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Abstract— Nuclear magnetic resonance (NMR) is a paramount
analytical tool for chemistry, biology, medicine, and geology,
and has a fundamental importance in physics. The recent years
have seen a wealth of efforts to miniaturize NMR systems by
combining permanent magnets and CMOS radio frequency (RF)-
integrated circuits (ICs) to make the benefit of NMR more
broadly available beyond dedicated facilities, which have resulted
in systems capable of NMR relaxometry first, and later NMR
spectroscopy, the two key NMR modalities. Here we report
a small NMR system comprising a digitally assisted CMOS
RF transceiver IC and a 0.51-T permanent magnet, which not
only enhances spectroscopy and relaxometry performance but
also includes magnetic resonance imaging (MRI), a powerful
variant of relaxometry. The system achieves a spectral resolution
of <0.05 ppm (1.1 Hz), the highest reported in a portable
CMOS-based NMR system, and an imaging resolution of 67 x
67 x 83 umd.

Index Terms— Bioelectronics, CMOS-integrated circuit (IC),
magnetic resonance imaging (MRI), nuclear magnetic resonance
(NMR), radio frequency (RF) IC.

I. INTRODUCTION

ITH the power to elucidate molecular structures
and probe material compositions, nuclear magnetic
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resonance (NMR) revolutionized organic chemistry, structural
biology, medical imaging, and subsurface exploration [1], [2],
[3], [4], [5], [6], [7], [8], [9]. NMR is also of importance
to physics where it originated [10], [11], [12], [13]; a rich
repertoire of quantum state manipulation techniques developed
for NMR are used in atomic, molecular, and optical physics,
as well as for quantum computing [14].

The proton—the nucleus of a 'H atom—has a magnetic
moment /i due to its spin S (n = yg‘ ; ¥ proton’s gyromag-
netic ratio). Thus when a 'H atom is placed in a static magnetic
field By, i preferentially lines up along By to minimize
energy. Subsequently, if an radio frequency (RF) magnetic
field with frequency tuned close to fy = y By/(2m) is applied
(fo = 42 MHz for By = 1 T) in the direction perpendicular
to By, fi is tilted away from the B, direction, increasing
energy. After this resonant excitation, i1, now having an angle
with By, precesses about By at fy, which can be measured.
The RF excitation and follow-on readout of the RF preces-
sion are the key elements of any NMR experiment. Thus,
an NMR instrument consists of a By-producing magnet, a coil
around a sample, and an RF transceiver. During excitation,
the RF transmitter drives the coil to produce the excitation
RF magnetic field. During readout, the ji precession induces
a sinusoidal voltage in the coil, which is picked up by the
RF receiver.

NMR experiments are categorized into spectroscopy, relax-
ometry, and magnetic resonance imaging (MRI). Imagine
an organic molecule containing 'H atoms. As the molecule
produces, effectively, a number of tiny local static magnetic
fields according to its structure and adds them to By, 'H proton
spins in the molecule exhibit a number of precession frequen-
cies slightly different from fy, = y By/(27). By measuring
them, one can determine the magnetic fields produced by the
molecule, and thus the molecular structure. This spectroscopy
transformed organic chemistry and structural biology.

The precession signal from a sample containing many
'H proton spins is gradually damped with a characteristic
relaxation time called 7,. The damping arises mainly due to
the loss of phase coherence among precessing spins. The rate
of phase decoherence varies with material species containing
'H protons (e.g., water versus fat). Thus 7, measurement,
or relaxometry, is used to interrogate material compositions.

MRI is a variant of relaxometry. 7, measurements at
different positions across a body part produce a spatial heat
map of T, (e.g., if fat contents vary spatially, so does T5). This
is an MRI image. To measure 7, at different positions, the
static magnetic field is provided with spatial gradients. Then
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the NMR frequency is a function of position, and specific
positions to perform relaxometry can be resonantly selected.

