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ABSTRACT

Accurate localization and reconstruction of electromagnetic interference (EMI) sources remain a critical challenge in elec-
tromagnetic compatibility (EMC) diagnostics, particularly in high-density electronic platforms where conventional near-field
scanning is slow, mechanically complex, and often reliant on phase-sensitive measurements. In this work, we extend frequency-
diverse computational imaging using metamaterial apertures from active reflectivity imaging to passive electromagnetic source
reconstruction. A rigorous forward model is derived to relate unknown volumetric current distributions to frequency-domain
measurements obtained from a single sensor in a single-shot acquisition. Two metamaterial architectures (a parallel-plate
metasurface aperture and a mode-mixing cavity) are redesigned to operate within the EMC-relevant 0.1—6 GHz frequency
band and are evaluated numerically. Reconstruction is performed using regularized inversion without assuming sparsity on the
source distribution. Both coherent and phaseless imaging scenarios are investigated. Results demonstrate accurate recovery
of overlapping Gaussian emitters and complex source distributions under realistic signal-to-noise ratios. The influence of
aperture Q-factor, measurement diversity, imaging distance, and number of frequency samples is systematically analyzed. The
proposed framework enables rapid, mechanically scan-free, single-sensor electromagnetic source imaging and provides a
promising alternative to conventional near-field EMC diagnostic techniques.

Keywords: Computational electromagnetic imaging; electromagnetic interference; metamaterial aperture; source reconstruc-
tion; frequency diversity; phaseless imaging

1 Introduction

Continuous increase in operating frequencies and data rates in modern electronic systems has intensified electromagnetic
interference (EMI) challenges, particularly in compact and high-density electronic platforms. While advances in high-speed
integrated circuits enable aggressive miniaturization, they also intensify parasitic coupling, increase current density, and
promote unintended radiation from complex interconnect structures, thereby complicating electromagnetic compatibility (EMC)
compliance.

EMI characterization for regulatory compliance is governed by international standards such as CISPR 32! and the IEC
61000-6 generic EMC?3, which rely primarily on far-field measurements performed in semi-anechoic or reverberation chambers.
Although indispensable for certification, these measurements provide only system-level emission information and offer limited
spatial resolution, making them unsuitable for localizing individual interference sources on complex PCBs.

Recent antenna-based methods have also localized radiating faults using multi-sensor signal processing®. Near-field
scanning techniques are widely used for EMI diagnostics and root-cause analysis™%, as they enable spatial localization of
emission hotspots’~. However, the inherent requirement for point-by-point mechanical scanning imposes a significant temporal
overhead and necessitates high-precision positioning hardware, rendering these methods impractical for real-time diagnostics
or large-scale inspections'® !, Probe loading and mutual coupling effects may also perturb the measured fields if not carefully
controlled'?.

Computational imaging with engineered apertures has emerged as an alternative paradigm that enables image formation
using reduced measurements and simplified hardware!>~'>. Metamaterial apertures and mode-mixing cavities'® generate



frequency-diverse field patterns that encode spatial information into spectral measurements, allowing image reconstruction
using a single transceiver without mechanical scanning . These approaches have been successfully demonstrated for active
coherent object imaging, primarily relying on amplitude- and phase-resolved measurements'* ', Related metasurface systems
have demonstrated frequency-diverse imaging and joint amplitude-phase encoding for wavefront manipulation!’~17.

Early work on metamaterial apertures exploited resonant subwavelength elements to generate frequency-diverse radiation
patterns for compressive coherent imaging, while mode-mixing cavities leveraged wave chaos and multiple internal reflections
to enhance measurement diversity at microwave frequencies?’. More recently, phaseless computational imaging using radiating
metasurfaces demonstrated that image reconstruction is feasible even in the absence of phase information, significantly relaxing
hardware requirements?!~2*.

Despite these advances, existing computational imaging frameworks primarily address active scenarios requiring controlled
illumination. Transitioning this paradigm to passive source imaging (where the source is unknown, arbitrary, and potentially
non-sparse) remains a formidable challenge for real-world EMI diagnostics.

In this work, we extend metamaterial-based computational imaging from object reconstruction to passive electromagnetic
source imaging using a single sensor and a single-shot frequency sweep. A rigorous forward model is developed to relate un-
known volumetric current distributions to frequency-domain measurements obtained through a frequency-diverse metamaterial
aperture. Unlike conventional reflectivity-based computational imaging, the proposed formulation targets arbitrary radiating
sources without assuming sparsity or controlled illumination.

