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In this paper, we provide a review of the recent advances in miniaturizing nuclear magnetic resonance
(NMR) and electron paramagnetic resonance (EPR) spectrometers for portable magnetic resonance
(MR) applications. We focus the discussion on the application of integrated circuit technology for the
miniaturization of the NMR and EPR spectrometer hardware and/or the detector and we will briefly touch
on magnet technology. Finally, we will summarize current challenges of chip-integrated spectrometers
and give an outlook on future applications of mobile MR spectrometers.
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1. Introduction In this paper, we will review the recent advances in the so-
Magnetic resonance (MR) based methods are amongst the most
powerful analytical techniques available today. Thanks to their
unsurpassed specificity and complete non-invasiveness, nuclear
magnetic resonance (NMR) spectroscopy and imaging continue to
revolutionize analytical chemistry [1,2] and medical imaging
[2,3]. Additionally, electron paramagnetic resonance (EPR) spec-
troscopy is recently gaining significant attention in both life
science and material science applications due to e.g. the possibility
of in-cell EPR experiments [4] and its ability of directly detecting
free radicals, which play a major role in many diseases and which
can cause premature cell aging [5–7]. Moreover, EPR is the prime
modality for detecting paramagnetic defects in semiconductor
and organic materials, rendering EPR a prime modality for the
characterization of novel materials and devices [8,9].

Conventional high-end NMR and EPR equipment is bulky and
expensive, making use of large B0-field strengths to overcome the
relatively poor sensitivity of inductively detected MR experiments.
Therefore, the applicability of operando MR techniques with con-
ventional equipment is drastically limited. However, to make the
great analytical power of MR-based techniques available to a
broader application range, there have been significant research
efforts over the past ten to fifteen years to miniaturize the spec-
trometer size, cost and weight [10–25].
called MR-on-a-chip approach, in which the spectrometer elec-
tronics and sometimes also the detection coil, are integrated into
a single integrated circuit. More specifically, after a general
introduction into the most salient features of and the possibilities
associated with the MR-on-a-chip technology in Section 2, we will
take a closer look at the state of the art of NMR-on-a-chip and VCO-
based EPR-on-a-chip detectors in Sections 2.1 and 2.2, respectively.
In this discussion, our focus will be to highlight the new features of
the MR-on-a-chip approach compared to conventional MR detec-
tion that render the MR-on-a-chip approach a key enabler for
future portable MR applications, but we will also discuss the limi-
tations of existing realizations. In Section 3, we will conclude our
paper with an outlook on potential future applications of portable
MR devices enabled by the MR-on-a-chip approach.
2. MR-on-a-chip technology

To explain the general advantage of CMOS integrated MR hard-
ware, Fig. 1 shows the cross section of a generic CMOS process.
Here, the active devices (transistors) reside in a thin layer of epi-
taxially grown silicon and a relatively large number of metal layers
(typically between five and ten) allow for a dense interconnection
of the active devices. In addition, the metalization layers can be
used to form passive devices such as capacitors and inductors.
According to Fig. 1, especially the thick top metal layers with metal
thicknesses between 1 lm and 4 lm together with the very good
lateral resolution of the process allow for the realization of
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Fig. 1. Illustration of the fully-integrated MR-on-a-chip approach, in which the MR
transceiver electronics and the detection coil are monolithically implemented in a
single integrated circuit.
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miniaturized coil designs with inner diameters down to � 30 lm.1

