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We present a compact tuned magnetic resonance detector that merges the conductor topology of a but-
terfly coil with that of a stripline, thereby increasing the magnetic field intensity B1 per unit current,
which increases the detection signal-to-noise ratio for mass-limited samples by a factor of 2. The s-
parameter measurements further reveal improved radiofrequency shielding through the suppression of
B1 outside the coil when operated within an array of similar detectors. Simulations additionally show
a sharper B1 fall-off for the butterfly stripline outside the sensitive sample region. Our design is compat-
ible with 2D planar manufacturing procedures, such as printed circuit board technology, and surface
micromachining.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

NMR is a robust tool for informative biochemical analysis cov-
ering a broad range of applications, such as drug screening, protein
folding, or discovery of natural byproducts [4,12,14]. In recent
years, there has been an increasing interest in hardware design
for high throughput NMR, especially for parallel coil arrays
[3,7,21]. Obtaining spectra simultaneously from a large number
of individual receive elements requires a highly isolated detection
environment. Another key requirement is to enhance the sensitiv-
ity in the region of interest, which nudges research towards finding
micro coils with a high-quality factor Q.

Hence, seeking the best coil topology to implement in a coil
array has brought our attention to stripline-based coils [16] and
microslot detectors [8], due to their high sensitivity and their
inherited RF shielding. The microslot detector was developed by
Maguire et al. [8], which scaled down the sample volume to sub-
millimeter dimensions, i.e., by more than a factor of 3,500 com-
pared to a conventional 5 mm sample tube. The planar structure
of the stripline makes it a strong candidate for many applications,
such as in situ electrochemical NMR [19], in-line chemical reaction
monitoring [20], geometrically-differential NMR detection [16], or
net-phase flow NMR [17]. Additionally, the dual-layer construc-
tion, in which one layer is a ground plane, offers a high degree
of RF shielding, making it ideal for MR high-throughput arrays.
Previous publications [1,18] have shown that an electrically highly
isolated coil array allows for less signal coupling, removing the
need for complex decoupling schemes involving low-impedance
preamplifier front-ends [15].

Minute sample quantities, such as individual biological cell
clusters, precious biopsies, or bio-active materials which cannot
be obtained in large quantities, require a refined mass-limited
regime where spins of the sample can be detected with sufficient
SNR by the MR sensor. Utilizing a micro-coil combined with a
microchannel [10] is one of the solutions for such applications with
very low detection limits. Unlike the typical solenoid coils, the stri-
pline is restricted to one loop structure, which limits its sensitivity.
Another shortcoming of stripline coils is their intrinsically low
inductance, requiring larger capacitance to form a resonating cir-
cuit, which makes it difficult to integrate with CMOS-based recei-
vers for low-field magnets.

This paper presents a new stripline design that produces a
stronger and more concentrated RF field through a unique
butterfly-shaped strip. It improves upon the SNR of a regular stri-
pline when targeting mass-limited samples, which otherwise
would result in a low sample filling factor. The presented design
improves B1 shielding, and achieves B1 suppression outside the
detection region of the stripline, while boosting the detector’s
sensitivity.

2. Resonator design

Based on Bart et al. [2], the geometric parameters of the
regular stripline (RS) have been optimized to achieve the best MR
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performance. Particularly, the SNR is found to reach an optimum
when the aspect ratio (the ratio of the length of the sensitive part
to its width) is 5. Moreover, it is widely accepted that unwanted
spectral spreading mainly originates from magnetic susceptibility
jumps at material interfaces crossing the direction of the B0 field.
That is one reasonwhy saddle coils are preferable to solenoidal coils
in high-resolution applications. Therefore, we retain the sandwich
structure of a regular stripline, with an aspect ratio of 5, to achieve
an optimal SNR, and to avoid the effects of susceptibility artifacts.