Despite such powerful usage, NMR has been largely limited
to dedicated facilities, as its instruments are bulky, heavy, and
expensive. For example, a state-of-the-art NMR spectroscopy
system relies on a large superconducting magnet to obtain
a strong and homogeneous static magnetic field, as the field
strength enhances the NMR signal and the field homogeneity
is needed to resolve the spectral peaks around fy. An MRI
system also typically utilizes a large superconducting magnet
with its bore accommodating a human body, although the field
strength requirement is not as stringent as in spectroscopy and
the field homogeneity is deliberately broken with the gradient.

To bring the benefit of NMR more broadly, a wealth of
efforts have been recently dedicated to miniaturizing NMR
systems [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24]. The strategy is to replace large superconducting magnets
with small permanent magnets with sufficient field homo-
geneity and discrete RF transceiver electronics with integrated
RF transceiver chips. For example, we combined permanent
magnets and CMOS REF transceiver-integrated circuits (ICs) to
develop a series of portable NMR systems, originally capable
of only relaxometry [18], [19], [20], [21], [22], and later
capable of both relaxometry and spectroscopy [23].

In the present article—as an expansion of a conference
paper [25]—we report a new portable NMR system (see Fig. 1)
combining a 0.51-T permanent magnet (fp &~ 21.8 MHz) and a
CMOS REF transceiver IC, whose NMR functions now include
relaxometry, spectroscopy, and MRI. For MRI, it achieves
a spatial image resolution of 67 x 67 x 83 um?®. For
spectroscopy, it reaches a spectral resolution of 0.05 ppm
(1.1 Hz), the highest among portable CMOS-based NMR
systems reported so far (the prior record was 0.13 ppm [23]).
As a small spectroscopy system relying on the weak field
of the permanent magnet, it cannot be used to determine
structures of macromolecules (e.g., protein), but it enables
on-demand fingerprinting of small molecules. As a small MRI
system (occupying less than 5 L and weighing less than 10 kg,
it is 2700x smaller and 480x lighter than a preclinical MRI
system, and even smaller/lighter than a medical MRI system),
it cannot accommodate a human body but can be useful for
imaging small organisms, organoids, and biopsied tissues.

Critical to the development of this multimodal NMR plat-
form is not only the overall instrument engineering but also
the design of the CMOS RF transceiver IC that runs the
instrument. The RF receiver should be highly sensitive to
detect a precession signal that is weak due to the small By of
the permanent magnet, yet must feature a large dynamic range
to handle different sample volumes for different NMR modal-
ities. The RF transmitter must efficiently modulate its output
amplitude and phase to produce complex temporal patterns of
the excitation RF magnetic field for versatile manipulation of
it for varying sample volumes and different NMR modalities
to determine molecular structures and material compositions.
The IC must be also capable of field gradient control for MRI.
Equally importantly, the transmitter’s temporal excitation pat-
terns and the receiver’s precession readouts (and the gradient
control in case of MRI) must be orchestrated altogether with
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Fig. 1. Overall system.

timing synchronizations. For such orchestration to be efficient,
the IC should integrate memory banks to store the orchestra-
tion instruction, and digital logic to translate the instruction.
Implementation that meets these complex RF, mixed-signal,
and digital requirements is at the heart of the CMOS RF
transceiver IC developed in the present work. This IC is a
significant advance from our previous state-of-the-art IC used
in both [23] (for relaxometry and spectroscopy) and [24] (for
relaxometry, spectroscopy, and MRI but with OFF-chip field
gradient control for MRI). The advance lies not only in the
ON-chip field gradient control, but also in the digitally assisted
transmitter architecture, digital logic with multiloop features,
and improved memory operation. Of note, [26] reports an
NMR IC in the same league of complexity as the present
work, but its system lacks spectroscopy capability.

Section II overviews the system. Section III discusses the
IC design. Section IV presents experimental results.

