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Abstract—This work presents a broadband inverted microstrip

line (IMSL) as a microwave probe for electron paramagnetic res-
onance (EPR) spectroscopy, a technique used to detect unpaired
electron spins in biological and chemical samples. The IMSL
geometry enables sample placement in the most homogeneous
region of the microwave magnetic field, overcoming limitations
of standard coplanar waveguide (CPW) and microstrip line
(MSL) probes. Simulated and measured S-parameters confirm
broadband operation up to 67 GHz. Improved field homogeneity
relative to MSLs is demonstrated by a reduced coefficient of
variation of the simulated magnetic field and by EPR mea-
surements showing signal amplitudes independent of sample
orientation. The IMSL geometry offers a compact microwave
probe with straightforward fabrication for broadband EPR
sensing in biological and healthcare applications.

Index Terms—Electron paramagnetic resonance (EPR),
inverted microstrip line (IMSL), magnetic-field homogeneity,
transmission line (TL).

I. INTRODUCTION

MAGNETIC resonance spectroscopy is a powerful,
noninvasive technique for studying molecular structure

and dynamics of biological and chemical samples. A
subcategory, electron paramagnetic resonance (EPR), enables
the study of paramagnetic systems containing unpaired
electrons [1]. In biomedical applications, EPR is used, for
example, in protein studies, cancer diagnostics, and oxygen
monitoring [2], [3], [4].

A fundamental property of the electron is its magnetic
moment, which arises from its intrinsic spin. Due to the two
possible spin states of the electron (S = ±1/2), the energies
split into two levels in an external magnetic-field B0

E±1/2 = ±1
2

gµBB0 (1)

known as the electronic Zeeman levels, where g is the g-factor,
and µB is the Bohr magneton. Transitions between these levels
occur when the Zeeman splitting matches the photon energy
of an applied microwave radiation

∆E = gµBB0 = h f0 (2)

and when the oscillating magnetic field of that microwave
radiation, ~B1, is oriented perpendicular to B0. At resonance,
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energy is absorbed by the sample and detected as a peak in
the EPR spectrum [1]. In this work, this resonance condition
serves as the basis for signal detection, while the focus is on
the experimental implementation rather than on the analysis
of spin energy levels.

In real systems, interactions of the unpaired electron with
nearby nuclear or electron spins can give rise to multiple
absorption peaks in the EPR spectrum. Measurements at
multiple frequencies can provide additional insight into these
transitions. While conventional EPR experiments employ res-
onators operating at fixed frequencies [5], transmission lines
(TLs) enable measurements over a wide frequency range,
in this work up to 67 GHz, thereby facilitating frequency-
resolved EPR measurements [6].

Several broadband EPR probes based on coplanar waveg-
uides (CPW) or microstrip lines (MSL) demonstrate this
capability [7], [8], [9]. For continuous-wave EPR, maxi-
mizing ~B1 is often the main objective because it increases
the detectable signal amplitude. However, for quantitative or
pulsed EPR, ~B1 homogeneity becomes equally critical. Field
inhomogeneities cause errors in spin counting [10], inaccurate
relaxation times [11], or nonuniform flip angles in pulsed EPR
[12].

Because the magnetic field above CPW and MSL struc-
tures is strongly inhomogeneous, we propose an inverted
MSL (IMSL) geometry. Although IMSL structures have found
applications in tunable liquid–crystal (LC) devices [13], [14],
imaging resonators [15], and gap-waveguide systems [16],
their use for EPR has not been explored in detail. Here,
we demonstrate that an IMSL can be employed to realize
a broadband EPR probe with improved ~B1 homogeneity. In
the remainder of this work, the microwave magnetic field is
evaluated in terms of ~H1, as ~B1 is proportional to ~H1 for
magnetically linear materials with spatially uniform µr [17].

II. DESIGN AND FIELD DISTRIBUTION OF THE IMSL
Fig. 1(a) illustrates the IMSL cross section in the xy

plane, where w denotes the signal width. The substrate is
characterized by its height h and dielectric constant εr. In
this configuration, the signal conductor is placed beneath the
substrate, while the ground plane is separated by an air-
gap hG. Fig. 2 shows the simulated microwave magnetic-field
lines of ~H1 for the IMSL at f0 = 34.8 GHz. The external
magnetic-field B0 is applied along the y-axis, such that only
the H1,x component contributes to the EPR excitation. As a
reference, the magnetic-field lines of an MSL are also shown,
and Fig. 1(b) illustrates its cross section. The IMSL enables
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Fig. 1. Cross sections of (a) IMSL and (b) MSL in the xy plane. As the
EPR sample, a DPPH-coated (highlighted in black) copy paper is used. The
shown position corresponds to the reference sample position in the EPR
measurements shown in Fig. 7.

