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Abstract

A novel route towards chip integrated NMR analysis is evaluated. The basic element in the design is a stripline RF ‘coil’ which can be
defined in a single layer lithographic process and which is fully scalable to smaller dimensions. The sensitivity of such a planar structure
can be superior to that of a conventional 3D helix. The basic properties, such as RF field strength, homogeneity and susceptibility broad-
ening are discussed in detail. Secondary effects related to the thermal characteristics are discussed in simplified models. Preliminary NMR
tests of basic solid and liquid samples measured at 600 MHz confirm the central findings of the design study. It is concluded that the
stripline structure can be a valuable addition to the NMR toolbox; it combines high sensitivity with low susceptibility broadening
and high power handling capabilities in a simple scalable design.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) has become the
analytical method of choice in many areas of research.
The main bottleneck that impedes certain advancements
in the field of NMR spectroscopy is the relatively low sen-
sitivity of the NMR detection method. The Boltzmann fac-
tors that determine the thermodynamic population
difference between nuclear spin levels lead to very low sig-
nal intensities. For routine NMR analysis one typically
requires several cubic millimeters of sample with at least
1016 nuclear spins present. There are many potential appli-
cations where the NMR technique could provide invalu-
able information on local structure and dynamics but
where sample volumes are prohibitively small. For example
in the case of small (bio) crystals, oriented fibrils, mem-
branes or thin epitaxial layers, traditional NMR probes
are not well matched to the sample dimensions and the less
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than optimal filling factor of the RF detection coil leads to
reduced signal to noise performance. It was suggested more
than a decade ago that microcoil probes can achieve a
much better filling factor and thus the limit of detection
can be reduced to less than 1015 nuclear spins [1,2]. This
represents about a factor 10 improvement in signal to noise
for small mass-limited samples when compared to the com-
mon macroscopic NMR probes. Capillary microcoil
probes with sample volumes of around 1 ll are now avail-
able commercially and have become competitive for a num-
ber of analytical applications [3]. Nevertheless, it is
desirable to be able to work with even smaller sample vol-
umes, as e.g. encountered in microfluidic devices. The pres-
ent detection limit for NMR is at the nanomole level, while
for example mass spectroscopy detection limits are many
orders of magnitude lower and fluorescence techniques
approach the single molecule level. Commercial microcoil
probes are based on capillary sample chambers with a
tightly wound helical RF coil wrapped around this capil-
lary. The coil itself is immersed in a cylindrical chamber
filled with susceptibility matching fluid to avoid the static
field distortions by the copper helix [4,5]. Without the
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Fig. 1. Schematic cross-section of the stripline design. The RF field B1

circulates the strip as is indicated by the field lines. The local RF field
strength is indicated by the color map (blue corresponds to low B1 field
and red to high B1 field). Because of the boundary conditions imposed by
the metallic planes above and beneath the strip, the magnetic field lines are
forced parallel to the surface. The result is a large volume with a
homogeneous B1 field. Suitable sample chambers are indicated by the two
black rectangles where the B1 field is homogeneous within about 10%.
Also, the current distribution in the strip is homogeneous thus minimizing
electrical losses. For NMR applications one can use the stripline geometry
both for excitation and detection by insertion of this structure inside an
external field. The static field B0 can be oriented perpendicular to the cross
section shown in the figure (along the stripline axis). The RF current that
runs through the central copper strip flows parallel to the static field.
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susceptibility matching, the spectroscopic resolution is seri-
ously compromised. With the method of handmade dis-
crete element assembly it is not easy to scale this design
down in size.