II. SYSTEM OVERVIEW

The NMR system (see Fig. 1) consists of a NdFeB Halbach
permanent magnet (By = 0.51 T and fy =~ 21.8 MHz),
a solenoidal sample coil (also called RF coil) to generate RF
magnetic fields and to pick up precession signals, and a CMOS
RF transceiver IC. We also prepare two additional sets of coils:
a shimming coil set (see Fig. 2, left) to make the static field
more homogeneous for spectroscopy, and a gradient coil set
(see Fig. 2, right) to introduce gradients in the static field for
MRIL

The Halbach magnet has an intrinsic By field inhomogeneity
of 0.4 ppm (~8.4 Hz) across a 0.8-uL sample volume at
the center of the magnet bore. NMR spectroscopy, however,
needs to resolve fine frequency differences around f, with
a spectral resolution on a par with 0.1 ppm (~2.1 Hz).
To improve the homogeneity, we use the magnet with the pair
of custom-designed shimming coils (see Fig. 2, left). This pair
with a dc current in each generates a particular static magnetic
field pattern that compensates for the B, inhomogeneity of
the magnet [24], [27], [28], [29]. To further improve the
homogeneity, we rotate the sample tube at 33 Hz, with the
consequent motional averaging effectively reducing the field
inhomogeneity across the plane perpendicular to the rotation
axis [24], [30]. These two measures improve the By field
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For high-resolution NMR spectroscopy (left), shimming coils and motional averaging are used. For MRI (right), gradient coils are used. NMR

relaxometry is performed with no shimming coils, no motional averaging, and no gradient coils.

inhomogeneity from 0.4 ppm (~8.4 Hz) across a 0.8-uL
sample to 0.05 ppm (~1.1 Hz) across an even larger 1.4-uL
sample (length of the RF coil: 1.8 mm; the inner diameter of
the PTFE capillary sample tube: 1 mm). On the other hand, the
intrinsic field homogeneity of the magnet is sufficient for NMR
relaxometry with neither shimming nor motional averaging.
In fact, we use a larger sample volume of 3.9 uL (length of
the RF coil: 5 mm; the inner diameter of the tube: 1 mm) for
relaxometry.

For MRI (see Fig. 2, right), samples with a volume up to
~200 uL (RF coil length: 10 mm; sample tube inner diameter:
5 mm) can be used. To introduce gradients to the static field
By, the sample tube with the RF coil is surrounded by three
pairs of gradient coils that generate the field gradients along
x-, y-, and z-directions: a Golay coil pair, a Maxwell coil
pair, and a Saddle coil pair (see Fig. 2, right, red, blue, and
yellow, respectively). These gradient coil pairs (as well as
the shimming coils) are designed with an aid of COMSOL
simulations and also based on the static magnetic field profile
measured inside the magnet bore.

The CMOS transceiver IC operates the entire system. For
excitation, it sends out an RF current to the sample coil to
generate an RF magnetic field (in practice, a sequence of RF
magnetic fields, known as RF pulse sequence, is often needed
to manipulate the proton spins, and the IC is in charge of such
sequence generation as well). For readout, the IC amplifies
and processes precession signals to obtain spectral, relaxation,
or image information. The IC also contains the electronics to
control the field gradients for MRI. Section III describes the
details of the IC design.

III. DESIGN OF THE CMOS RF TRANSCEIVER IC

The RF transceiver IC is implemented in a standard 0.18-um
CMOS technology (while bipolar and BiCMOS technologies
can be superior in speed, noise, and gain performances,
the CMOS technology still allows for meeting performance
requirements while offering cost competitiveness). Fig. 3
shows its architecture. Within an area of 2.34 x 2.13 mm,
it integrates an RF receiver, an RF transmitter (aided by a
multiphase generator), a 3-D-gradient control, and a digital
control center that coordinates the operational timings of the
building blocks for the NMR experiments. A supply voltage

RF transmitter 3D-gradient control
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Fig. 3. Architecture of the CMOS RF transceiver IC.

of 3.3 V is used across the chip, except the digital control
center, for which a 1.8-V supply voltage is used.