Fig. 2. Simulated magnetic-field lines of the IMSL and the RO4003C-based
MSL at f0 = 34.8 GHz. The size of the arrows scales with the field strength.

sample placement in a homogeneous region of ~H1 between
the signal (S) and ground (G) plane, due to the field being
confined between the conductors, which is not accessible in
the MSL. The accessible region above the MSL exhibits a
more inhomogeneous field distribution.

As the field homogeneity is primarily determined by the
TL geometry, the IMSL is optimized to achieve a high field
strength, since this leads to a stronger EPR signal. The IMSL
prototype is designed to have an air gap of hG = 200 µm,
which represents a compromise between sample accessibility
and magnetic-field strength. The signal conductor has a width
of w = 925 µm, and the microwave substrate is Rogers
RO4003C (εr = 3.43, h = 200 µm), resulting in Z0 = 50 Ω.
The magnetic field is mainly determined by the region between
the signal line and ground plane, so the substrate material
has only a minor influence on the overall ~H1 strength, in
contrast to the MSL. Simulations show that increasing the
dielectric constant slightly enhances ~H1, but the effect is small.
Consequently, RO4003C is selected over alumina due to its
easier handling and lower fabrication complexity. The probe
is designed for an operational bandwidth of up to 67 GHz.

The IMSL design consists of four separate pieces: two
coaxial connector-to-MSL transitions, the MSL-IMSL transi-
tion, and the copper ground plate (thickness 200 µm), which
also provides mechanical stability. Compared to MSL and
CPW, the transition from the connector to the IMSL is more
challenging, since the substrate needs to be flipped while the
position of the conductors is not changed. The cross section
of the different transitions in the yz plane is shown in Fig. 3.
The connector-to-MSL transition follows the design guidelines
as described in our previous work [18]. The connectors are
mounted on a GSG pad, which is transformed into an MSL
by tapering the ground pads that are gradually terminated. To

Fig. 3. Cross section of the IMSL in the yz plane illustrating the transition
from the connector to the MSL and further to the IMSL.

realize the MSL-IMSL transition, the substrate height of the
MSL is intentionally chosen to match the air-gap size, allowing
the MSL substrate to transition naturally into the air region of
the IMSL. This design ensures a seamless mechanical and
electromagnetic continuation between both regions without
additional support or height correction. The MSL-IMSL tran-
sition spans 4 mm, with the MSL width (wMSL = 410 µm)
tapered to the IMSL width (w = 925 µm) for a smooth
impedance profile. The transition concept is inspired by [14],
employing a different transition geometry and an adaptation of
the dimensions for EPR rather than LC applications. The fully
assembled IMSL probe is shown in Fig. 4(a). The IMSL is
mounted above the MSL using four screws per side. Applying
soldering paste at the transition is also tested but shows no
measurable improvement in the transmission coefficient S 21.
Fig. 4(b) presents the unfolded IMSL, where the upper part
displays the mounted connector-to-MSL transitions on the
ground plane, and the lower part shows the MSL-to-IMSL
transition. The complete probe, without connectors, measures
28×12.8 mm. For comparison, the IMSL is evaluated against
two MSL reference probes. Photographs of the two fabricated
MSL probes are shown in Fig. 4(c) and (d). To provide a
meaningful comparison, each MSL design serves a distinct
purpose.

1) A RO4003C-based MSL (h = 200 µm, w = 440 µm,
Z0 = 50 Ω), which serves as a direct counterpart to the
IMSL on the same substrate.

2) An alumina-based MSL (εr = 9.9, h = 250 µm,
w = 235 µm) serves as a comparison to a higher
performing conventional design, as a higher εr leads to
a stronger microwave magnetic field [18], independent
of the specific field component.

Both MSLs have dimensions 17.8 × 12.8 mm.

III. EXPERIMENTAL RESULTS

The simulated and measured transmission coefficient S 21
of the IMSL are shown in Fig. 5. The simulation includes a
connector offset of 100 µm and a metal surface roughness of
2 µm. Overall, the simulated and measured responses follow
the same general trend. The measurement, however, exhibits
slightly higher insertion losses and shows two additional dips
near 12 and 29 GHz, which are attributed to assembly related
tolerances (e.g., air-gap height and alignment variations).
These effects primarily influence the transmission efficiency
rather than the underlying ~H1 field distribution in the sample
region and are therefore not expected to significantly affect
the EPR response within the narrow resonance bandwidth.
Fig. 5 also shows the measured S 21 results for both MSL
structures. The slightly higher insertion loss of the IMSL,
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Fig. 4. Photograph of the fabricated TLs. The IMSL is shown in (a) as the
fully assembled structure and (b) in its unfolded configuration. The MSL is
fabricated on two different substrates (c) alumina and (d) RO4003C.

Fig. 5. Measured and simulated transmission coefficient of the IMSL and
measured transmission coefficient of both MSL designs.

compared with the RO4003C-based MSL, is mainly due to
the longer structure and additional transitions. For frequencies
higher than approximately 45 GHz, the IMSL exhibits a
lower insertion loss than the alumina-based MSL, as high-
permittivity substrates are more susceptible to substrate-mode
excitation, resulting in increased losses [17].