Therefore, the CMOS-integrated approach is well suited for the real-
ization of on-chip MR detection coils with moderate quality factors
between ten and 30 up to very high frequencies. The chip surface
is typically passivated using silicon nitride and openings in the pas-
sivation layer allow for an electrical connection via bondwires. Since
the total thickness of the layer stack is in general not exceeding
20 lm, the connection distance between an on-chip coil and the
active electronics is only a very small fraction of the wavelength
up to very high frequencies beyond 100 GHz. This short connection
distance can be exploited by recalling that in an inductively detected
MR experiment, the transceiver electronics serve two main pur-
poses: In the receive path (RX path), the electronics have to amplify
and frequency downconvert the MR-induced electromotive force
(emf) in the coil. In the transmit path (TX path), the power amplifier
(PA) has to deliver a sufficiently large current into the coil such that
the B1-field becomes sufficiently strong to produce acceptable flip
angles within reasonably short pulse lengths. In a classical approach,
where the electronics are located outside the B0-field, the connection
distance is typically a significant fraction of the wavelength, requir-
ing impedance matched, transmission line based connections, which
impose a certain impedance level – mostly 50X – on the LNA and
the PA, greatly limiting the design flexibility. In contrast, in a mono-
lithic realization of the MR spectrometer, which co-integrates both
the MR detection coil and the transceiver electronics, both for
NMR and EPR frequencies, the LNA can be realized as a simple volt-
age LNA, reading out the MR-induced emf. Moreover, the power
amplifier can in principle be designed as a current output PA, which
can greatly simplify the complexity of the electronics and lead to
reduced power consumptions in the MR transceiver electronics
[26–28]. The latter two advantages make CMOS-integrated MR hard-
ware particularly attractive because they allow for the realization of
affordable spectrometer electronics with tiny footprints down to a
few square millimeters. Nevertheless, such on chip spectrometers
achieve a state of the art performance, which is comparable to and
sometimes even better than bulky and costly high-end MR
hardware.
1 Not limited by the lithographic resolution but rather by the proximity effect,
which makes the coil resistance increase rapidly for too small inner coil diameters.
Before splitting our discussion into two separate tracks for
NMR- and EPR-on-a-chip detectors, we would like to say a few
words about the general applicability of the MR-on-a-chip
approach: It is a well-known fact that any MR sensor can be opti-
mized for the two contradicting design goals of spin limited sam-
ples on the one hand and concentration limited samples on the
other hand. With the possibility to manufacture highly miniatur-
ized on-chip detection coils, the fully-integrated MR-on-a-chip
approach is intrinsically ideally suited for high-sensitivity mea-
surements on mass/spin limited samples such as single cells in
in-cell NMR or EPR or measurements on small crystals. When striv-
ing for a good concentration sensitivity, it is in general advisable to
maximize the detector volume. Within the framework of the MR-
on-a-chip approach, this can be achieved in three different ways:
A straightforward approach would be to use a conventional large
scale detector in combination with the chip-integrated transceiver
electronics. In this approach, one can benefit from the improved
form factor of the miniaturized spectrometer electronics, but –
depending on the coil/resonator size and/or the desired operating
frequency – it might be hard to achieve the required power levels
with the miniaturized electronics. In a second approach, one can
combine the beneficial features of the MR-on-a-chip approach with
external miniaturized detectors. If the external detectors are also
manufacturable in a scalable technology such as MEMS type pro-
cesses, the scalability of the MR-on-a-chip approach can be used
to increase the sensitive volume by using a large number of detec-
tors in an array configuration [29]. Thanks to the excellent scalabil-
ity of MEMS-based detectors and the MR-on-a-chip electronics in
combination with the improved spin sensitivity of the individual
smaller-size detectors, in principle, very good concentration sensi-
tivities can be realized using this method. Finally, in applications
that can tolerate the somewhat inferior properties of a planar on-
chip coil, the array-based approach can also be applied to fully-
integrated MR-on-a-chip systems. Here, the upper limit of the
number of array channels is mostly given by the silicon area and/
or the heat generation of the array.
2.1. NMR-on-a-chip detectors

In the field of NMR, the possibilities of IC-based realizations
have mainly been used to monolithically integrate the NMR spec-
trometer electronics of Fig. 1, while the NMR detection coil is typ-
ically realized off-chip to meet the stringent requirements on its
B1-field homogeneity and coil-induced susceptibility artifacts.
Therefore, the actual detection principle of the NMR-on-a-chip
approach largely remains the same as in conventional NMR, the
main difference being the small form factor and the close proxim-
ity of the NMR electronics to the coil, which together enable larger
degrees of freedom in the overall system design.

One prototype system that uses the combination of a monolith-
ically integrated NMR-on-a-chip transceiver and an external coil
for true NMR spectroscopy has been presented in [14], cf. Fig. 2a.
In this system the required B0-field homogeneity has been
achieved by the combination of a permanent magnet and electrical
shim coils. The presented NMR-on-a-chip transceiver makes full
use of the close proximity between the NMR coil and the transcei-
ver chip by avoiding a 50Xmatching to fully exploit the noise-free
preamplification from the tuning capacitance. This noise free
preamplification amplifies both the induced NMR signal and the
voltage noise produced by the coil2 by the quality factor of the LC
resonant tank, which is typically dominated by the coil quality fac-
tor. Thereby, the burden on the input referred voltage noise of the
LNA is greatly relaxed. Finally, the 1H-13C-heteronuclear NMR
2 And the sample.