A. RF Receiver

The RF receiver, which detects the RF voltage induced across
the sample coil by the precession of proton spins at around
fo &~ 21.8 MHz, has the heterodyne architecture (see Fig. 3).
Concretely, it comprises an amplifier chain—the first stage
low-noise amplifier (LNA), the second stage amplifier, and
the third stage attenuator—followed by quadrature mixers for
frequency down-conversion and IF-amplifiers with low-pass
filter characteristics (see Figs. 3 and 4). Since our multimodal
system must work with smaller samples for spectroscopy and
larger samples for relaxometry and MRI, the RF input voltage
to the receiver assumes a broad dynamic range, with the
minimum around ~0.6 uV for the smallest sample we use.
Therefore, both the sensitivity and the ability to handle the
large input dynamic range with no saturation are critical for
the receiver.

For the sensitivity, to guarantee a signal-to-noise ratio
(SNR) of at least 3 for the minimum input voltage of ~0.6 uV
at the receiver input, the receiver input-referred noise should
be less than ~1.2 nV/+/Hz (the relevant bandwidth for the
RF input signal around f; used for this calculation is 30 kHz,
as the IF-amplifier low-pass filters the down-converted signal
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with that bandwidth). This requirement is to be met by
minimizing the input-referred noise of the front-end LNA,
which dominates the receiver input-referred noise. On the
other hand, to accommodate the large input dynamic range
with no saturation, we make the voltage gain of the entire
receiver chain tunable between 34 and 100 dB. Specifically,
the gains of the first-stage LNA and the second-stage amplifier
are 26 and 20 dB, respectively; the third-stage programmable
attenuator has a gain that can be tuned from —66 to 0 dB;
and the quadrature mixers and IF-amplifiers together offer
an additional gain of 54 dB. For a larger input voltage,
we use a larger attenuation in the third stage attenuator
so that the mixers and IF-amplifiers are not saturated (the
first-stage LNA and the second-stage amplifier are not sat-
urated for the range of sample volumes we use). In addition,
to make the IC usable not only at room temperature but also
at higher temperatures for such applications as subsurface
oil exploration, we endeavor to make the IC—in particular,
the receiver that can be especially temperature sensitive—
operate up to 125 °C with temperature-compensated
design.

The LNA (see Fig. 4) in a differential form, which interfaces
with the coil, uses resistive loads and pMOS input transistors
M; and M, whose 1/f noise corner (<1 MHz) is far below
fo ~ 21.8 MHz. To minimize thermal noise, we increase
the transconductance g, of the input transistors using larger
channel widths and also by increasing their bias currents
within a power budget. At the same time, the LNA gain is
made temperature-insensitive to the first order, following the
recipe from our previous work [23]. A standard analysis of the
bottom part of the biasing circuit formed by transistors M3 and
M, in the pinch-off regime and resistor R;, (see Fig. 4, left)
yields a bias current I, = [2u,Cox(W/L)sR2]~! where w, is
the electron mobility, Coy is the gate oxide capacitance per unit
area, and (W/L)4 is the channel width-to-length ratio of My.
Or by considering only the temperature-dependent parameters,
I, o< ;' R, 2. Since I, is mirrored to the LNA, g,, of M; or
M, of the LNA is then expressed as g,, o< 1/Rp, x (1,/mn)"/?,
again including only the temperature-dependent parameters,
where ), is the hole mobility. Approximating that u, and
W, have the same temperature dependency, the voltage gain
of the LNA is then given by g,R; « R;/Rp, where R; is
the load resistor of the LNA. Since both resistors R; and
R, have the same temperature dependency, the LNA gain is
temperature-insensitive to the first order. The same scheme
also applies to the second-stage amplifier (see Fig. 4).

The third-stage programmable attenuator is controlled with
a 4-bit digital signal. It is a 12-step R-2R resistor ladder with
an attenuation of 6 dB per step, and the attenuation thus can be
tuned from O to 66 dB. The noise from this resistive network
is rather negligible due to the considerable amplification by
the first two stages. The attenuation level is stored in a global
configuration register memory bank.

The output of the amplifier chain is then frequency
down-converted by mixers driven by quadrature local oscillator
signals and low-pass filtered by IF-amplifiers, resulting in the
final receiver outputs, I and Q, at audio frequencies. The /
and Q signals contain frequency and phase information on
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the proton spin precession, from which spectral, relaxation,
or imaging information can be extracted.

