field intensity magnitudes at 3012 discrete frequency points
within the 0 — 1000 GHz range. This KAN network enables the predic-
tion of the electric field intensity curve with high precision, providing
detailed insights into the relationship between the input parameters and
the resulting field intensities.

Datasets We simulated 246 electric field intensity curves using CST
software. In these curves, the R, ranged from 20 to 60 with a step size of
1, and L, ranged from 100 to 150 with a step size of 10. We randomly
and evenly selected 171 cases of the training set to train the KAN

(a)
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algorithm, 38 cases of the evaluation set to optimize model parameters,
and 37 cases of the test set for testing algorithm performance.

Training The KAN algorithm was implemented in Python using
PyTorch, utilizing a NVIDIA GeForce GTX 3060 GPU. It was trained
using the Adam optimizer with a weight decay of 10-3. The initial
learning rate was set to 10-3, and a batch size of 64 was used. The loss
function employed was Mean Squared Error (MSE). The maximum
number of epochs was set to 30,000, and the model that performed best
on the validation set was selected as the final model.

Experiment We evaluated the influence of different numbers of KAN
layers on model performance. Specifically, we used 1, 2, 4, and 8 layers
of KAN layers for predicting electric field intensity. For each additional
KAN layer, the number of input and output channels was set to 128.
Fig. 10(b) illustrates the evolution of the loss function for networks with
varying numbers of layers over 5000 epochs. It is evident that networks
with more layers show faster rates of loss reduction. Moreover, models
with more layers achieve lower loss within the same number of training
epochs. Fig. 10(c) shows the performance of models with varying
numbers of layers on the validation set. It can be observed that as the
number of layers increases, the network achieves progressively lower
loss, with the 8-layer network exhibiting the best performance as our
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Fig. 10. (a) Schematic diagram of the KAN based coupled electric field prediction network (b) Evolution of loss functions in coupled electric field prediction
networks with different KAN Layer depths (c) MSE for KAN with varying numbers of layers (d) Predicted distribution of electric field intensity as L, varies when R,
= 40 um (e) Predicted distribution of electric field intensity as R, varies when L, = 120 ym (f) Comparison of predicted and actual values for five Meta-Couplers.
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final model for predicting electric field intensity. This experiment con-
firms that the deeper KAN networks show the stronger learning capa-
bility for the physical model studied in our research. However, as the
number of network layers increases, the rate of improvement in algo-
rithm performance decreases.

The performance of the deep KAN network was evaluated using the
test set. The MSE for the electric field estimation was 38.68, with an
average runtime of 7.8 ms for one case. In the test set, the electric field
intensity varies from O to 1300. Our method achieves an average ab-

Optics and Lasers in Engineering 195 (2025) 109253

solute error of 3.96+1.69 V/m for predicting the electric field intensity
curve. The examples of predicted electric field intensity are shown in
Fig. 10(d) and (f). Our network predictions perfectly align with the
trends analyzed in Fig. 6. Specifically, when R, is fixed, varying L, im-
pacts only the resonance point f,, while the resonance point f;, deter-
mined by SRR, remains almost constant. Conversely, when L, is fixed,
the network’s predictions match the known results, showing that f, re-
mains unchanged while f; shifts to a lower frequency as ro increases.
Notably, for the critical cases of L, = 120 ym and R, values of 30, 35,

(a) Meta-Coupler 1: L, = 120 pm, R, = 30 pm
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Fig. 11. Electric field and mixing factor distributions in the channel plane for (a)-(e) five Meta-Couplers with L, =

120 ym and R, = 30, 35, 40, 45, 50 ym, shown

at Fano resonances f; and f,. (f) Con-Coupler (L, = 120 ym) distributions at its resonance frequency. Dashed lines indicate gate boundaries. M(x) curves show
opposite-direction self-mixing currents (pink and blue shading) with peak values at gate edges, demonstrating the distinct double phase reversal in Meta-Couplers

versus single reversal in Con-Coupler.
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40, 45, and 50 ym, our model accurately predicts the positions of the
resonance peaks f; and f,. The KAN-based electric field intensity pre-
diction network developed can rapidly and accurately predict the elec-
tric field intensity curve in response to given parameters R, and L,.
Moreover, it can provide a more continuous and precise trend of electric
field intensity variations within the given parameter range.

3.4. Comparing the antenna factor performance: meta-coupler vs. con-
coupler

According to the self-mixing model of field-effect transistors at zero
source-drain bias (Eq. (2)), the photocurrent is primarily determined by

L
the antenna factor Ag(w) = / &, &, cospdx, which quantifies the ter-
0

ahertz field coupling capability, and the field-effect factor E(Vg), which
represents the gate control capability. The mixing factor in Eq. (1),
derived from decomposing the antenna factor, effectively illustrates the
self-mixing phenomenon within the gate-controlled channel layer. All
terahertz fields (£, and £,) are normalized to the incident field intensity
Eo.

To systematically compare the performance, we selected five Meta-
Couplers validated by our KAN-based prediction network (Fig. 11(f))
and one conventional Con-Coupler, all with identical antenna length L,
=120 pm. The Meta-Couplers feature meta-atom radii of 30, 35, 40, 45,
and 50 um to investigate the impact of meta-atom size. All field data in
Fig. 11 represent the in-plane distribution within the 2DEG channel,
located 23 nm beneath the metal gate, with gate and arm regions
marked by gray dashed lines.

