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This Letter proposes a physics-embedded Gaussian process
regression (GPR), which is simultaneously high-fidelity and
reliability-aware, for extrapolating the radar cross section
(RCS) of a target under geometric scaling. Distinct from al-
ternative RCS extrapolation models that operate in the RCS
domain, we establish the model in the scattered electric-field
domain rooted in the nature of the coherent superposition
of electromagnetic waves. By designing a composite kernel
that integrates a degree-2 generalized polynomial for scal-
ing laws and a spectral mixture (SM) kernel for interference
effects, we explicitly encode these physical priors into the
GPR framework. Validated on a simple warhead model and
the complex SLICY model, the proposed GPR reduces the
root-mean-square extrapolation error by up to 91.5% com-
pared to other alternative models, while providing physics-
grounded uncertainty quantification for reliability assess-
ment. @ 2026 Optica Publishing Group. All rights, including for text
and data mining (TDM), Artificial Intelligence (Al) training, and similar
technologies, are reserved.

https://dai.org/10.1364/0L.591586

Efficiently acquiring electromagnetic scattering (EMS) re-
sponses of a target across wide geometric scales is critical for
stealth design but remains computationally prohibitive (O(N3))
when using full-wave solvers, such as the method of mo-
ments {(MoM) [1] and the finite element method (FEM) [2].
While high-frequency asymptotic methods like geometrical op-
tics (GO) [3] and physical optics (PO) [4.,5] offer efficiency,
they suffer from accuracy degradation for complex targets due to
the omission of other scattering mechanisms, such as edge and
vertex diffraction [6]. To efliciently acquire RCS characteristics
across wide geometric scales, scale models have been employed
o estimate scaltering responses via electrodynamic similitude
[7]. However, this model is fundamentally constrained by its re-
liance on surlace-area scaling laws, rendering it inadequate [or
complex targets where non-specular mechanisms, such as edge
and vertex diflraction, dominate the scallering contribution.

0146-9592/26/061681-04 Journal © 2026 Optica Publishing Group

Recently, data-driven surrogates, especially Gaussian pro-
cess regression (GPR) [8,9], have shown promise for surrogate
modeling when augmented with physical priors [10,11]. Pio-
neering work has integrated PO priors into GPR for RCS model-
ing of complex targets, achieving over 353% accuracy gains [12].
Subsequently, a non-linear least squares and GPR-based hybrid
model (NLS-GPR) has been proposed for geometric scaling ex-
trapolation, achieving an extrapolation error of ~(0.326 dBsm on
the SLICY model [13]. However, the state-of-the-art NLS-GPR
is constrained by the PO priors, which characterizes surface scat-
tering but neglects diffraction contributions from edges and ver-
tices, as well as a decoupled “detrend-then-learn” strategy prone
to error propagation. Crucially, its deterministic-probabilistic
hybrid architecture precludes fully Bayesian inference, conse-
quently failing to provide the uncertainty quantification.

In this Letter, we propose a physics-embedded GPR for accu-
rately and reliably extrapolating the target RCS versus geomeltric
scaling factor & (Fig. 1). Departing from the RCS-domain mod-
eling in NLS-GPR, we establish our model in the scattered
clectric-field domain to naturally preserve the coherent super-
position of the scattered electromagnetic waves from different
geometric manifolds (including surfaces, edges, and vertices).
Based on high-frequency asymptotic theories—including PO,
the physical theory of diffraction (PTD) [14], and geometri-
cal theory of diffraction (GTD) [15]—we formulate a unified
scaling model where the total scattering response is charac-
terized as geometric manifold-dependent power laws (a2 for
planar mechanisms, ¢! for linear mechanisms, and e for point-
type mechanisms) modulated by their phase interference. These
physical priors are explicitly encoded into GPR via a com-
posite kernel: a generalized polynomial kernel captures the
power-law trend, while a spectral mixture (SM) kernel [16]
resolves the quasi-periodic interference. Consequently, the pro-
posed physics-embedded GPR enables not only accurate RCS
extrapolation but also critical reliability assessment by full
Bayesian inference.