Several groups have explored lithographic methods for
microcoil production [6–10]. In a typical example, the RF
coil is a planar helix and the sample chamber is incorpo-
rated in a microfluidic chip to achieve a versatile ‘lab on
a chip’ with in-situ NMR analysis of reaction products
and process dynamics. Despite many efforts, these
approaches have not yet penetrated mainstream NMR
spectroscopy. To a large extend this is due to some practi-
cal and some more fundamental limitations of these planar
microcoil designs. In general, the B1 field homogeneity for
these planar helices is less than ideal and multidimensional
NMR methods are more difficult to implement. Also, it is
not easy to achieve a low loss connection to the inner elec-
trode of the helix. RF shielding currents increase the effec-
tive resistance and this leads to higher noise factors. The
most important problem is the fact that the nearby wind-
ings of the microcoil tend to induce static field distortions
that limit both the resolution and the signal to noise perfor-
mance. In order to realize the potential sensitivity gain in
microcoil NMR these problems must be solved, preferably
in an affordable way that allows for automated mass pro-
duction. Recently we introduced a novel type of NMR
‘coil’, the stripline, that departs from the idea of a helical
structure to generate RF B1 fields and detect NMR signals
[11]. The microslot design by Maguire and coworkers [12]
is another appealing alternative to helical NMR coils.
The basic philosophy behind the microslot approach is
comparable to the present stripline approach. In both cases
the rf current is carried by a thin strip of metal in close con-
tact with the sample. The main difference is that in the stri-
pline geometry there is a symmetric ground plane that
confines the rf radiation. The boundary conditions impose
a homogeneous current distribution and thus a homoge-
neous B1 field. In the microslot case, discrete elements are
used to create to form the resonator. The stripline concept
presented here is based on quarter or half wavelength res-
onators that can in principle be constructed on chip with
no discrete soldered elements in the resonating circuit.
The prototype stripline probe presented here is a double
tuned H/X. In the present contribution we concentrate
on the basic principles of the stripline design, aiming to
overcome the problems encountered with planar helix coils.
Proof of principle will be given in the form of preliminary
results with a prototype double resonant stripline probe. It
is well known that stripline technology provides a versatile
method to route high frequency signals with low losses and
well-defined delay times on printed circuit boards and semi-
conductor chips. Basically, planar stripline technology is
the two-dimensional analog of the coaxial cable that is
common in high frequency instrumentation. The sensitivity
of the stripline configuration will be described in compari-
son to the more common 3D and planar helix coils, empha-
sizing in particular on the potential for further
miniaturization. Furthermore the thermal characteristics
that determine the limits in excitation bandwidth will be
discussed. Next the issue of susceptibility broadening will
be analyzed as this determines the ultimate resolution that
can be achieved. Finally, a preliminary implementation and
experimental verification of the stripline configuration will
be presented.

2. Stripline modeling

Following Maxwell’s equations, the only requirement to
achieve a strong RF B1 field is to create a high RF current
density close to the sample volume. A helix is a convenient
configuration, but by far not the only one. For example in
a saddle coil, the relevant RF fields are generated by
straight parallel wire sections. In a stripline the current is
fed through a thin metal strip which is placed at some dis-
tance above a metal ground plane. A non-radiative closed
configuration is realized by placing ground planes both
above and below the strip. The magnetic field lines encircle
the central strip, so the B1 field points in opposite direc-
tions above and below the stripline. The boundary condi-
tions at the metal surface dictate that the field lines run
parallel to this surface and as a result the B1 field homoge-
neity is quite good. A secondary consequence is that the
current distribution in the strip is nearly homogeneous
and the power dissipation is minimized. In Fig. 1 the B1

field distribution for a micro stripline cross section is
shown. In the following this geometry will be analyzed in
more detail. It will be shown that for typical sample vol-
umes the sensitivity is comparable or better than that of
an optimized helix. The most important advantage, how-
ever, is the fact that the stripline design is fully scalable,
so that the probe can be adjusted to the specific sample
geometry. Since the structures are all single layer litho-
graphically defined, it is straightforward to produce multi-
ple probes on a single semiconductor wafer.
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3. Sensitivity

As has been treated by Hoult and Richards [13], the sig-
nal to noise ratio in a typical NMR experiment can be writ-
ten as

SNR ¼
k0

B1

i

� �
V S:x0:

1ffiffi
2
p :M

F
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where k0 is a scaling factor accounting for the RF inhomo-
geneity of the coil, B1/i is the magnetic field induced in the
RF coil per unit current, VS is the sample volume and x0 is
the angular RF frequency. The denominator describes the
noise determined by the noise factor of the spectrometer
(F) and the dissipative losses (Rnoise) of coil, circuit and
sample for the spectral bandwidth Df. T is the temperature
and kB is Boltzmann’s constant. For a nuclear spin system
the magnetization (or total magnetic moment per unit vol-
ume) is given by Curie’s law in the limit for high
temperatures:

M ¼ Nc2�h2IðIþ 1Þ B0

3kBT

where N is the number of spins per unit volume, c the gyro-
magnetic ratio, I the spin quantum number, B0 the static
field, and h is Planck’s constant. The effective sample vol-
ume V 0S ¼ k�0V S is defined rather arbitrarily as the volume
in which B1 is within 10% of the maximum value at the cen-
ter of the coil. With these parameters the signal to noise ra-
tio is given by the simple expression:

SNR ¼ C
B1NS

i
ffiffiffiffiffiffiffiffiffi
RDf

p

where NS is the number of spins located within the effective
volume V 0S. For protons at 600 MHz the constant C equals
1.4 · 10�11 in SI units (B0 = 14.09 T, T = 300 K,
c = 0.2675 · 109 rad/T s, I = 1/2 and F = 1, assuming neg-
ligible noise contribution from the spectrometer). From
this expression it is clear that the way to obtain a good
SNR is to create a good filling factor (optimize the number
of spins in the homogeneous B1 volume), maximize the field
factor B1/i and minimize the total electrical resistance.