Fig. 2. (a) Photograph and micrograph of the portable NMR system and the utilized
ASIC presented in [14], graphic taken from [14] and (b) photograph, micrograph and
concept drawing of the point-of-care NMR-system, the utilized ASIC and the target
application presented in [30], graphic taken from [30].
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experiments presented in [14], which used two transceiver chips for
the two hardware channels, clearly demonstrate the versatility of
the NMR-on-a-chip approach.

As a second example of the rich possibilities associated with the
NMR-on-a-chip approach, in [30], a portable NMR relaxometry sys-
tem has been presented. It uses a co-integrated Hall sensor to mea-
sure B0-field fluctuations, which are then compensated by an
auxiliary coil. Moreover, in this setup, the on-chip NMR coil –
due to the target relaxometry application the inferior B1-field
homogeneity and susceptibility artifacts are tolerable in this
design – has been re-used in combination with an on-chip temper-
ature sensor for the stabilization of the sample temperature
against environmental fluctuations. Overall, the system presented
in [30] nicely illustrated the added design freedom by the NMR-
on-a-chip approach that allows to augment the core NMR system
by auxiliary sensors that can be used to enhance the performance
of the NMR unit.

A second example of a fully-integrated NMR-on-a-chip trans-
ceivers with co-integrated detection coil is the design in [13],
which uses the miniaturized on-chip broadband NMR coil for
single-cell NMR spectroscopy experiments. The broadband NMR
approach presented in this paper is particularly interesting
because it fully exploits the freedom of co-designing the NMR coil
together with the transceiver electronics. As discussed e.g. in
[31,27], the intrinsic coil SNR is a very mild function of the coil
geometry, leading to a situation where coils with many turns and
moderate quality factors display very similar SNR values as single
turn, high-Q saddle coils as they are frequently used in conven-
tional NMR spectroscopy. In [13], this design freedom was used
to create an on-chip NMR coil with a very large AC resistance.
The large intrinsic coil noise – here it should be stressed that the
intrinsic coil SNR was still very competitive due to the large
induced voltage in the multi turn design – then allowed for the
design of a broadband COMS LNA, whose input referred voltage
noise was significantly below the coil noise, i.e. which provided a
very good noise figure.

As already briefly mentioned above, the scalability of the NMR-
on-a-chip transceiver electronics in principle allows for the realiza-
tion of large scale arrays of miniaturized detection coils that enable
both an excellent spin sensitivity and at the same time a good con-
centration sensitivity. A smaller scale example of such a system
consisting of MEMS-based, miniaturized 3D solenoidal NMR coils
and custom designed receiver electronics was presented in [29].

An interesting feature of systems using an in-field preamplifier
is the possibility of using an electronically controllable varactor to
form an adjustable parallel LC resonant circuit with the detection
coil that performs the abovementioned noise free preamplification.
This simplified tuning scheme was used in [32] for multinuclear
(X-nuclei) magnetic resonance imaging (MRI) experiments with a
greatly simplified setup compared to conventional multituned
coils. In this paper, it was experimentally demonstrated that the
use of in-field electronics next to a conventional MRI coil removes
the need for an impedance match between the coil and the LNA
even for large, centimeter-sized coils, thereby greatly facilitating
X-nuclei MRI experiments when using an electronically tunable
capacitor for the tuning.
2.2. VCO-based EPR-on-a-chip detectors

As mentioned above, due ot the very stringent requirements on
the B0- and B1-field homogeneity in NMR, most IC-based NMR
spectrometry systems use an external coil in combination with a
CMOS in-field transceiver. In contrast, the relaxed requirements
on the field homogeneity in EPR allow for an even more aggressive
integration approach, in which the detection coil is co-integrated
on the same ASIC without performance loss. Another important
difference between chip-integrated NMR and EPR transceiver
results from the fact that today – due to hardware limitations –
most EPR experiments are still carried out in the continuous-
wave regime.