The proposed framework further incorporates intensity-only (phaseless) measurements, reformulating electromagnetic
source reconstruction as a generalized phase retrieval problem. This extension significantly relaxes hardware requirements by
eliminating the need for phase-coherent receivers, while preserving the frequency-diverse sensing philosophy. To demonstrate
feasibility in practical EMC scenarios, two metamaterial aperture architectures (a parallel-plate metasurface aperture and a
mode-mixing cavity) are redesigned and numerically validated for operation within the EMC-relevant 0.1-6 GHz band. The
effects of aperture Q-factor, modal diversity, frequency-sample density, and imaging distance on reconstruction accuracy
are systematically investigated. Together, these developments establish a unified framework for single-sensor, mechanically
scan-free electromagnetic source imaging in the EMC frequency range.

The remainder of this paper is organized as follows. Section II presents the forward model for passive electromagnetic
source imaging. Section III describes the frequency-diverse metamaterial apertures. Section IV presents numerical source
imaging results and analyzes key system parameters. Section V investigates phaseless source imaging. Finally, Section VI
concludes the paper.

2 Forward Model for Passive Electromagnetic Source Imaging

In this section, we present an extension of the frequency-diverse metamaterial-aperture framework'® ' to the imaging of
an electromagnetic source distribution. Unlike conventional computational imaging formulations that reconstruct passive
reflectivity under controlled illumination, the present formulation targets the reconstruction of unknown radiating sources using
a single-port or multi-port metamaterial aperture.

2.1 Continuous Electromagnetic Formulation
The unknown quantity in the problem is a continuous, complex-valued volumetric electric current density distributed over the
PCB surface, as shown in Fig. 1.

J(rs), rseVscR? (1)

where Vg denotes a known source region, and ry is the source position vector. No sparsity assumption is imposed on the current
distribution. For clarity, only impressed electric current densities are considered here. The extension to equivalent magnetic
currents is straightforward and follows analogously.

In the frequency domain, the electric field E(r) generated by the source satisfies

V x V xE(r) — BE(r) = — jopeJ (r) 2)
where k) = @/c is the free-space wavenumber, @ is the angular frequency, c is the speed of light in vacuum, r is the observation

vector, and Ll is the permeability of free space. A time dependence of e*/®’ is assumed.
The radiated electric field can be expressed using the free-space electric dyadic Green’s function as

E(r) = —jouo /V G(r,rs)- J(rs)d’rs 3)
S
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Metamaterial
apertures patterns

Figure 1. Configuration of the metamaterial aperture and corresponding patterns, along with the continuous complex-valued
electric current density defined over the PCB surface.

Let the metamaterial aperture occupy a surface A, where r4 = (x4,y4,z4) denotes the coordinates of an arbitrary point on
the aperture. The metamaterial aperture and its corresponding patterns are also illustrated in Fig. 1. The electric field incident
on the metamaterial aperture is therefore

Ea(rs) = —jopo [ Glra,rs)-J(rs)d’rs )
N
The complex signal measured at the receive port(s), as shown in Fig. 2, is modeled as
g(co) = /AW<1‘A,(D) -EA(I‘A>d2l‘A &)
where w(r4, ®) represents the effective receive weighting function of the metamaterial apertures, incorporating element
polarizability, coupling, and feed characteristics. This function effectively maps the incident field to the measured signal at the
receiver port(s), analogous to the receiving pattern of the metamaterial apertures. By reciprocity?>, w(r4, ®) corresponds to the

electric field distribution on the aperture generated by unit excitation of the receive port(s).
Substituting the expression for E4 and interchanging the order of integration yields

g(w) = y h(rs, ®) - J(rs)d’rs (6)
S

where the measurement kernel is defined as

h(rs, w) = —jouy /A w(rs,®)-G(ra,rs)d’r )
Physically, h(rs, @) represents the receive-port(s) response to a unit electric dipole located at rg.