For reference a helical RF coil is examined. An idealized
helical coil is a cylindrical shell with a uniform current den-
sity. The RF current will penetrate to a frequency depen-
dent penetration depth d. For copper at room
temperature and at 600 MHz d equals 2.7 lm. The center

field is given by B1

i ¼
l0ffiffiffiffiffiffiffiffiffi
l2þd2
p and the resistance R ¼ q pd

ld, with

l the height of the cylinder, d the diameter and q the resis-
tivity of copper. The optimum sensitivity is obtained for an
aspect ratio d/l = 1, and the signal to noise is given by:

SNR ¼ 0:9 � 10�16 NS

d
ffiffiffiffi
Df
p .

So for a fixed number of spins the signal to noise indeed
scales with 1/d as predicted by Hoult and Richards [13].
Note that the number of windings n in a helix does not
influence the sensitivity. Although the field factor increases
linearly in n, the resistance scales with n2, so both signal
and noise are amplified by the same transformation factor.
For a typical coil diameter d = 1 mm (�1 ll sample vol-
ume) 1.1 · 1013 proton spins are needed to obtain an
SNR of 1 in a 1 Hz bandwidth. This theoretical detection
limit is considerably lower than realized in practice because
of additional losses and non-ideal filling factors of a wire
coil wound around a capillary sample chamber.

A similar analysis can be performed for the stripline
configuration as depicted above. The width of the strip is
denoted by w, the length of the stripline by l and the dis-
tance between the metallic ground planes by h. For simplic-
ity an aspect ratio h/w = 1 is chosen, and l/w = 2p. For this
situation, the sample volume is approximately 2pw3,which
is the same volume as in the case of a helix for d = 2w. The
strip resistance is identical to that of the cylindrical current
shell since R ¼ ql

2dw ¼
pq
d . The B1 field follows directly from

Ampere’s law »B Æ ds = l0i which yields B1/i � l0/2w and
is a factor

ffiffiffi
2
p

larger than that of the equivalent helix. As
a result, the stripline SNR will be a factor

ffiffiffi
2
p

larger than
that of the helix with the same volume. So in contrast to
common sense estimates, the optimum RF detection geom-
etry is not the helix. The main physical reason is the fact
that for the microstripline the current distribution is homo-
geneous and runs on both sides of the strip. In a cylindrical
shell, the current flows almost exclusively at the inside, so
the effective dissipation is doubled and the sensitivity is
reduced by

ffiffiffi
2
p

. It is well known among NMR coil builders
and electrical engineers that a substantial part of the B1

field in a helix lies outside the ‘region of interest’, and that
structures such as toroids, striplines and other geometries
are more effective in terms of containing the B1 field. Nev-
ertheless, these alternatives have not yet been realized in
commercial probes.

Another way to appreciate the relative sensitivity is to
look at some intuitive guidelines. For optimum sensitivity
one wants a maximum inductive coupling between sample
and RF coil, so all the magnetic energy should be concen-
trated in the sample volume. For typical helix geometries
about half of the magnetic energy is stored within the coil
volume. So for a sample located within the helix the
remaining half of the magnetic energy is ‘wasted’. In con-
trast, for the stripline in principle the entire volume
between the ground planes can be filled with sample thus
ensuring maximum inductive coupling.

In addition, the B1 field homogeneity has to be taken
into account. At the end of a helical coil, the field value
is reduced to 50% of the value in the coil center, and only
about one third of the magnetic energy is stored in the vol-
ume where the maximum deviation from the central field is
less than 10%. In contrast, for the stripline geometry a
much larger percentage of the magnetic energy is stored
in the homogeneous field region. For the configuration
depicted in Fig. 1 the homogeneous B1 volume contains
more than 50% of the total magnetic energy.

A second guideline is to minimize noise and thus mini-
mize losses in the RF coil. To do so, Eddy currents must
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be avoided to ensure a homogeneous current distribution.
The stripline is then the most convenient planar analog
of the coaxial transmission line and only at the very edges
of the stripline an enhanced current density is encountered.
This discussion can be made more quantitative by a numer-
ical finite element analysis of the various configurations.