B. RF Transmitter Aided by Multiphase Generator

The RF transmitter drives the sample coil with an RF output
current at the resonant frequency fy &~ 21.8 MHz to produce
an RF magnetic field with an amplitude B; inside the coil.
This field will tilt & away from the By direction, increasing
the angle between them, thus increasing the energy of proton
spins. The final excitation angle at the end of the duration
At of the RF current application is 6§ = y(B;/2)At, where
B, is proportional to the RF current amplitude for a given
sample coil. At the same time, the phase of the RF excitation—
e.g., whether the RF magnetic field is Bjsin(2rwfyt) or
Bj cos(27 fot) or any other phase—determines the direction [
is tilted away. Therefore, if the amplitude, phase, and duration
of the RF current are tunable, one can control the ji excitation
in a versatile manner. Our RF transmitter is built in such a
way that all three parameters are tunable. Specifically, it is
built by combining a digitally controlled current mode class-D
power amplifier (PA) and a multiphase generator based on a
delay-locked loop (DLL) (see Figs. 5 and 6).

The tuning of the RF current amplitude is achieved by
building the PA with 31 identical unit amplifiers in parallel
(see Fig. 5). Each unit amplifier stacks two nMOS-transistors.
The bottom transistor functions as a current source driven by a
fixed-amplitude RF input signal arriving from the multiphase
generator with a selected phase. The top transistor acts as a
switch. As the voltage of the drain node of the top transistor
can be as high as wVpp [31], we use thick-oxide options
for both transistors available in the CMOS technology with
a drain breakdown voltage in excess of 12 V. The output RF
current amplitude of the PA is tuned by choosing the number
of unit amplifiers to activate. Using a 31-bit thermometer code
to choose unit amplifiers to activate, we make available 32 dis-
crete RF current amplitudes, with the lowest being zero with
all unit amplifiers deactivated and the highest being ~300 mA
with all unit amplifiers activated. These 32 current amplitudes
in combination with the tunable excitation duration, 1 us <
At <200 pus (the Ar tuning is done simply by controlling the
time to activate and deactivate the PA with the thermometer
code), are sufficient to control 6 = y (B;/2)At to any desired
value for a broad range of sample volumes used in our multi-
modal system operation (the proportionality of the RF current
amplitude to B, varies with the sample coil diameter). Since
the output impedance of the PA decreases with an increasing
number of activated unit amplifiers, the PA output current will
not perfectly linearly scale with the thermometer code. This
nonlinearity, however, is not an issue in our system operation,
because for each excitation, we always use a constant RF
output current amplitude (a constant thermometer code) we
choose from the 32 options.

The tuning of the RF current phase is achieved using the
multiphase generator based on a DLL (see Fig. 6), similar
to the one used in one of our previous works [23]. The phase
frequency detector (PFD) compares the phases of the incoming
RF signal and its delayed version from the tunable delay line.
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Fig. 5. RF transmitter.

The outcome of this comparison feeds the charge pump (CP)
to generate a control voltage to tune the line delay so that it
is locked to one RF period, or the phase of 2. As the delay
line has 32 nodes accessible by a 5-bit phase selector, we can
choose any one of 32 RF phases equally spaced between
0 and 27 (32 available phases are sufficient for most NMR
experiments in practice). The output of the DLL, I N, (and its
inverted version I N,) with the selected phase is what drives
the PA. For maximum PA efficiency, a 50% duty cycle for
IN, is desired, but due to different rise and fall times of
the cells in the delay line, the duty cycle may deviate from
50%. To address this issue, we add an auxiliary feedback loop
(see Fig. 6, blue), which compares the RF signals from the
16th and 32nd nodes of the delay line and adjust the rise
and fall characteristics of the delay line until the 50% duty
cycle is achieved, upon which the two signals become accurate

Duty cycle control
2m(32/32)
_Ir

Vctrl,dllty

2m(16/32)

Tunable delay line

[N2n(1/32) DZn(16/32)___ D 21(32/32) | |

Ty

So

5b

/

5-bit phase selector

from lpulse T
programmer |
0

Vctrl,delay

—> INp
> INn

Delay locked loop

Fig. 6. DLL-based multiphase generator.

inversions of each other and the control voltage in the auxiliary
circuit is locked.

