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Abstract

Conventional magnetic particle imaging (MPI) relies on high-gradient selection fields to create field-free point
(FFP) or field-free line (FFL) for spatial encoding; however, these fields require high power and limit scalability. We
present a field free region-less (FFR-less), fully stationary MPI configuration that achieves 3-D spatial encoding
without mechanical motion. The system integrates a single excitation field with a multi-receiver coil array, providing
coverage of a 100 x 100 x 50 mm? (extendable) field of view. Simulation results confirm nanoparticle localization
without selection fields or motion, demonstrating a compact, power-efficient, and scalable path toward human-

scale MPI.

. Introduction

Magnetic particle imaging (MPI) visualizes the distribu-
tion of superparamagnetic iron oxide nanoparticles (SPI-
ONs) through their nonlinear magnetization response
under oscillating magnetic fields [1]. Several MPI geome-
tries have been developed, including closed-bore, open-
sided, and single-sided configurations [2-4], along with
various reconstruction approaches [5], with increasing
focus on and research is now progressing toward human-
scale MPI systems [6].

Conventional MPI relies on strong magnetic field gra-
dients to define field-free regions (FFP or FFL) for spatial
encoding [5]. Although effective at small scale, such de-
signs are power-intensive and mechanically complex,
limiting scalability to clinical applications. In addition,
high magnetic field amplitudes and frequencies are lim-
ited by peripheral nerve stimulation (PNS) and specific
absorption rate (SAR) constraints [7]. To overcome these
challenges, a breakthrough alternative is required to ad-
vance MPI toward human-scale applications. Recently,
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several studies have explored gradient-free or FFR-less
concepts [8], [9], [10], however, these approaches still rely
on mechanical motion, provide partial (1D/2D) spatial
encoding, or restricted field of view (FOV), complicating
reconstruction and scaling. In this work, we present a
multi-receiver coil array-based MPI configuration that
achieves spatial encoding using a single cylindrical ex-
citation coil. The inherent decay of the excitation field
amplitude with depth combined with amplitude mod-
ulation and a gradiometric pancake receiver array en-
ables 3D localization based on multi-channel magnetic
nanoparticles (MNPs) signal profiles effectively removing
the need for a selection field or mechanical motion. The
proposed system was modeled and simulated to validate
the feasibility and performance.

Il. Methods and materials

The proposed system consists of a single cylindrical exci-
tation coil generating an oscillating magnetic field along
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Figure 1: Schematic of the proposed multi-receiver coil ar-
ray-based MPI system showing excitation, receive and cancel-
lation coils with the defined FOV.

Table 1: Design parameters of the proposed multi-receive
coil-based MPI system.

Parameter Receive | Cancellation | Excitation
/coil coil coil coil
Inner Radius 13 mm 13 mm 70 mm
Outer Radius 19 mm 19 mm 90 mm
Height 2mm 2mm 150 mm
Turns 50 50 120
Layers 1 1 3
Resistance 3.20Q 3.19Q 1.96 Q2
(Average)

the z-axis and an array of planar receiver coils arranged
in the horizontal plane. Each receiver coil is paired with
a cancellation coil to form a differential gradiometer that
minimizes feed-through interference and ambient noise,
a topology successfully validated in our prior hardware
prototypes [11]. The overall configuration is shown in
Figure 1. The receiver array covers a 100 x 100 x 50 mm?
FOV. The excitation coil operates at 25 kHz with a 20 Hz
amplitude modulation, and key system parameters are
summarized in Table 1.

Magnetic field distributions and receiver sensitivity
profiles were simulated using COMSOL Multiphysics
(COMSOL, AB, Stockholm, Sweden) using AC/DC Mod-
ule with steady-state and frequency-domain studies. The
simulated data were exported to MATLAB (MathWorks,
Inc., Natick, MA, USA) for signal generation and spa-
tial encoding. SPION magnetization was modeled using
the Langevin function, with parameters consistent with
Synomag-D nanoparticles (micromod Partikeltechnolo-
gie GmbH, Germany; PEG 25,000-OME, 50 nm; c(Fe) =30
mg/mL). Spatial encoding in the x-y plane was achieved
by combining multi-channel receive signals into a system
matrix, reconstructed using a regularized Kaczmarz algo-
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Figure 2: (a) Arc length along the z axis within the FOV; (b)
simulated (blue line) and measured (red boxes) magnetic field
magnitude along the arc length.
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Figure 3: Simulated 2D phantoms and normalized recon-
structed images in a 100 x 100 mm? FOV: (a) MNPs sample
at mid-right and (b) MNPs sample at upper-right positions.

rithm. Z-axis encoding was realized through excitation-
field decay and amplitude modulation, generating depth-
dependent harmonic signatures. Practical effects such as
mutual coupling and coil misalignment will be addressed
via time-multiplexed readout and calibration-based sys-
tem matrix measurement. High-moment, fast-relaxing
MNPs with rich harmonic spectra, with optimized size
distribution can further improve SNR and spatial encod-
ing accuracy [12].

I1l. Results

The reconstruction algorithm was evaluated by localize
MNPs at various positions within the FOV. The 2D spatial
encoding results for the x—y plane are shown in Figure 3.
The excitation magnetic field naturally decays with depth
as illustrated in Figure 2, was combined with amplitude
modulation to generate distinct harmonic responses in
the received signals.

For varying z-axis positions, depth-dependent har-
monic spectra were generated using the 1st-5th harmon-
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Figure 4: Simulated phantoms and reconstructed images in a
50 x 100 mm? FOV, varying z-axis position: MNPs sample at (a)
x=0mm, z=18 mm and (b) x =0 mm, z = 35 mm.

ics during calibration and reconstruction. Reconstructed
images of two phantoms at different depths are shown in
Figure 4, demonstrating volumetric imaging capability.

The results confirm that receiver sensitivity patterns
across the 3x3 coil array, enabling precise x-y spatial en-
coding, while the amplitude-modulated excitation field
provides harmonic-based z-axis encoding.

Compared with conventional gradient-based FFR
MP], proposed configuration achieves fully stationary 3D
spatial encoding without selection fields or mechanical
motion, significantly simplifying the hardware architec-
ture while maintaining localization accuracy.

IV. Conclusion

A multi-receiver coil array-based MPI configuration with-
out selection field was designed and evaluated through
simulations. By combining receiver-array sensitivity
with amplitude-modulated excitation, the proposed ap-
proach enables fully stationary 3D localization of MNPs
without FFRs or mechanical motion. The results vali-
date the feasibility of this FFR-free approach, indicating
a compact, energy-efficient, and scalable path toward
human-scale MPI. Future work will involve prototype
development and experimental verification.
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