Presently, commercial microcoil probes contain helical
RF coils with a diameter of about 1 mm. Some groups have
managed to produce smaller size helices with a typical
lower limit of 200–300 lm diameter using wire diameters
down to 50 lm [2,14–18]. With the present manual technol-
ogy it seems unlikely that the size can be reduced substan-
tially. At this size, the whole structure and metal wiring
become very fragile and mechanical integrity at high RF
powers becomes questionable. In Fig. 2 a field map of a
4 turn helix with an inner diameter of 280 lm and a height
of 300 lm is displayed. The effective sample volume with a
B1 homogeneity within 10% of the central field, indicated
by the thin solid line, represents a volume of 5 nl. The
numerical analysis shows that in this volume only 15% of
the total magnetic energy is stored. The main parameter
that specifies the coil sensitivity B1

i
ffiffi
R
p can be calculated

directly from the numerical results. The detection limit
(LOD) for protons at 600 MHz is defined as the number
of spins that are needed to obtain an SNR equal to one
for a 1 Hz bandwidth. For this micro helix a LOD of
4 · 1012 proton spins in a 1 Hz bandwidth is calculated.
In fact this numerical simulation rather closely follows
the ideal shell model with a diameter scaled down by 0.3
from the previously described 1 mm helix. If the suscepti-
bility broadening can be brought down to 0.01 ppm
(6 Hz linewidth) then the concentration sensitivity
(SNR = 1) for the 5 nl volume equals 3.3 · 10�2 M or
0.16 nanomoles of sample.

A well studied alternative to the helix is the surface
microcoil that can be produced by lithographic techniques.
In Fig. 2b the field profile of a surface coil with three wind-
ings is shown. Again, the cylindrical 5 nl sample volume in
which the field is homogeneous within 10% from the center
Fig. 2. (a) Axial RF field map (blue corresponds to low B1 field and red to h
cylindrical symmetry axis is at the left of the figure. The radius of the coil is 140
map for a planar micro helix coil at an RF frequency of 600 MHz. (c) Axial RF
of the strip is 100 lm, thickness 20 lm and arbitrary length.
field is indicated by the thin solid line. For this configura-
tion only 4% of the total magnetic energy is concentrated
in the sample volume. The LOD is found to be 7 · 1012

proton spins per
p

Hz, which is nearly a factor of 2 less
than the helix above. This is mainly due to the fact that
the outer windings contribute less to the central field and
contribute substantially to a higher coil resistance. In prac-
tical designs it is not straightforward to obtain a low loss
connection to the inner winding, but this is not even
included in the numerical calculation. Note that adding
extra windings does enhance the central field, but the sen-
sitivity remains nominally the same. Because of Eddy cur-
rents the coil sensitivity actually reduces with an increased
number of windings.

Finally, in Fig. 2c the magnetic field distribution for a
planar stripline with a width of 100 lm is depicted. In this
case, the homogeneous volume, represented by the two
boxes above and below the strip, contains more than
50% of the total magnetic energy and the LOD is found
to be 3 · 1012 proton spins per

p
Hz for a strip length of

1 mm. This is again consistent with the estimates based
on the idealized model and confirms that the stripline con-
figuration can indeed be more sensitive than the helix. At
the proton concentration of water, this corresponds to a
detectable volume of 45 fl for a 1 Hz bandwidth
(SNR = 1 for a single scan) equivalent to a spherical vol-
ume of 4 lm in diameter. A note of caution is in order how-
ever, in this analysis it is assumed that the spectrometer
components (preamplifiers, etc.) do not add to the overall
noise performance. The very low impedance of the stripline
may however put some constraints on the matching condi-
tions to the 50 X outside world and additional noise contri-
butions may become important.

4. RF power handling and excitation bandwidth

Helical microcoils offer high sensitivity because of their
field factor (high B1 field per unit current amplitude). This
implies that the excitation bandwidth is also large, making
igh B1 field) for a micro helix coil at an RF frequency of 600 MHz. The
lm, the length is 300 lm and the wire diameter 40 lm. (b) Axial RF field
field map for a microstripline at an RF frequency of 600 MHz. The width
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it possible to use short p/2 pulses for wide-line solid-state
NMR applications [18]. On the other hand, for narrow-
band applications one can work with extremely low RF
powers, typically in 0.01–1 W range, opening the way for
low cost integrated spectrometers. The stripline configura-
tion as described above acts basically as a one turn coil, so
the field factor is generally lower. Nevertheless, the
improved heat transfer for this configuration allows a very
high excitation bandwidth. This is not only a great benefit
for inductively detected NMR but can also reduce heat-
induced problems encountered in magnetic resonance force
microscopy where the rf coil is driven in quasi CW mode
for periodically inverting the spins adiabatically. The heat
produced in the RF coils is a major noise source deteriorat-
ing signal-to-noise.