2.2 Discrete Linear Forward Model

Sampling the frequency at @y, k = 1,...,N, yields the set of measurements
8k = /v h(rs, o) - J(rs)d’rs (3)
N
Discretizing the source region into M voxels V,,, m = 1,..., M, and approximating the current density as piecewise constant

within each voxel,
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M
J(rS) ~ Z Jm%m(rs) (9)

m=1
where J,,, is the current density associated with the mth voxel and J,,(rs) is the indicator (basis) function defined as

17 Is € Vma
rs) = 10
Zn(Fs) {0, otherwise, (19)

leads to the linear system

M
g =Y, Him-Jn (11)

m=1

with
Hy, = / h(rs, &) d’rs 12)
Vin
Stacking all measurements yields the linear system

g=HJ 13)

where g € CV is the measurement vector, J € C? is the vectorized source distribution with P = 3M representing the total
number of unknowns (accounting for the three Cartesian components Jy,Jy, and J; of the current density vector in each voxel),
and H € CV*? is the sensing matrix. Each row of the sensing matrix H represents a unique spatial transfer function at a specific
frequency @;. The effectiveness of the reconstruction depends on the mutual coherence of these rows; a frequency-diverse
aperture ensures these rows are sufficiently uncorrelated.

In practical measurement scenarios, the recorded data are corrupted by additive measurement noise. The measurement
model is therefore more accurately represented as

Zmeas = HJ +n (14)

where n € CV denotes an additive noise vector. In the numerical examples presented in this paper, white Gaussian noise is
added to the simulated data to achieve a prescribed signal-to-noise ratio (SNR). Given noisy complex-valued measurements
Emeas, reconstruction is formulated as the regularized inverse problem

J=argmin g —HJ |3+ 2 %) (15)

where Z(J) enforces physically motivated priors such as smoothness, energy constraints, or spatial coherence. In this paper, the
reconstruction of the vector J is carried out using Tikhonov regularization. Owing to the ill-conditioned nature of the sensing
matrix and the presence of measurement noise’>?’, a regularized least-squares approach is employed to ensure a stable and
robust inversion.

This formulation preserves the frequency-diverse measurement philosophy of metamaterial apertures while extending it to
passsive, non-sparse source imaging. The forward model is linear in the source current density and does not rely on scattering
approximations, enabling applications in passive RF imaging, EMI diagnostics, and electromagnetic source reconstruction.

2.3 Phaseless Source Imaging
We now consider the case where only intensity measurements are available. The measured data are

e = laxl? (16)
Using the linear forward model, the measurements satisfy

=D, k=1,...,N (17)
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where h! denotes the k-th row of H.
Active source reconstruction from intensity-only measurements therefore constitutes a quadratic inverse problem of the
form

i = [l J? (18)

which belongs to the class of generalized phase retrieval problems. The solution is unique up to a global phase ¢/?, as
phase-shifted sources produce identical intensity measurements.
We formulate the phaseless reconstruction as a nonlinear regularized optimization problem

N
J=argmin }° (|03 )"+ A% () (19)
k=1

The regularization term may incorporate spatial support constraints, smoothness priors, or energy bounds consistent with
physically admissible current distributions. In the phaseless case, source reconstruction is carried out using a Fienup-type?®
iterative phase retrieval algorithm. Starting from an initial estimate, the algorithm alternates between the measurement and
source domains while enforcing consistency with the measured intensity data. At each iteration, the estimated measurements
are updated to match the measured amplitudes, and the solution is projected back onto the source domain. The procedure
continues until convergence is achieved or a predefined iteration limit is reached.

Frequency diversity of the metamaterial aperture generates a collection of pseudo-orthogonal sensing vectors {h;} across
frequency. When sufficient modal diversity is present and the number of measurements is adequately large relative to the number
of unknowns, the sensing matrix exhibits low mutual coherence, enabling stable recovery of the source distribution up to a
global phase ambiguity. This formulation establishes a rigorous mathematical framework for phaseless passive electromagnetic
source imaging using frequency-diverse metamaterial apertures.

3 Metamaterial Apertures

Metamaterial apertures realize the receive weighting function w(r4, ®) through frequency-dependent electromagnetic mode
diversity. In this work, two metaimagers originally designed for K-band operation (18-26.5 GHz)'* 1622 are redesigned and
numerically simulated for EMC applications within the 0.1-6 GHz band. The geometries used in the original references were
also slightly modified to suit this lower frequency range. These apertures serve as representative frequency-diverse platforms to
validate the proposed imaging framework. The aperture geometry can certainly be further optimized; however, this optimization
is beyond the scope of this study. While many metamaterial apertures in the literature are characterized as transmitting imagers,
they are employed here in a purely receiving mode to measure fields from unknown radiating sources. By electromagnetic
reciprocity, the frequency-dependent radiation patterns produced under excitation correspond to the receive sensitivity patterns.
Under this reciprocal interpretation, the aperture effectively realizes the weighting function w(r,, @) defined in Section 2.