EPR measurements are performed using the setup shown in
Fig. 6. A detailed description of the measurement procedure
is provided in [18] and is briefly revisited here to outline the
main operating principle. A microwave signal of frequency f0
is fed into the TL probe, which is positioned inside a custom-
built, 3-D-printed Helmholtz modulation coil placed within an
electromagnet. As described above, the external magnetic-field
B0 is oriented along the y-axis. The structures are positioned
on their edge such that the H1,x component is perpendicular
to B0. The lock-in amplifier drives the modulation coils at
a frequency fm and amplitude Bm, generating a sinusoidal
modulation of the magnetic field. This modulation causes a
corresponding modulation of the EPR absorption. The detector
demodulates this signal, while the lock-in amplifier down-
converts it to direct current and filters it with a time constant τ.
The final EPR signal is measured as a voltage. The input power
P0 = 4.2 dBm is calibrated up to the input of the microwave
probe, and the remaining parameters are fm = 20 kHz,
Bm = 60 µT, and τ = 70 ms.

The test sample consists of a strip of standard 80-g/m2

copy paper with a thickness of approximately 100 µm, which
is soaked in a 2,2-diphenyl-1-picrylhydrazyl (DPPH) acetone
solution following [9]. The thin paper acts as the supporting
base, while DPPH is the EPR-active material and exhibits a
single EPR resonance line. It is a standard radical used in EPR
[5]. After soaking, the paper remains in the vessel while the
acetone evaporates, leaving a thin DPPH film on its surface.
During drying, the side of the paper in contact with the bottom
of the vessel becomes only lightly coated, while the opposite

Fig. 6. Broadband EPR measurement setup consisting of commercial mea-
surement instruments and the designed TL microwave probes [18].

Fig. 7. (a) Photograph of the IMSL (1), inside the modulation coil (2),
and between the poles of the electromagnet (3). EPR measurements for
both sample orientations using (b) IMSL, (c) RO4003C-based MSL, and
(d) alumina-based MSL. The reference orientation corresponds to the DPPH-
coated side facing the signal line (see Fig. 1).

side develops a homogeneous DPPH layer. The coated side
is easily identifiable, as DPPH forms a dark purple, almost
black film, whereas the opposite side appears much lighter.
The prepared DPPH strip has dimensions 2.5 × 12.8 mm,
matching the width of the TL structures.

This sample design enables a straightforward test of ~H1
homogeneity. If the TL probe produces a homogeneous ~H1
field across the sample region, the EPR signal amplitude
should be independent of the sample orientation, for example,
which side of the sample faces the signal line. To evaluate
this, the sample is measured in two orientations: first with the
DPPH-rich side facing the signal line (illustrated in Fig. 1),
and then flipped so that this side faces the ground plane.

Fig. 7 compares representative EPR results obtained at an
external magnetic-field strength of B0 = 1.241 T with swept
microwave frequency. For DPPH (g = 2.0037 [1]), (2) gives a
resonance frequency of f0 = 34.8 GHz at this field, where all
shown EPR spectra exhibit a peak at this expected frequency.
As a result of the magnetic-field modulation, the measured
signal represents the derivative of the absorption spectrum
and exhibits the expected single-line shape of DPPH [1], [5].
For the IMSL, the spectra of both sample orientations are
nearly identical, confirming a uniform ~H1 across the sample.
In contrast, both MSLs show a significant reduction in peak-
to-peak amplitude when flipped, especially the alumina-based
MSL, consistent with its stronger field confinement. These
results demonstrate that the IMSL provides a more uniform
~H1 distribution across the sample region compared to both
MSL reference structures.
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Based on simulation results, the IMSL yields a coefficient
of variation (standard deviation divided by mean) of 17% in
H1,x, compared to 41% for the MSL, quantitatively confirming
the improved field homogeneity of the IMSL. This evaluation
considers only values within 80% of the respective maximum
magnetic-field amplitude (IMSL: 270 A/m, MSL: 317 A/m).

IV. DISCUSSION AND CONCLUSION

This work demonstrates that an IMSL can be employed
as a broadband EPR probe providing improved microwave
magnetic-field homogeneity compared to conventional MSL
structures, as confirmed by electromagnetic simulations and
orientation-dependent EPR measurements.

An alternative approach to improving field homogeneity
employs MSL probes with an etched substrate cavity [9].
While this design enables access to a more uniform field
region within the dielectric, it requires lithographic fabrication
and access to specialized facilities. In contrast, the IMSL
achieves comparable field uniformity without such demanding
manufacturing steps.

The presented results establish the IMSL as a compact
microwave probe suitable for homogeneous, broadband EPR
sensing in biological and healthcare applications, while main-
taining a straightforward assembly and implementation.
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