Fig. 1 shows the transformation of a regular stripline into a but-
terfly stripline, for which the center sensitive conductor stripe was
replaced by two identical and parallel loop coils, denoted by L1 and
L2. Both coils carry the same current, and their layout allows the
currents to flow oppositely, resulting in a B1 field perpendicular
to the B0 experienced by the sample. The ground plane, besides
providing RF shielding, helps to homogenize the B1 field in the
region of interest. The contribution of the butterfly stripline is to
reach beyond the sensitivity limits of the conventional stripline,
by allowing to add as many loops as practicable, as long as the
self-resonance frequency is maintained sufficiently high.

The signal-to-noise ratio (SNR) after a 90� pulse is a measure of
the quality of the RF detector as stated by Hoult and Richards [5] in
what is known as the principle of reciprocity. It is given by [13]
SNR ¼ jB1 j
i
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In Eq. 1, jB1j=i is the magnetic field per unit current i at the Lar-
mor spin precession frequency x0; k0 is a constant to account for
the B1 inhomogeneity, while Vnoise is the noise voltage associated
with the signal and is mainly dependent on the coil’s resistance
at the Larmor frequency, msN represents the number of spins
involved, I is the spin quantum number, and kB and �h are the Boltz-
mann and Planck constants. Assuming a uniformly filled sample in
the coil, as well as a homogeneous B1, the SNR and coil’s signal
detection quality, by definition, is then defined by the coil’s field
per unit current per square root of its resistance.

In light of Eq. 1, one can comprehend the superior sensitivity of
the proposed butterfly coil by referring to Fig. S1, see ‘‘Supplemen-
tary material”, which illustrates its considerably higher current
density compared to the regular stripline when the same current
Fig. 1. The regular and butterfly stripline coils possess a ground plane for RF shield
parameterized by the trace width w and separation between traces s ¼ w=2 for the simul
stripline design schematically illustrates the B1 field streamlines and important geomet
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flows in both coils. It results from the small cross-section of the
wires, leading to a stronger B1 field in the sample region.
2.1. FEM simulation

To find a suitable butterfly stripline geometry, we parameter-
ized the dimension of the butterfly stripline, as shown in Fig. 1b.
The design parameters that define the coil are the trace width w
and the space s between traces. Parameters are swept to reason-
able values while avoiding the merging of copper traces. The sep-
aration between the stripline and ground plane is fixed to a
uniform distance of 500 lm. Electromagnetic simulations are per-
formed with a commercial finite element package (COMSOL Multi-
physics 5.4, RF modules, COMSOL AB, Sweden) to reveal their
performance for the excitation efficiency, and to achieve the esti-
mated MR response. Each component in the simulation model is
a three-layer stacked structure comprising two metal planes (stri-
pline and ground), sandwiching a sample-carrying capillary. Each
coil is excited at a uniform lumped port with an input current of
1A.

Fig. 2a and Fig. 2b display normalized contour plots of the sim-
ulated B1 map over the central cross-section of the coil for the reg-
ular and butterfly stripline. The results indicate that the B1 at the
region of interest of the butterfly stripline is 7� that of the regular
stripline, which is significantly higher due to the higher current
density in its wires and the confinement of its RF field. The B1

intensity below the sensitive section decays at the same rate for
both coil structures along the vertical z-direction, as seen from
the 2% B1 iso-lines (yellow), also the field above the ground plane
in both cases is almost negligible. Furthermore, the iso-line at the
edge of the butterfly stripline is much narrower than that of the
regular stripline, highlighting its superior field shielding and field
concentration at the position of the sample. The result can be
explained by the cancellation of the field generated from the center
and outer loops of the butterfly structure in which the counter-
currents ensure less field leaking from the edges. Based on a mod-
ified Wheeler formula [11] for planar spiral coils, the inductance
increases quadratically with the number of windings, thus achiev-
ing stronger RF fields by adding more windings. For comparison,
we simulated a single-loop and a double-loop butterfly stripline
as depicted in Fig. 2c, which indicates how the B1 field in the sen-
sitive area is positively correlated with the number of turns. Also as
ing and produce their B1 field perpendicular to the B0-direction. The coils are
ation results in Figs. 2 and 3. (a) Layout of a regular stripline. (b) The new butterfly-
rical parameters.