Fig. 11 presents the field distributions for Meta-Couplers at fre-
quencies f; and f5, and for Con-Coupler at fcon1 , With specific frequencies
listed in Table 1. Each row displays the in-plane electric field intensity,
mixing factor distribution, and the y-averaged M(x) curve. For the Con-
Coupler at feom1 = 537 GHz (Fig. 11(f)), the electric field intensity
strongly localizes at the gate edges, particularly on the source side due to
asymmetric antenna coupling. The mixing factor distribution exhibits
similar asymmetry, generating opposite-sign factors near the source (—
x) and drain (+ x) sides. The M(x) curve reveals stronger mixing on the
source side compared to the drain side, with extrema at gate edges.
Although the z phase flip creates opposing currents, intensity differences
yield a net unidirectional mixing current. Integration over the gate-
controlled region yields an antenna factor of 3105,719, serving as our
performance baseline.

The Meta-Coupler demonstrates fundamentally different field char-
acteristics. In Meta-Couplerl (Fig. 11(a)), high-intensity fields concen-
trate between the arm and gate, specifically at the arm’s right boundary
and gate’s left boundary—a stark contrast to the Con-Coupler’s gate-
centered distribution. Remarkably, the M(x) curve exhibits double
phase reversal within the specified range, occurring under both the gate
and meta-atom arm, compared to the single reversal in conventional
designs. This distinctive behavior manifests in two resonance modes
with different physical origins.

At the f; frequency (first column), the mixing factor at the arm’s right
edge dramatically exceeds that at the gate’s right edge, with pronounced
reversals within the gap region. This behavior, attributed to Fano reso-
nance arising from the coupling between the SRR and bow-tie antenna,
dominates the terahertz field enhancement. Conversely, at the f, fre-
quency (second column), the mixing factor intensity at the arm
boundary significantly diminishes, with comparable M(x) values at arm
and gate edges. The nearly vanishing positive mixing factor on the arm’s
left side indicates minimal meta-atom contribution, with enhancement
primarily from the coupled antenna resonance.

The mixing intensity correlation with meta-atom radius R, proves
particularly significant. As demonstrated from Fig. 11(a) to 10(e),
increasing R, produces more pronounced M(x) peaks, substantially

12

Optics and Lasers in Engineering 195 (2025) 109253

enhancing mixing efficiency—consistent with observations in Fig. 4(a).
Since only the gate-controlled region participates in self-mixing (where
the field-effect factor E(V,) = dG/dVg varies significantly), we inte-
grated M(x) exclusively over this region to obtain antenna factors.

The performance comparison yields remarkable results. At the Fano
resonance frequency fi, the antenna factors are: Meta-Couplerl:
24,620,297 (25.2x enhancement); Meta-Coupler2: 26,231,037 (33.7 x
enhancement); Meta-Coupler3: 30,856,545 (45.5x enhancement);
Meta-Coupler4: 33,895,783 (55.1 x enhancement); and Meta-Coupler5:
40,015,076 (69.7 x enhancement). At the antenna resonance frequency
f>, enhancement factors range from 7.8x to 10.4x. Fig. 12 visualizes
these comparisons, with green representing conventional detectors and
red representing Meta-Couplers.

These results demonstrate two transformative advances for terahertz
field-effect detectors. First, across the entire 0-1000 GHz band, the
Meta-Coupler achieves unprecedented sensitivity enhancement, reach-
ing 69.7-fold improvement at the Fano resonance point. This confirms
that our devices exploit electrostatic control of collective electromag-
netic interactions at deep subwavelength scales [38], enabling appli-
cations in trace chemical spectroscopy [39]and room-temperature
terahertz medical imaging [40]. Second, the working bandwidth is
dramatically expanded—a single Meta-Coupler (L, = 100 ym, R, =
20 ym) achieves 702 GHz bandwidth (270-972 GHz), an
ultra-wideband capability fundamentally unattainable with conven-
tional architectures. These achievements establish the Meta-Coupler as a
paradigm shift in terahertz detection technology.

4. Conclusion

This study proposes a novel Meta-Coupler architecture and an
associated deep-learning prediction framework. To the best of current
knowledge, this work represents the first systematic quantitative study
introducing a Fano resonance-enhanced meta-array into HEMT-based
terahertz detection. Additionally, the introduction of a KAN-based
deep-learning method significantly advances the rapid and accurate
prediction of coupling-induced Fano resonances within field-effect
detection systems.

The designed Meta-Array, composed of high-Q meta-atoms, gener-
ates pronounced Fano resonances when integrated with on-chip an-
tennas, offering a new mechanism for sensitivity enhancement. This
enhancement substantially improves detector sensitivity to terahertz
radiation and facilitates flexible tuning of highly responsive frequency
bands to satisfy diverse application requirements. Performance analysis
of a strongly coupled split-ring resonator combined with a GaN HEMT-
based detector within the frequency range of 270-972 GHz demon-
strates a remarkable sensitivity improvement of approximately 70-fold
at specific resonance frequencies, along with significantly enhanced
coupling efficiency throughout nearly the entire measurement spec-
trum. These findings confirm that integrating high-Q meta-arrays with
GaN HEMTs to leverage Fano resonance provides an effective solution
for achieving ultra-sensitive, room-temperature detection and spectral
analysis in the millimeter-wave and terahertz frequency bands. The
proposed Meta-Coupler architecture and KAN-based prediction network
exhibit versatility and are readily adaptable to other HEMT-based THz
detector technologies.
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