The architecture of a conventional, resonator-based EPR exper-
iment is illustrated in Fig. 3a, where the elements that prevent a
straightforward miniaturization of the setup are highlighted in
red. Here, it is mostly the electromagnet, which imposes an overall
large system size, weight and power consumption. The electro-
magnet is required because the conventional mechanically tuned
volume resonators used in EPR are mostly incompatible with fre-
quency sweep experiments. This is because it is difficult to readjust
their tuning at every sweep point and, therefore, the resonators
introduce a hard tradeoff between Q-factor, sweep range and sen-
sitivity variations over the sweep range. As a solution to this prob-
lem, in [20], the voltage-controlled oscillator (VCO) based EPR
detection approach, which is illustrated in Fig. 3b, has been pro-
posed as an extension to the previously proposed oscillator-
based EPR approach [33–37]. The oscillator based approach with
its miniaturized detection coils and (fundamental) operation fre-
quencies up to 150 GHz was mainly aiming at improving the spin
sensitivity and room temperature sensitivities as good as
2� 107 spins=

ffiffiffiffiffiffi
Hz

p
at 150 GHz have been presented [37]. Interest-

ingly, the chip-integrated oscillators also display a very good per-
formance down to cryogenic temperatures and operations down
to 1.4 K using high electron mobility transistors have already been
presented in the literature [38].



Fig. 3. (a) Conventional resonator-based EPR detection setup with the components
that prevent a straightforward miniaturization of the setup highlighted in red, (b)
illustration of the VCO-based EPR detection approach and (c) experimental setup of
the VCO-based detection method. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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In the VCO-based approach, the EPR sample is placed on top of
the coil of an integrated VCO. The B1-field necessary to excite the
spin ensemble is produced by the current running in the coil and
the EPR signal is detected as a change of the oscillation amplitude
and frequency produced by the spin-induced emf in the coil. The
VCO can be realized in many different ways, but a particularly suit-
able realization for CMOS integration is the crosscoupled pair LC
tank oscillator shown in Fig. 3b, which is in essence an LC resonator
coupled to a crosscoupled transistor pair. Here, the crosscoupled
transistor pair replenishes the loss of the LC tank resonator, pro-
ducing a stable oscillation at3 the LC tank resonance frequency
xLC ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1=ðLtankCtankÞ
p

. In a VCO, the tank capacitance is realized as
an electrically tunable capacitor, whose value depends on a tuning
voltage VTUNE, i.e. Ctank ¼ CtankðVTUNEÞ. Thereby, the operating fre-
quency of the VCO can be readily adjusted by changing CtankðVTUNEÞ
via said tuning voltage. Here, according to Fig. 3b, changing VTUNE

not only changes the operating frequency but also the resonance fre-
quency of the LC tank resonator embedded inside the VCO. There-
fore, when performing frequency sweeps by changing VTUNE, the LC
resonator inside the VCO is at each sweep point critically coupled
to the frequency of the B1-field, leading to very small4 sensitivity
variations even for very wide frequency sweeps. Thereby, the VCO-
based detection approach opens up the path towards portable EPR
spectrometers according to Fig. 3c, which use a permanent magnet
as source for the static B0-field. A photograph of the latest prototype
of a battery-operated, portable EPR spectrometer manufactured in
Stuttgart, which is an improved version of the spectrometer pre-
3 More precisely near.
4 There are some residual sensitivity variations due to the slightly nonlinear

relation between Ctank and VTUNE.
sented in [20], is shown in Fig. 4. Interestingly, the VCO-based detec-
tor can be incorporated into a phase-locked loop (PLL), which causes
the VCO frequency to be equal to a multiple of the PLL reference [39].
Thereby, the frequency of the B1-field is precisely defined by the
external reference and the EPR-induced frequency shift is translated
into a corresponding change of the VCO tuning voltage. When using
a source with frequency modulation capabilities as the PLL reference,
the reference signal can also be used to generate the frequency mod-
ulation required for lock-in detection. In the resulting PLL-based
spectrometer architecture shown in Fig. 3c, the EPR signal is con-
tained in the tuning voltage such that the lock-in amplifier can be
directly connected to VTUNE, leading to a very simple all-electronic,
overall system architecture that can be easily integrated into stan-
dard CMOS.

As an important difference to conventional resonator-based
EPR, in the VCO-based approach, the EPR-induced frequency signal
is proportional to the real part of the complex susceptibility, lead-
ing to dispersion type EPR spectral lines, cf. [28]. However, the
amplitude of the VCO is also affected by the EPR effect, where
one can show that the EPR-induced amplitude shift is mostly pro-
portional to the imaginary part of the complex sample susceptibil-
ity [31], producing the conventional absorption type EPR spectra in
this detection mode of the VCO-based sensor.