Fig. 2. Cross-sectional RF field plot at the center of (a) a regular, and (b) a butterfly-
stripline coil. (c) B1 field plots comparing a single and a two-loop butterfly stripline
coil at the center cross section (frequency: 45 MHz).

Fig. 4. (a) The schematic assembly of a butterfly device starts with a top stripline, a
PMMA spacer, a flat capillary, and a bottom ground plate. (b) The photo depicts a
double-loop butterfly stripline, with 200 lm wide copper tracks, and a 100 lm gap
separating the conductor stripes. The two upper vias shown in the photo are used to
connect the stripline to the bottom ground plate. All units are in [mm].
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indicated in Fig. S2, we found that a higher B1 strength can also be
attained by reducing the dimension of the looped coils. We further
calculated the SNR based on the simulation data, as seen in
Table S1, showing a maximum SNR enhancement of more than
2:76�.

An ideal stripline coil should only produce a concentrated mag-
netic field in the sensitive central region of the strip (the narrow
part) and a negligible field at both lateral edges. One important
motivation is that the lateral B1 field could overlap with undesired
Fig. 3. (a) Simulation of the B1 distribution along a regular (blue) and butterfly (orang
stripline. (b) Averaged MR spectrum (10 scans) from a sample located at the pad for a re
sample outside the sensitive region.

3

sample regions, where the B0 field’s homogeneity might be com-
promised, and thus would result in an unwanted tail in the NMR
spectrum. Furthermore, the stripline pads are usually connected
closely to a tank circuit to avoid the large parasitic inductance from
the extension traces, which is comparable to the inductance of the
narrow part of stripline coil. Thus increasing the inductance of the
stripline relaxes this constraint and renders the effect of parasitic
inductance negligible. Ideally, the sample should only overlap with
the strip, but for facile sample handling it would be better to deli-
ver the sample through a long channel to minimize susceptibility
e) stripline. The butterfly stripline has a 7-fold higher B1 compared to the regular
gular stripline, and a butterfly coil. The latter exhibits a stronger suppression of the



Fig. 5. 1H Nutation curves of a two-looped butterfly stripline coil (red) and a regular
stripline coil (blue). Both coils have the same geometrical footprint, and are excited
with 1 W.
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artifacts resulting from the sample-to-air interface. For this pur-
pose, we simulated the B1 field in the sample region of both coils
along the y-axis, as shown in Fig. 3a.The butterfly-stripline exhi-
bits, as depicted, a sharper decay of the B1 field towards the wider
part of the coil, resulting in a lower contribution of this part of the
sample to the MR signal. The superior advantage of the butterfly
coil in suppressing the sample excitation outside the sensitive
region was verified experimentally, as illustrated in Fig. 3b, by
comparing the sensitivity of the two coils to a 1 lL H2O sample
placed at the stripline pad, while exciting both coils at 90� flip
angle. SNR is reduced from 15.6 to 9.
Fig. 6. (a) Coupling coefficients for two regular stripline coils resonating at 45MHz, for
�12.25 dB to �30.65 dB, and side-by-side distances from 2.5 cm to 5 cm, with a corresp
butterfly stripline coils resonating at 45MHz, for the same back-to-back distances with S
varying from �30.51 dB to �38.62 dB.

4

3. Coil fabrication and experimental result

Based on the simulation results, both the double-loop butterfly
and a regular stripline were selected for comparison. The two coils
were fabricated using a commercially available PCB technology,
and each resonator comprised three layers, a stripline, a PMMA
spacer, and a ground plane, as illustrated in Fig. 4a. Each coil was
fabricated with an overall length of 40mm, and a width of
20mm, with a sensitive conductor section of 20 mm� 5 mm. A
PMMA spacer of 0.5 mm was cut with a 1 mm wide channel using
a CO2 infrared laser cutter. A sample solution of 50mM CuSO4 in
water was introduced in a flat capillary (thickness: 0.1 mm, width:
1 mm), corresponding to a 2 lL volume, which was then inserted in
the pre-cut PMMA spacer. After assembly, the resonators were
tuned and matched using a network analyzer (E5071C, Agilent),
using nonmagnetic capacitors (model 5641, Johanson Manufactur-
ing, NJ), to the 1H Larmor frequency, corresponding to 45 MHz.
Both coils were tested in a pre-clinical 1.05 T cryogen-free MRI
magnet system (Bruker Biospin, Ettlingen, Germany).