Some estimates toward the limits in RF power handling
can be made. As a first approximation it is assumed that
losses are dominated by the electrical resistance of the
microstripline. For a freestanding wire the heat that is gen-
erated will be transported by thermal conduction through
the wire towards the bulky contact pads. For simplicity it
is assumed that these heat-sinks remain at ambient temper-
ature. For a properly matched circuit all the external RF
power will be dissipated in the microstripline. The Fourier
heat equation for a strip with constant cross section leads
to a quadratic solution of the temperature as a function
of the distance from the center of the strip. For the
100 lm · 1 mm (5 nl) stripline described above, this trans-
lates to a 200 kHz proton excitation bandwidth at a dissi-
pated power of only 20 mW and a CW heating profile
with a maximum temperature raise of 9 K above ambient
at the center of the strip. A graphical representation of
the temperature profile is plotted in Fig. 3. This heating
can be further reduced by shortening the strip, increasing
the thickness (more efficient heat transport to the contacts)
or by using a substrate material with a good thermal con-
ductivity. For a strip in good thermal contact to a pure Si
Fig. 3. Temperature distribution in a freestanding 100 lm wide stripline
subjected to an RF power resulting in 200 kHz proton B1 field strength.
The maximum temperature rise at the center of the strip under CW
conditions is 9 K. A freestanding helix that produces the same B1 field
would heat up to about twice this temperature. Inset: temperature
distribution of the strip in good thermal contact to a pure silicon substrate.
The maximum temperature rise at the center is 0.5 K in this case.
substrate, the three-dimensional heat diffusion into the sub-
strate leads to a strong reduction of the maximum temper-
ature, and a 200 kHz CW excitation can be realized with
only 0.5 �C temperature increase at the center of the strip.
This opens the possibility for very high RF field experi-
ments; on pure Si substrates the strip safely allows sus-
tained 1 MHz or higher B1 fields in cross-polarization or
decoupling sequences. For very small samples one can
reduce the microstripline length and a CW 10 MHz B1 field
can be generated with acceptable heating tolerances. Tem-
perature heating effects under short pulsed conditions are
not critical and pulsed excitation bandwidths above
10 MHz should be feasible. Note that these microstripline
probes have a low loss and thus a rather high Q factor.
The effective excitation bandwidth is therefore limited by
the overall probe Q factor.

For comparison, the 5 nl helical coil described earlier
would produce a higher B1 field per unit current, but as
in the case of the sensitivity, the B1 field per unit power
is in fact lower than in the case of the 5 nl microstripline.
In this example for the same B1 field and comparable metal
cross sections, the temperature rise in a helix is a factor 20
higher than that of the equivalent stripline. A critical point
here is also that the thin wire has to be soldered onto the
massive contact pads. This inevitably gives rise to addi-
tional contact resistances and less ideal cooling conditions.
The microstripline can be produced lithographically, how-
ever, without the need to solder these small components
and thermal breakdown of the RF structure is much less
of a problem.

Finally, a point of concern in NMR of biological sam-
ples with high salt concentrations is the dielectric sample
heating due to RF currents induced in the sample. In the
case of the stripline structure as depicted above, the domi-
nant electrical field component is perpendicular to the strip
surface. By designing the structure as a k/2 mode structure,
this electrical field is zero at the center of the strip due to
the symmetry of the design. Preliminary numerical simula-
tions have shown that for liquid aqueous samples the max-
imum electrical fields near the ends of the central stripline
are about a factor 10 lower than in a comparable helix that
generates the same B1 field.
5. Susceptibility effects and resolution

Despite the obvious advantages of microcoils in terms of
sensitivity and excitation bandwidths, their penetration
into mainstream NMR has been rather slow. This is mostly
due to the compromises that must be made in spectral res-
olution. High sensitivity dictates a high filling factor, so the
RF coil must be in close contact with the sample space.
Inevitably, the magnetic susceptibility of the metal wire is
different from that of the sample holder and distortions
in the B0 field lead to a reduced resolution. The small
dimensions of the microcoil lead to field gradients that vary
over very short distances and the resulting field profile can-
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not easily be shimmed by macroscopic shim coils far away
from the sample.

Commercial microcoil probes rely on immersion of the
coil structure in a special fluid which has the same suscep-
tibility as copper [4]. The successful susceptibility matching
of these solenoidal coils has lead to extensive applications
for example in the field of high-throughput screening. In
contrast to the helix, the microstripline has some properties
that make the susceptibility problem much easier to handle.
The first aspect is that the axis of the stripline can be ori-
ented parallel to the static field B0. The magnetization of
the copper strip is homogeneous and oriented parallel to
the external field. From Maxwell’s equations it is easy to
see that for an infinitely long strip, there is no field inhomo-
geneity at the position of the sample and thus the ultimate
resolution provided by the magnet should be attainable. In
addition, since the sample is small and has a nearly one-
dimensional shape along the axis of the field, it is easy to
find optimum shim parameters. In the inset of Fig. 4 the
local field variations for a plane just above a microstripline
are plotted, including the contact pads that are tapered at
an angle of 45�. In the center part, the susceptibility broad-
ening is limited to below 0.1 ppm. Fig. 4 shows the static
field for a trace along the z-axis at a small distance above
a microstripline. As usual there is a tradeoff between opti-
mum sensitivity and optimum resolution. If a higher reso-
lution is required one can introduce susceptibility matched
plugs to limit the detection volume to the center part of the
microstrip, where the B0 field is more homogeneous. In the
case of a very short strip advantage can be taken of a spe-
cial property of the dipole field. If the contact pads are cut
symmetrically along the magic angle (54.7�) with the sam-
ple axis parallel to the static field, then the edges produce a
minimum gradient at the sample position. In this case, the
Fig. 4. B0 field distribution along the z-axis at a distance of 50 lm above
the axis of a microstripline with a width of 100 lm, length 1 mm and a
metal thickness of 10 lm. The field inhomogeneity is below 0.05 ppm for
the central part of the strip. Inset: B0 field profile at a plane just above a
microstripline. At the edges of the contact pads we find a considerable field
gradient with a maximum deviation from the center field of approximately
2 ppm. At the sample position, indicated by the solid rectangle, the field
deviations are well below 0.1 ppm.
quadratic term in a Taylor expansion of the field distortion
at the sample center becomes zero.