Specifically, to respect the coherent superposition principle of
electromagnetic waves, we first transform the logarithmic RCS
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Fig. 1. Diagram of the proposed physics-embedded GPR for RCS extrapolation of a target under isotropic geometric scaling.

(o 4p) into the scattered electric-field magnitude:
y= V1070710 = lim 247 [rEL8 (1) M
y—oo

The total scattered field EX% originates predominantly from sur-

face, edge, and vertex scattering. Based on PO, PTD, and GTD,
it can be formulated as:

—ikor ik .
total - € 1 ] . ~ ' I por’
F‘;cac (r)= f ; {El’x [l‘x J]:S‘,, J,\(l‘ yelko dS]}
e_jkflr Z Ikl f ?)Al: x Ef‘ ® E)]eje‘, (I") eﬂkﬂf"r’dL.
rog dor JL, | FEx U () _
()_.j"“[)r

+ Z {DP : EillL‘ (r;)e_ikuf“';;} '

P

2

where k;, is the wave number, 7 is the free-space impedance, and
I is the scattering direction unit vector. The integration domains
S, and L, correspond }(} the n-th surface patch and g-th edge
segment (with tangent t). The source terms J,; and {Zojee, fyag !
represent the surface and equivalent edge currents, respectively,
while D, denotes the diffraction coefficient of the p-th vertex r),
excited by the incident field E; .

Under isotropic geometric scaling (r’ — ar’), the EMS re-
sponsc is governed by the dimensionality of the integration
manilolds. We calegorize these contributions into three canon-
ical scaling mechanisms: planar mechanisms (= a”), which
originate from area-dependent specular reflections (e.g., flat
plates, dihedrals, and trihedrals); linear mechanisms (¢ aly,
which arise from length-dependent contributors (e.g., straight
edges and spheres); and point-type mechanisms (« ), which
derive from scale-invariant discontinuitics (e.g., tips, corners,
and shadow boundaries) [6]. Consequently, the unified scaling
response is derived as:

e—ikor

Lotal
E scat

(r,e)= {(12 Z fineik"”ﬁ""n}
I
1 G kgt
+ ¢ ; qu"l i (3)

+au Z Cpelk"‘“”@”} .
»

where A, l§q, and CI’ represent the complex amplitude coef-
ficients at unit scale, ry, and r, arc the centroids of S, and L.
By substituting (3) into (1) and decomposing into auto-terms
and cross-terms, the response y(a) is asymptotically modeled
as the modulation of a power-law trend P(e«) by interference
fluctuations # («), that is:

via) = Pla) x Fla). (4)

Here, P(a) characlerizes the geometric scaling-induced trend,
formulated as a second-order polynomial to match the derived
scaling laws:

Play~Aa® +Ba' + CaY, (5)

where coefficients A, B, and C correspond to the EMS contribu-
tions of planar, linear, and point-type mechanisms, respectively.
Meanwhile, F(¢) characterizes the phase interference between
dominant scattering components, modeled as a sum of cosines:

F(u):zmr-cos(ko(xAr;+4J,-), (6)
i

where @; is the weight of the i-th interference component, Ar}
denotes the projected relative distance between interference pair,
and ¢, is the relative initial phase difference.

To embed these physical priors into the GPR framework, we
construct a composite kernel that is structurally isomorphic to
the scattering mechanisms, Specifically, P{a) is encoded by a
non-stationary generalized polynomial kernel of degree 2. This
structure explicitly enforces the scaling laws governed by planar
{e2?), linear (a!), and point-lype (") mechanisms:

2

kyend (@, 0"y = 03 (aa’ )2 + o} (aa’) + 05, )

where the hyperparameters o5, o, o, adaptively learn the ge-
ometric manifold-dependent scattering contributions from data.
Meanwhile, #(«) is characterized by an SM kernel, which mod-
els the power spectral density as a mixture of Gaussians [16]:

M
ke (T) = Z Wy CXP( =271, T%) cos (27 iy, 7),  (B)

m=1
where T = ¢ — @', M is the number of mixture components, the
spectral weight w, quantifies the intensity of the m-th Gaussian
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power spectral density with respect to the relative electrical dis-
tance ko Ar’, the spectral mean i, characterizes the mean rela-
tive electrical distance, and the speciral variance v,,, captures the
bandwidth. This spectral broadening results in a gradual phase
decoherence as T increases, which is modeled by the exponen-
tial decay term governed by v,,. Leveraging the property that a
product of two latent GP components with independent priors
yields a product kernel [17], the following physics-embedded
kernel for y(e) is obtained:

ph}s(a a )7 trcnd(a u )X’T‘ﬂuc(r) +aﬂbaa (9)

Although an additive kernel in GPR can jointly model trend
and fluctuation, it intrinsically implies that the fluctuation vari-
ance is independent of the underlying trend. This fundamentally
contradicts the physical reality that electromagnetic interference
scales proportionally with the dominant scattering envelope.
Therefore, the multiplicative kernel (k = kong % ko) 18 strictly
adopted to capture this amplitude-modulation mechanism, en-
suring the modeled fluctuation intensity remains governed by
the physical power-law trend. Substituting this composite kernel
into the standard GPR framework yields:

y(a) ~ GP(0, ke (e, @) (10)

With hyperparameters @ = {{o /)2 _. (W, Vo fl b2 0,
estimated by minimizing the negative log marginal likelihood
[ 17] in the y-domain, the predictive posterior distribution for the
EMS response y, at an arbitrary sca]e @, is derived as a Gaussian

distribution p(y,|a,,y) ~ N (4., cxprcq':;cd as:
1, =k] (K+ o,%l)*' y.

T 2py-1 (11)

YV, = (v ek, (K+o;I)7'k,,

* ph\ s

where K is the kernel matrix of training inputs, k, is the ker-
nel vector between training and test points, and y is the training
vector transtormed via Eq. (1). Finally, the extrapolated RCS is
recovered by inversely transforming the predictive mean o, =
20log (4,), and the 95% confidence interval (CT) is obtained

by mapping the bounds [z, +1.96 J‘&T*] back to the logarithmic
domain, yielding a reliability interval for the extrapolated RCS.

To demonstrate the proposed model’s efficacy, we conduct
comparative experiments on two representative targets: a war-
head (representing smooth aerodynamic geometry) and the SL-
ICY (a widely recognized benchmark of canonical structures
[18]1). The datascts arc generated by MoM-based full-wave simu-
lations: (1) Warhead at | GHz with o € [1,20] and Ax =0.1; (2)
SLICY at 10GHz with & € [1,2] and Aa = 0.01. The proposed
GPR model (M = 10 is used as in [ 16]) is trained by minimizing
the negative log marginal likelihood using the Adam optimizer
(learning rate 0.1, maximum 5000 iterations). Both the simula-
tions and model training/testing are executed on a PC with an
Tntel Core i7-10750H CPU and an NVIDIA GeForce GTX 1660
Ti GPU. We benchmark our model against the classical scale
model and the state-of-the-art NLS-GPR. To quantitatively eval-
uate the extrapolation performance, the root mean square error
(RMSE) and the cocflicient of determination (R?) are employed.

Figures 2 and 3 illustrate the extrapolation results, with quan-
titative metrics detailed in Table 1. For the warhead (Fig. 2),
the conventional scale model enforces only the planar scatter-
ing law (o &), yielding a severe mismatch with a high RMSE
of 10.05dBsm and a R? (-4.680). The NLS-GPR suffers from
error propagation, leading to amplitude damping at deep nulls
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Fig. 2. RCS extrapolation results for the warhead model.
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Fig. 3. RCS extrapolation results for the SLICY model.

Table 1. RMSE (Unit: dBsm) and R, Evaluation between
Simulated and Extrapolated Results

Target Metric Scale Model NLS-GPR Ours
RMSE 10.05 221 0.85
Warhead R? —4.680 0.735 0.964
RMSE 0.30 0.18 0.04
SLICY R 0.966 0.985 0.999

and misalignment at resonance peaks (RMSE: 2.21 dBsm, R”:
0.735). In contrast, the proposed physics-embedded model ef-
fectively reconstructs these interferences, achieving a signifi-
cantly lower RMSE of 0.85dBsm and a higher R? of 0.964.
For SLICY (Fig. 3), where geometric complexity induces mul-
tiple mechanism superposition, the proposed model exhibits
near-pertect agreement with the numerical solution. Compared
to the two baselines, it achieves remarkable RMSE reductions
of 86.7% and 77.8%, respectively, while further elevating the
R? from 0.966 and 0.985 to an exceptional 0.999. These re-
sults validly demonstrate the superior efficacy of the proposed
physics-embedded GPR in RCS extrapolation across geometric
scales.
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Fig. 4. Physical interpretability analysis via learned geomet-
ric manifold-dependent hyperparameters (o5, o, 7). (a) Warhead
and (b) SLICY.