One experiment that can evaluate the performance of the but-
terfly coil, and compare it with the regular stripline, is to measure
the nutation curve of the two coils. The 1H nutation signals for both
coils are depicted in Fig. 5. According to these results, the maxi-
mum MR signal intensity (around 15 [a.u.]) for regular stripline
was achieved at an excitation pulse of s = 30 ls and the B1 unifor-
mity at 450�/90� ratio is around 80%. On the other hand, the butter-
fly coil showed a maximum signal intensity of 31 [a.u.] at an
excitation pulse duration of s = 11 ls. Both coils were excited with
1 W. Even though the 450�/90� is decreased to 51%, the result indi-
cates a large � 2� improvement of SNR, and a � 2:7� reduction in
the 90� pulse duration.

An acceptable signal coupling below �20 dB for two spaced
coils has been used as a standard requirement for an MRI array
with a decoupling scheme [6]. Although it is possible to utilize
different back-to-back distances, ranging from 2 cm to 5 cm, with S21 varying from
onding S21 varying from �16.54 dB to �27.75 dB. (b) Coupling coefficients for two
21 varying from �20.04 dB to �32.96 dB, and same side-by-side distances with S21
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techniques such as active decoupling to reduce the crosstalk fur-
ther, it is still necessary to maintain the geometrical coupling of
the coils as low as possible. As indicated in the simulation result,
the butterfly-stripline exhibits a relatively more confined RF field
map than the regular stripline at the narrow region of the sensitive
section. To verify this, four coils (two copies of the regular stripline
and two copies of the butterfly coil) were tuned to 45MHz and
matched to 50X at the bench, with a scattering parameter S11 less
than -15dB. The coupling coefficient S21 of an array of two similar
coils was measured while varying the distance between the coils
for two scenarios, once placed back-to-back, and once placed
side-by-side. Figs. 6a and 6b summarize the results for the two
stripline arrays. Compared to the regular stripline, the butterfly
exhibits a stronger coupling suppression of 7.79dB to 2.31dB for
a back-to-back distance range d 2 2 cm to 5 cm. Also, a stronger
signal decoupling range of 14dB to 10.87dB is achieved by the but-
terfly topology for a side-by-side separation in the range
p 2 2:5 cm to 5 cm. The result can be explained from the distribu-
tion of the B1 field, see Fig. 2a,b. The elliptical shape of the butterfly
coil’s B1 field has a lower horizontal stray field than the saddle-
shaped field of the regular stripline, leading to a stronger suppres-
sion of coupling.

4. Conclusion

We have presented a method with which to boost the sensitiv-
ity of a regular stripline when its filling factor is low due to limited
sample mass. The idea, that is based on replacing the sensitive part
of a regular stripline with a multi-loop butterfly coil, yielded a fac-
tor 2 enhancement in sensitivity, and a 14 dB lower coupling when
the coil was used in an array configuration. Furthermore, the FEM
simulations showed a sharper B1 suppression outside the region of
interest compared to the regular stripline. The proposed design
additionally offers a major advantage of design flexibility where
the butterfly structure can be freely optimized, in terms of geome-
try and number of loops, to achieve arbitrary B1 profiles. For
instance, an asymmetric butterfly structure could be used to pro-
duce a linear B1 gradient along any axis for B1-gradient coherence
selection [9].

In the present study, the butterfly stripline has not yet been
exploited in an array for high-resolution parallel MR detection.
Nonetheless, its enhanced shielding, confirmed from simulation
and experimental results, makes it a good candidate for parallel
MR experiments [3], due to the self-cancellation of the RF field
away from the stripline. This guarantees not only less signal cou-
pling to neighboring detector units but also a more dense arrange-
ment of the array.
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