3.1 Parallel-Plate Metaimager with Complementary Metamaterial Apertures

The first metaimager architecture consists of a 1.442 m x 1.442 m parallel-plate waveguide whose top conducting surface
is patterned with a 60 x 60 array of subwavelength resonant metamaterial elements, as shown in Fig. 2. The length of the
capacitive loading in each parallel-plate resonant element is randomly varied, producing a spatially disordered distribution
of resonance frequencies across the aperture. While originally designed for K-band operation, the geometry and operating
parameters have been scaled and adjusted in this work to operate within the 0.1-6 GHz EMC band. One or more feeds are
located on the backplane to excite the guided-wave modes within the structure.

The subwavelength elements act as frequency-dependent radiators that exploit the intrinsic dispersion and resonant behavior
of the complementary elements to generate spatially and spectrally diverse field patterns as the frequency is swept. Under
the principle of electromagnetic reciprocity, these frequency-dependent radiation patterns correspond to frequency-dependent
receive sensitivity patterns (w(r4, ®)), allowing the structure to operate as a single-sensor receiver that encodes spatial source
information into the frequency domain.

Each complementary metamaterial element is modeled as a polarizable dipole characterized by a frequency-dispersive
polarizability tensor

2
Op @O AnT
= , P, (20)
@5 (rs) — @02 — joy

E(I'A, (D)

where p denotes the dipole orientation, @y (r4) is the resonance frequency of the element at location ry, ¥ = @y/20 is
the damping coefficient, and oy scales the dipole strength. The resonance frequencies are randomly distributed across the
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Figure 2. Exploded view of the parallel-plate metaimager with complementary metamaterial apertures, adapted from'?.
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Figure 3. Normalized singular values of the measurement matrix as a function of measurement number for different Q-factors
ranging from 50 to 1000.

bandwidth with a quality factor Q of 750. Each complementary metamaterial element is electrically small (1A /10) over the
operating frequency range, so its response is dominated by the fundamental dipolar mode. Higher-order multipoles can therefore
be neglected, justifying the dipolar polarizability model in Eq. (20).

The suitability of the resulting sensing matrix (H) is evaluated via the Singular Value Decomposition (SVD) of the
measurement modes. As shown in Fig. 3, increasing the Q-factor enhances modal diversity and independence, which stabilizes
the inverse problem. However, a saturation point in diversity is observed for Q-factors beyond approximately 750, indicating an
upper limit to the information gain from increasing resonator sharpness in this specific aperture geometry. According to Fig. 3,
a Q-factor greater than 100 is sufficient for the purpose of source imaging.

The Supplementary Material (SM) further quantifies the modal diversity of the proposed parallel-plate metaimager. Fig.
S1 shows the average mutual coherence, g, as a function of the resonator Q-factor, demonstrating that increasing Q reduces
inter-mode correlation and enhances frequency diversity'#. Fig. S2 presents the normalized singular value spectra of the
sensing matrix for randomly selected frequencies within the 0.1-6 GHz band, confirming strong diversity and comparable
modal richness across frequency samples. Finally, Fig. S3 illustrates the frequency-dependent electric field distributions of the
metaimager, highlighting the spatial diversity of the radiated fields that underpins effective source encoding.

In addition to the resonator Q-factor, the number of feed ports also influences the frequency diversity of the metaimager.
Multiple ports excite different guided-wave modes within the parallel-plate structure, producing more diverse frequency-
dependent field patterns. The SM investigates this effect through mutual-coherence analysis for one to six excitation ports,
showing that additional feeds reduce measurement correlation and enhance frequency diversity.

3.2 Mode-Mixing Cavity Metaimager with Random Aperture Distribution on a Uniform Grid

To achieve high modal diversity in a compact footprint, a second metaimager was designed which employs a 650 x 650 x
180 mm? rectangular PEC cavity filled with a high-permittivity dielectric (&, = 11.2, Rogers RO3010). Enhanced electro-
magnetic mode-mixing is induced by a 140 mm radius spherical corner perturbation and three strategically placed, rotated
dielectric inclusions (&, = 2.2 and 6) of varying dimensions. The front face features a randomized distribution of 6 mm circular
apertures on a uniform square lattice, excited by a single 50 Q coaxial probe positioned to ensure multimode excitation from
0.1 to 6 GHz (Fig. 4). Detailed geometrical parameters, material specifications, and frequency-dependent field distributions are
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Figure 4. CST-MWS model of the cavity metaimager: (a) interior view, (b) exterior view, and (c) coaxial port configuration.
Colored regions denote the dielectric (non-metallic) components inside the cavity.