Interestingly, despite the potential increase in the VCO noise
compared to a fixed frequency oscillator due to the AM/PM conver-
sion in the varactor, the spin sensitivities with the VCO-based sys-
tems presented in [39] are equal in the frequency sweep mode and
the field sweep mode5 and the system of [39] achieved a spin sen-
sitivity around 109spins=

ffiffiffiffiffiffi
Hz

p
at 14 GHz.

When initially proposed in [20], one major limitation of the
CMOS-integrated VCO-based approach was the limited maximum
size of the integrated detection coils – depending on the operating
frequency, between a few tens of microns to a few hundred
microns – which greatly limited the achievable concentration sen-
sitivity. As a solution to this problem, in [21], the VCO-based detec-
tion approach was extended to arrays of injection locked VCOs. In
this approach, all VCOs are electrically coupled to synchronize
their oscillation phase,6 cf. Fig. 5a. In this way, the sensitive volume
can be improved by increasing the number of coupled oscillators. For
a homogeneous sample covering the entire VCO array according to
Fig. 5b, the sensitivity, i.e. the EPR-induced frequency change per
spin, is unaltered compared to the frequency change per spin of a
single array element. Hence, the concentration sensitivity improves
linearly with the number of array channels, NVCO, due to the
increased volume [21]. Since the white noise floor of the joint array
frequency improves with

ffiffiffiffiffiffiffiffiffiffiffi
NVCO

p
compared to a single array element,

overall, the concentration sensitivity of an array of NVCO identical

VCOs displays a N3=2
VCO-fold improved concentration sensitivity com-

pared to an individual VCO. As a result, the design presented in
[21] achieved a concentration sensitivity of 200 mM at 14 GHz, which
was roughly ten times improved compared to a single element of the
VCO array.

One major advantage of the VCO-based detector array com-
pared to an array of resonators is the fact that, in the VCO array
case, the readout complexity is independent of the number of array
channels because the EPR signal is contained in the joint array fre-
quency. Therefore, only a single signal has to be read out for an
array of phase-locked VCO-based EPR detectors, whereas in the
case of an array of resonators, each channel in principle requires
its own transceiver, greatly increasing the excitation and readout
complexity for large array channel counts.
5 That uses a highly stabilized and low-nosie tuning voltage.
6 And therefore also their oscillation frequency.



Fig. 4. (a) Photograph of the latest prototype of our battery-operated, portable EPR
spectrometers using the VCO-based operating principle introduced by our group in
[20] and (b) micrographs of EPR-on-a-chip and an NMR-on-a-chip ASICs (EPR
above, NMR below) in size comparison to a two cent coin.

Fig. 5. (a) Conceptual schematic of an array of injection-locked VCO-based EPR
detectors and (b) conceptual view of a monolithically integrated injection locked
EPR detector array including sample placement.
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Overall, arrays of injection-locked VCO-based EPR detectors
provide a very promising way towards cheap, yet high perfor-
mance EPR detectors even up to very high frequencies beyond
100 GHz. Since the VCO arrays inherit all the positive system
aspects of single-element VCOs – constant sensitivity frequency
sweeps, embeddability into a PLL for a precise frequency definition
of the B1-frequency from an external reference – the injection-
locked VCO arrays appear to present an ideal platform for future
generations of portable EPR spectrometers.
3. Conclusions and outlook

In this paper, we have discussed the possibilities associated
with the use of IC technologies for the monolithic integration of
MR spectrometer electronics and detection coils. We have
explained how the basic features of modern IC technologies such
as CMOS can not only be used for a miniaturized realization of con-
ventional MR transceiver systems but that the in-field electronics
together with the very short electrical connections can be used
to realize more efficient transceiver architectures that directly
reflect the nature of the MR excitation and detection signals. These
new architectures are therefore ideally suited for the realization of
future miniaturized, cheap, power-efficient, yet high-performance
MR spectrometers. In the field of EPR, we have then discussed in
detail the recently proposed VCO-based EPR detection approach,
including the use of injection-locked VCO arrays. Especially these
arrays, which combine both the detector and the required signal
conditioning electronics into a tiny chip of a few square millime-
ters bear the potential to revolutionize the field of EPR spec-
troscopy. Combined with the recent advances in magnet
technology, which allow to realize very homogeneous magnets
with continuously decreasing size, cf. [22–25], the MR-on-a-chip
technology might turn the dream of an MR spectrometer with
the form factor as small as that of a conventional smart phone into
a reality. Such portable MR devices could then find wide usage in a
broad range of applications includingMR-based quality monitoring
in the context of Industry 4.0 and MR-based personalized
medicine.
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