Susceptibility matching can also be used in the case of
the stripline, for example by using a multilayer conductor
with a positive susceptibility material sandwiched between
two copper layers. In this case the whole structure, includ-
ing contact pads can be made of effectively zero susceptibil-
ity material. This is similar to the well known technique to
use zero susceptibility wire for high resolution probes [4].
The advantage for planar structures is that production is
much easier, more reproducible and better adapted to
numerical simulation techniques. A second option is to
replace the copper that is etched away in the lithographic
process by some other non-conducting material that has
the same magnetic susceptibility as copper. For example
PPS, p-phenylene sulfide, has a volume magnetic suscepti-
bility of �9.17 · 10�6 (in SI units) compared to
�9.65 · 10�6 for copper. As an alternative, teflon has an
approximate volume susceptibility of �10.5 · 10�6. In the
cases of a closed sandwich configuration one could also fill
the voids by susceptibility matching fluids as is common in
capillary helical microcoil probes. Simulations show that
with common materials such as Teflon to fill the etched
channels a theoretical line broadening induced by the
probe is predicted to be below 1 Hz.

6. Practical implementation and preliminary results

A typical property of microcoils in general and micro-
striplines in particular is that both the inductance and
the resistance are very low. Therefore special attention
to minimize losses at the contacts and to obtain good
matching to the external 50 X circuit is required. A con-
venient resonator is that of a k/4 structure with the stri-
pline inserted as a short at one side of the resonator and
a capacitive coupling and tuning network near the open
side of the resonator. In Fig. 5a the electrical circuit for
a double resonance probe with a 600 MHz proton chan-
nel and variable frequency X-channel is shown. The cou-
pling to the k/4 resonators is chosen at a convenient
point to achieve the best matching conditions. Tuning
is realized by the insertion of variable length dielectric
stubs inside the coaxial resonator structures. Typical Q
factors for this design are between 80 and 100. Fig. 5b
shows the probe with the stripline located at the very
top. For this prototype, a 1 mm stripline with a width
of 500 lm was produced photolithographically using
low-loss Teflon-based printed circuit board (PCB) mate-
rial (Rogers RT/duroid 5870). Contact masks were used
with high resolution structure definition. The wet etching
allows structures down to about 20 lm in size. The PCB
thickness was 0.254 mm, with a copper cladding of
35 lm. The sample chamber was machined in a second
layer of PCB, where the top copper layer was removed
(not shown). The bottom copper layer of the sample
holder acts as the second ground plane and closes the
symmetric stripline configuration.



Fig. 5. (a) Electrical circuit for a double resonant probe with a 600 MHz
proton channel and variable frequency X-channel. The stripline is
represented by the inductor structure at the left upper side of the
schematic. The coupling to the k/4 resonators is chosen at a convenient
point to achieve the best matching conditions. Tuning is realized by the
insertion of variable length dielectric stubs inside the coaxial resonator
structures. Typical Q factors for this design are between 80 and 100. (b)
Actual photograph of the prototype double tuned stripline probe, showing
the stripline structure (center) and the sample holder with capillary (right)
and ground planes on both sides (not shown).

Fig. 6. Proton nutation signal at 600 MHz for a 200 nl silicone rubber
sample in an approximately cylindrical geometry of 500 lm diameter and
250 lm thickness on a 500 lm wide stripline. The 810/90 ratio is 62%.