f=3.5 GHz

10 20 30 40 50 10 20 30 40 50
x (m) x (m)

Figure 5. Normalized electric-field magnitude of the mode-mixing cavity Metaimager (Fig. 4) at (a) 1 GHz, (b) 2.2 GHz, (¢)
3.5 GHz, and (d) 5.9 GHz.

provided in the SM.

The sensing performance is validated through SVD analysis (detailed in Fig. S4 of the Supplementary Material), which
confirms strong modal richness and independence across the operating bandwidth. This frequency-dependent diversity is further
visualized in Fig. 5, where the distinct electric-field distributions (computed at z = 57.5 cm from the aperture and produced
by the system’s excitation source) at 1, 2.2, 3.5, and 5.9 GHz demonstrate the system’s capacity to generate unique, spatially
complex measurement modes. Increasing the number of frequency samples further stabilizes the inverse problem by reducing
mutual coherence, thereby enhancing final reconstruction fidelity.

4 Coherent Source Imaging

In this section, we present imaging results obtained with the metaimagers introduced in Section 3 for two different source
distributions.

Two approaches are employed to construct the sensing matrix H. For the parallel-plate aperture, H is formed analytically
using the dyadic Green’s function together with the modeled frequency-dependent receive weighting function. For the mode-
mixing cavity aperture, the frequency-dependent receive sensitivity patterns are extracted from full-wave simulations carried
out in CST Microwave Studio, and the sensing matrix is assembled numerically from the simulated field distributions.

In a practical implementation, H can be obtained through calibration. A small electrically short dipole probe is sequentially
positioned at each discretized voxel within the imaging region. For each location, the complex transfer function between the
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Figure 6. Reconstruction performance of the proposed source imaging method. (a) Original overlapped Gaussian source;
reconstructed images at (b) 10 dB SNR, (c) 30 dB SNR, and (d) noiseless condition.

Figure 7. Reconstruction performance of the proposed imaging method for Gaussian sources at a reduced height of 0.25 m
(near-field regime). (a) SNR = 10 dB and (b) SNR = 30 dB.

probe (transmit port) and the metamaterial aperture receiver is measured across the operating frequency band using a vector
network analyzer. The measured frequency response forms one column of H. Repeating this process for all voxel locations
yields the complete sensing matrix, inherently capturing full-wave effects, coupling, and losses of the physical system. This
calibration is performed once for a fixed system configuration (aperture geometry, frequency band, and imaging domain). The
resulting H can then be reused for subsequent imaging experiments as long as the system remains unchanged.

Although the theoretical framework supports full vectorial reconstruction of all three Cartesian components of the current
density, the numerical results presented here are limited to a single dominant Cartesian component of J. This restriction reduces
computational complexity and isolates the impact of frequency diversity on reconstruction performance while preserving the
essential physics of the inverse problem.

4.1 Discrete Gaussian Sources Representation with Spatial Overlap

A set of five partially overlapping discrete Gaussian sources is considered to emulate radiation from a PCB, as shown in
Fig. 6(a). The PCB is modeled as a 0.25 x 0.25 m? region containing spatially separated Gaussian emitters, with detailed
geometrical and amplitude distributions provided in Fig. S5. A parallel-plate—based metaimager (parameters given in Section 3)
is used to reconstruct the source distribution. The imaging region spans 0.25 x 0.25 m”. The imaging plane is placed 1 m
from the source, corresponding to the radiative near-field (Fresnel) region over 1-6 GHz, consistent with the adopted scalar
propagation model. The plane is discretized into 32 x 32 pixels.

Reconstruction results are shown in Fig. 6b, ¢ and d. At an SNR of 10 dB, the reconstruction yields an MSE of 1.03 x 1072.
Performance improves at higher SNR: 4.02 x 1073 at 30 dB and 3.88 x 1073 in the noiseless case, where the recovered images
closely match the original distribution. Under practical EMC conditions (typically 15 dB SNR), acceptable performance is
achieved, with an MSE of 6.11 x 1073 (Fig. S6).