The learned hyperparameters (o,,0,,0() in Fig. 4 cor-
roborate the physical fidelity of the physics-embedded GPR.
For the warhead [Fig. 4(a)], the planar scattering-related
hyperparameter o, is negligible (~ 107%), correctly reflecting
the absence of flat facets or corner reflectors. Instead, the dom-
inant linear scattering-related hyperparameter o, encapsulates
both the base-edge diffraction and the spherical nose’s specular
reflection. Furthermore, the significant point-type scattering-
related hyperparameter o captures the scale-invariant scatter-
ing (oc &) arising from the rapidly varying induced currents at
the junction of the hemispherical surface and the cone frustum
as derived in [6]. For SLICY [Fig. 4(b)], ¢, becomes dominant.
This aligns with SLICY’s geometry composed of large plates,
which generate strong area-dependent («?) specular reflections.
The secondary o captures the diffraction from edges and cylin-
der rims, while the minimal o, corresponds to localized corner
scattering. This confirms that the physics-embedded GPR ef-
fectively identifies intrinsic scattering mechanisms of the target,
rather than merely performing numerical fitting.

In addition to superior RCS extrapolation accuracy, a piv-
otal advantage of the proposed physics-embedded model is its
capability for uncertainty quantification, offering a critical re-
liability metric for decision-making. As visualized in Fig. 5,
the 95% confidence intervals (Cls) exhibit uncertainty behav-
iars that are highly contingent on the target’s intrinsic scattering
mechanisms. For the warhead [Fig. 5(a)]. the Cl remains narrow
at interference peaks (constructive interference), but it exhibits
significant widening specifically at resonance nulls (e.g., « =
12.0,15.2, 18.2). Physically, the rotational geometric symme-
try and the comparable intensities of scattering and diffraction
jointly induce deep cancellation nodes where the signal drops
precipitously. The proposed physics-embedded GPR correctly
identifies these low-intensity minima as high-risk zones, ex-
panding the uncertainty bounds to account for the phase sensi-
tivity. For SLICY [Fig. 5(b)]. due to its gcometric asymmetry
and the distinct hierarchy of scattering contributions (surface
> edge > vertex), deep interference nulls are precluded. The
CI remains remarkably narrow, exhibiting only subtle expan-
sions in regions of rapid trend variations. This indicates that
the composite kernel is capable of rcsolving the interference
characteristics of multiple scattering mechanisms, significantly
reducing epistemic uncertainty even in the extrapolation regime.

In summary, this Letter proposes a physics-embedded GPR
for RCS extrapolation under geometric scaling. By transform-
ing the problem into the scattered electric-field domain, the
kernel jointly encodes canonical geometric-scaling laws and
phase interference. Experiments demonstrate substantial gains,
reducing the extrapolation RMSE by up to 91.5% relative (o
the scale model and 77.8% relative to NLS-GPR. Moreover,
the proposed model provides mechanism-contingent uncertainty

SCl —XitX

Letter

an

Numcrical Solalion

()

= Proposed Maodel
95°, Confidence Interval

S wmerical Solution [EX) ‘

RCS(dBsm)

Fig. 5. Extrapolation uncertainty quantification (95 % CI) for (a)
the warhead and (b) the SLICY.

quantification that clearly demarcates high-risk regions associ-
ated with destructive interference, improving the reliability of
RCS extrapolation in engineering practice. Limitations include
physical priors lailored o metal targets and the cubic training
complexity of exact GPR for large datasets. Future work will ex-
tend the framework to dielectric/coated targets under geometric
scaling and incorporate sparse variational inference to improve
scalability.
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