Fig. 7. Proton wide-line spectrum of a PE foil (thickness 10 lm, volume
10 nl) measured at 14.1 T (600 MHz; 128 scans). The experimental
(dotted) spectrum overlaps perfectly with a deconvolution of the spectrum
in a linear combination of a broad Gaussian and intermediate and narrow
Lorentzian lines. The separate components are assigned to fractions with
distinct differences in molecular mobility.
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Solid and liquid-state samples were used to determine
the performance of this prototype probe. The first sample
was a small 1 mm diameter disk of silicone rubber placed
on top of the stripline. The total sample volume was
200 nl in this case. To determine the field strength and rf-
homogeneity proton nutation spectra were obtained for
the narrow methyl-proton signal of the silicone rubber.
The nutation curve for the silicone sample gives an rf field
strength of 90 kHz at an RF power of 5 W. The 810� over
90� pulse ratio is 62% (Fig. 6), which is acceptable consid-
ering the fact that the sample diameter is slightly larger
than the width of the strip.

A very interesting application area for solid-state NMR
is the study of thin film material. To explore this capability
a film of commercial polyethylene based packaging mate-
rial was placed over the stripline. This 10 lm thick foil cor-
responds to an effective sample volume of approximately
10 nl. A proton single-pulse excitation experiment gave
an SNR of 165 in as little as 4 scans. Fig. 7 shows a decon-
volution of the spectrum which has a typical three compo-
nent proton wide-line spectrum. In accordance with proton
wide-line studies of LDPE [19] the spectrum can be decon-
voluted into a broad Gaussian peak, a Lorentzian with
intermediate line width and a narrow Lorentzian. These
are attributed, respectively, to the rigid, semi-rigid and soft
amorphous phases of the polymer. These results demon-
strate the sensitivity of the stripline for thin-film wide-line
NMR spectroscopy. This configuration might also be
exploited for highly resolved materials imaging.

To demonstrate liquids capabilities a thin 110 lm inner
diameter capillary filled with pure ethanol was placed on
the stripline, with the capillary extending over the wide
contact areas. The nutation spectrum in this case shows
that the RF field is considerably reduced above these con-
tact pads, moreover the sample above the pads seriously
affects the resolution. The sample volume located above
the central part of the stripline is about 12 nl in this case.
The proton rf field strength was 140 kHz at a source power
of 5 W. With the experimentally determined Q factor of the
probe and the simple model based on Ampere’s law an rf
field strength of 150 kHz is expected, in good agreement
with the experimental observations. Also the B1 homogene-
ity is in agreement with the theoretical predictions.



Fig. 8. Single scan proton spectrum of a 12 nl ethanol sample obtained at
600 MHz (14.1 T) in the prototype stripline probe. The spectrum was
obtained by subtracting a 180� spectrum divided by two from a single scan
spectrum excited under normal 90� pulse conditions, in this way signals
from material above contact pads that experience a rather low RF field
strength are eliminated from the overall signal.
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A spectrum obtained for the 12 nl ethanol sample is
shown in Fig. 8. To eliminate the broadened and shifted
signal from ethanol above the contact pads, the spectrum
was obtained by subtracting half of a 180� spectrum from
a single scan spectrum excited under normal 90� pulse con-
ditions. In this way signals that experience rather low rf
field strength are eliminated from the overall signal. Clearly
this can be done more efficiently by implementing compos-
ite pulse that select for homogeneous B1 field [20]. The sin-
gle scan SNR equals 440 as determined in the time domain.
This translates to an experimental detection sensitivity
(LOD) of 1.5 · 1013 spins per

p
Hz. The theoretical predic-

tion for this geometry (including the spreading resistance of
the contact areas) amounts to 1.2 · 1013 spins per

p
Hz,

which is in reasonable agreement with experiment. Note
that the present capillary covers only 20% of the stripline
width, so an improvement by a factor two in sensitivity is
rather straightforward. The final and possibly most impor-
tant parameter is the spectral resolution that can be
obtained. For the proton difference spectrum of ethanol
shown in Fig. 8 a line width of 50 Hz, corresponding to a
resolution of 0.08 ppm, is obtained. Although this is not
true high resolution, this is sufficient to already study e.g.
reaction kinetics for many reactions that are performed
in microfluidic devices. It should furthermore be noted that
the present prototype probe was not designed for very high
resolution work, and no effort was made to introduce sus-
ceptibility matching. The present results represent a basic
starting point for the spectral resolution that can be
obtained in stripline probes.
7. Discussion and conclusions

The present prototype is a double resonance system (H
and X), where the basic stripline part is cheap and easily
replaceable (plug and play). With this prototype the main
conclusion from the design calculations are confirmed: very
high sensitivity, high RF field strength with good thermal
characteristics and good B1-homogeneity characteristics
over a large volume of the available sample space around
the structure. Further optimizations are underway to
obtain the ultimate spectral resolution which should be
accessible due to an intrinsically low susceptibility distor-
tion of the static field.