The partial interleaving observed between two diagonally separated sources arises from diffraction-limited resolution at
increased imaging distance. As the source-to-aperture distance grows, angular resolution degrades according to the aperture-
limited bound (approximately Ayin /A, where A is the surface of the metamaterial aperture.), leading to overlapping reconstructed
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Figure 8. Reconstructed images of discrete Gaussian sources using the mode-mixing cavity metaimager for different SNRs
and numbers of measurement modes: (a) 10 dB, 500 modes; (b) 30 dB, 500 modes; (c) 10 dB, 1000 modes; (d) 30 dB, 1000
modes.

profiles. To verify this effect, the metaimager—to-PCB distance is reduced to 0.25 m. As shown in Fig. 7, improved spatial
resolution enables clear separation of the Gaussian sources, with MSE values of 5.54 x 1073 at 10 dB and 1.35 x 1073 at 30
dB.

The performance of the proposed mode-mixing cavity metaimager is further evaluated for the same source configuration,
with a source-to-aperture distance of 0.575 m. Frequency diversity over 1-6 GHz is employed using 500 and 1000 uniformly
spaced frequency samples. As shown in Fig. 8(a), reconstruction at an SNR of 10 dB with 500 samples is limited by
measurement noise and insufficient modal diversity. Increasing either the SNR or the number of frequency samples improves
the image quality, consistent with the measurement-matrix analysis in Section 3, as illustrated in Fig. 8(b)—(c). The best
performance is achieved when both parameters are increased simultaneously, as shown in Fig. 8(d).

Although increasing the number of frequency samples enlarges the measurement matrix and computational cost in
simulations, this constraint is less restrictive in practical measurements. Modern vector network analyzers can acquire thousands
of frequency samples within milliseconds, making dense frequency sampling experimentally feasible.

4.2 Simplified Human Face Source Representation

In this example, a simplified human face is used as the source distribution. Although such a distribution is uncommon in
EMC imaging scenarios, it provides a convenient benchmark to evaluate the ability of the proposed method to reconstruct
spatially complex features. Binary patterns with sharp spatial transitions are particularly challenging for coherent imaging
systems, as abrupt discontinuities contain high spatial-frequency components that are difficult to recover under limited or
correlated measurement modes. This example therefore serves to demonstrate the robustness of the proposed frequency-diverse
metamaterial aperture in reconstructing scenes with rapid spatial variations.

First, the parallel-plate metaimager shown in Fig. 2 is considered. In contrast to the previous example, the imaging domain
is 2 0.5 x 0.5 m? located 1 m from the aperture. All structural and electromagnetic parameters remain identical to those
defined in Section 3. The assumed binary face target is shown in Fig. 9(a). Reconstructions obtained using the proposed
frequency-diverse computational imaging approach with 600 to 12,000 frequency samples at a fixed SNR of 10 dB are presented
in Fig. 9(b)—(d). The corresponding MSE values are 1.31 x 107!, 5.23 x 1072, and 4.9 x 102, respectively. Consistent with the
analysis in Section 3, increasing the number of frequency samples reduces the reconstruction error, confirming that additional
frequency-diverse measurements significantly enhance imaging performance.

Fig. 10 presents reconstructions of the same face-shaped source obtained using the mode-mixing cavity metaimager shown
in Fig. 4, assuming an SNR of 30 dB. The numbers of frequency samples are 500 and 1000 in Fig. 10(a) and (b), respectively.
As predicted by the frequency-diversity imaging framework and the conditioning trends discussed in Section 3, increasing the
number of frequency samples improves reconstruction quality. In this case, the imaging domain is a 0.65 x 0.65 m? square
region. It should be noted that both metaimagers achieve reliable reconstruction performance across the tested scenarios. Their
slight differences in behavior arise from the inherent characteristics of their respective architectures.
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Figure 10. Reconstructed face-shaped source using the mode-mixing cavity metaimager at SNR = 30 dB. (a) 500 frequency
samples, (b) 1000 frequency samples.

5 Phaseless Source Imaging

Due to the practical challenges associated with accurate phase measurements in source reconstruction, a phaseless imaging
strategy is advantageous. The computational imaging methodology previously introduced in>>2? for antenna radiation imaging
is thus extended here to electromagnetic source reconstruction in the EMC context.

Phaseless inversion belongs to the class of generalized phase retrieval problems, which are inherently non-convex and
uniquely recoverable only up to a global phase factor?”-3?. Stable reconstruction generally requires the number of independent
measurement modes to exceed by several times the number of unknown parameters, particularly in the absence of sparsity or
additional structural priors.