One can easily optimize the stripline configuration for
various sample sizes and concentrations. For example in
the case of microfluidic on chip analysis the aim is to opti-
mize signal to noise ratios for low concentration solutions.
The main guideline is to have a sufficient number of
nuclear spins in the detection volume. This number is lim-
ited by the acceptable sample volume and concentration.
Assuming that 5 ll is an acceptable sample volume, the
discussed 5 nl design can be scaled up by a factor 10 in size
(1 mm strip width, 10 mm length). The absolute sensitivity
decreases linearly with this scale factor, but the concentra-
tion sensitivity goes up quadratically with the scale factor
and one may expect that a 10�1 M solution can be detected
with a signal to noise ratio of about 25 in a single scan
(assuming again a spectral linewidth of 0.01 ppm). This
would e.g. allow relatively fast ‘realtime’ screening of
HPLC output flows or the study reaction kinetics ‘on
chip’. In principle, the stripline configuration is better
adopted to measure solutes in microfluidic channels com-
pared to surface helix coils which are better matched to a
cylindrical sample chamber.

Many interesting samples are two-dimensional in nat-
ure, such as coatings, epitaxial layers, MBE grown films,
etc. With helical NMR detection coils these samples are
difficult to handle. Removing the surface layer and transfer
of the resulting powder to a cylindrical sample holder could
result in structural changes and information about prefer-
ential orientation and ordering may be lost. Sometimes it
is possible to cut the substrate in bars and stack these in
the cylindrical NMR probes. Apart from the low filling fac-
tor, this will lead to destruction of the sample. Moreover,
lossy and/or metallic substrates are difficult to handle with
this procedure. Striplines give additional options, however;
it is imaginable to replace one of the metal ground planes
with such a coated metallic substrate and detect the nuclear
spins in the surface layer non-destructively maintaining the
full information content. In fact one can even think of a xy

scanning stage where the local information is measured as a
function of the position.

A third sample geometry is encountered for single crys-
tals or biological fibers that are inherently small in size, dif-
ficult or expensive to synthesize because of isotopic
labeling, etc. For a dendrite crystal the width and length
of the stripline can easily be adjusted to match the sample
dimensions. This will improve the signal to noise perfor-
mance by factors �1/

p
w and 1/

p
l, where again w is the

width of the strip and l is the corresponding length. A typ-
ical lower limit is the situation when the cross section of the
strip becomes comparable to the RF penetration depth and
the gain in field factor is thwarted by the fast increase of the
resistance. For a needle like crystal of (10 lm)2 cross sec-
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tion and 1 mm length a LOD of about 1 · 1012 spins perp
Hz is expected for abundant spins such as protons. Look-

ing at quasi-cubic crystals of approximately (10 lm)3 both
width and length of the strip can be reduced to obtain a
theoretical LOD of 3 · 1011 spins per

p
Hz.

In summary, the proposed stripline configuration rep-
resents a simple and effective design for mass-limited
NMR samples that is easy to produce with lithographic
methods. Attractive points are the fact that the sensitivity
can be competitive with optimized helical coils and many
of the problems encountered in planar helices are absent.
In essence, the high sensitivity and high B1 field of the
helical microcoils is conserved. The simple planar design
allows a quantitative modeling of both static and high fre-
quency components using analytical or 2D finite element
analysis. A strong advantage of the present design is its
scalability. The same approach can be used both for large
surface layers, small diameter cylindrical samples or tiny
micro crystals.

Further developments of the stripline design are under-
way. Currently preliminary experiments with a microfluidic
chip with integrated microstrip are carried out. By integrat-
ing the entire resonator and matching circuits on a single
chip we hope to minimize the external losses and integrate
microfluidics with NMR circuitry in a pure lithographic
planar process. Without critical discrete elements this ulti-
mately may lead to NMR probes that are cheap disposable
consumables.

8. Experimental

All NMR experiments were carried out on a Chemag-
netics CMX-Infinity 600 solid-state NMR spectrometer,
operating at a magnetic field strength of 14.1 T. Silicone
rubber was of a generic household type and used without
further treatment. Ethanol (pro analysis 96%) was obtained
from Merck. The prototype stripline probes were made
lithographically from Teflon-based high frequency lami-
nate (RT duroid 5870, Rogers). All data processing and
spectral deconvolution was done using the matNMR pro-
cessing package [21].

High frequency finite element analyses were carried out
using FEMM (David Meeker, dmeeker@ieee.org), HFSS
(Ansoft) and CST Microwave Studio (CST GMBH) for
both 2D and 3D simulation of the RF mode structure
and evaluation of resistive and dielectric losses, optimal
coupling conditions and tuning. The static field distortion
and susceptibility effects were calculated for the full struc-
tures using a dedicated C-program using CVI (National
Instruments). The thermal analysis was performed using
both analytical calculations in Maple (Maplesoft) and 2D
numerical modeling in Matlab (Mathworks).
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