Although the forward model derived in Section 2 is complex-valued, the phaseless measurements consist of real-valued
intensity-only data. Accordingly, the inverse problem is reformulated to accommodate this quadratic measurement model.
Compared with coherent imaging, phaseless reconstruction requires a larger number of frequency samples to ensure stability.
The source plane is discretized into 1024 pixels (32 x 32), and only the parallel-plate metamaterial aperture (metaimager) is
employed to generate frequency-diverse measurement modes.

For the discrete Gaussian example, Figs. 11(a)—(b) show the real and imaginary parts of the true complex source distribution
(full specification provided in Fig. S7). The metaimager parameters follow Section 3. The reconstructed real and imaginary
components at an SNR of 20 dB are presented in Figs. 11(c)—(d), yielding an MSE of 3.82 x 10~! for the complex source.
Under noiseless conditions, shown in Figs. 11(e)—(f), the MSE decreases to 1.09 x 10°L

To further assess performance, the simplified human-face distribution is considered. Figs. 12(a)—(b) illustrate the real and
imaginary components of the complex source. The imaging plane is resized to match the physical dimensions of the face model,
with a 1 m separation between the metaimager aperture and the source plane. Using intensity-only measurements at an SNR of
30 dB, the reconstructed real and imaginary parts (Figs. 12(c)—(d)) result in an MSE of 2.76 x 10~L. In the noiseless case, the
reconstruction error reduces to 2.18 x 107!

The higher reconstruction error observed in the phaseless case, relative to coherent inversion, arises from the quadratic
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Figure 11. Discrete Gaussian source distribution and phaseless reconstruction results. (a)—(b) Real and imaginary parts of the
original source distribution. (c)—(d) Reconstructed real and imaginary parts at SNR = 20 dB. (e)—(f) Reconstructed real and
imaginary parts under noiseless conditions.

nonlinearity of the intensity-only measurement model. Unlike the linear coherent formulation, phase retrieval involves solving
a non-convex optimization problem that is more sensitive to noise, initialization, and model mismatch. Moreover, the absence
of direct phase information reduces the effective information content per measurement, thereby increasing the required
measurement diversity for stable recovery.

6 Conclusion

This paper extends frequency-diverse metamaterial-based computational imaging to passive electromagnetic source recon-
struction in the EMC frequency band. In contrast to earlier systems based on active illumination and coherent phase-resolved
measurements, the proposed framework enables single-shot, single-sensor imaging of unknown radiating sources.

A rigorous forward model was developed to relate volumetric current distributions to frequency-dependent measurements
through an effective receive weighting function. Two metamaterial apertures (a parallel-plate metasurface and a mode-mixing
cavity) were redesigned and numerically validated at EMC-relevant frequencies. Measurement-matrix analysis verified adequate
modal diversity and conditioning for stable inversion.

Numerical simulations demonstrated accurate reconstruction of overlapping Gaussian and complex source distributions
under realistic EMC noise conditions. The influence of Q-factor, frequency sampling density, measurement diversity, and
imaging distance on reconstruction accuracy was systematically evaluated. Phaseless imaging was shown to be feasible, though
it requires a larger number of independent measurement modes and exhibits increased reconstruction error compared to coherent
imaging.

Despite the promising numerical results, several limitations should be acknowledged. First, phaseless reconstruction requires
a substantially larger number of independent frequency samples compared to coherent imaging. Second, the computational
burden increases rapidly with the number of unknowns, which may limit scalability for high-resolution imaging domains. Third,
accurate calibration of the frequency-dependent aperture response is essential for experimental implementation.

Overall, the results demonstrate that frequency-diverse metamaterial apertures offer a hardware-efficient alternative to
conventional scanning-based EMC diagnostics, enabling reduced mechanical complexity, rapid acquisition, and compatibility
with intensity-only measurements. This framework establishes a foundation for cost-effective passive RF imaging, EMI
localization, and spectrum-monitoring applications in constrained measurement environments.

Future work will focus on experimental validation and optimized aperture design to reduce measurement redundancy and
improve robustness.
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Figure 12. Performance evaluation of the proposed phaseless source imaging method: (a)—(b) original complex source
distribution; (c)—(d) reconstruction at 30 dB SNR; (e)—(f) reconstruction under noiseless conditions.
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