C. Gradient Field Control for MRI

We generate static magnetic field gradients on top of By along
each of x-, y-, and z-directions, by injecting a current into each
gradient coil pair (see Section II). Since the NMR frequency
becomes then a function of position, NMR relaxometry with a
fixed RF excitation frequency measures 7, from only a small
sample portion whose NMR frequencies are close enough to
the excitation frequency. Thus, as we alter the field gradients
by changing the amount of currents injected in the gradient
coil pairs, different portions of the sample will be selected for
NMR relaxometry, producing a heat map of 7,—i.e., an MRI
image—across the sample region the varied field gradients
can cover. The injected current in our system can be tuned
from —1.5 to 1.5 A, and the corresponding range of the field
gradients can scan a sample length of 6 mm. The step of
the field gradient change is related to the imaging resolution,
and with 256 steps of injected current change and thus with
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256 steps of field gradient change, an average target spatial
resolution along the scanned length of 6 mm may be estimated
as ~6 mm/256 x 2 & 47 um, where the factor 2 arises
due to the technical details involved with the particular MRI
algorithm we use [26].

For the 256-step current injection change, we build three
8-bit digital-to-analog converters (DACs) ON chip (see Fig. 3)
for the three gradient coil pairs. The output voltage of each
DAC is then converted into a current by OFF-chip electronics
on a printed circuit board (PCB), as the current as large as
+1.5 A ON chip could cause heating and electromigration.
The PCB contains m-filters, buffer stages, and high-power op-
amps for voltage-to-current conversion.

Fig. 7 shows the schematic of each identical ON-chip DAC.
It is of the R-2R topology and uses a chopper-stabilized op-
amp in a negative feedback loop to mitigate the offset and
1/f noise for high fidelity. The chopping frequency is chosen
at 8 MHz, a value larger than the 1/f noise corners of the
transistors in the op-amp, to suppress the 1/f noise. At the
same time, the associated 8-MHz ripples interfere neither with
the RF frequency (>20 MHz) nor with the down-converted IF
frequency (<100 kHz) in the transceiver. The output of the
DAC:s is low-pass filtered to minimize the ripples. To operate
these DACs in harmony with the RF pulse sequences with
all the relevant timings synchronized, each individual DAC is
equipped with its own digital memory bank (64 x 8 bits),
which is linked to the digital control center to be discussed
shortly.

D. Digital Control Center

While the most basic NMR experiment involves a single
RF excitation period followed by a single-precession readout
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period (see Section I), in many advanced and widely used
NMR experiments, a sequence of excitations with tight control
of excitation amplitudes, phases, and durations is intermixed
with multiple spin precession periods, some of which are read-
out. The sequence of excitations is called RF pulse sequence.
Therefore, the operational timings of the transmitter and the
receiver, as well as the phases and amplitudes of the transmitter
need to be all together coordinated. In MRI, these transceiver
operations need to be also properly synchronized with the
operation of the gradient coils.

Such complex operation of the entire chip is managed by
the digital control center (see Fig. 8), which consists of a 64
x 88-bit shift-register memory array and a pulse programmer
(digital logic). The first 64 bits of each row of the memory
array store largely an RF pulse sequence instruction such
as the width, amplitude, and phase of each excitation RF
pulse and the pause duration between adjacent excitation RF
pulses, but also an instruction on the timing of the receiver
operation. The remaining 24 bits of the row are divided
into three 8-bit instructions for 3-D field gradient control
(this portion is relevant only when the system is engaged
in MRI). The instruction of each row is then translated by
the pulse programmer to control the transmitter together with
the multiphase generator, the receiver, and the three DACs.
The digital control center runs with a 16-MHz clock. The
memory array is programed via two serial peripheral interfaces
(SPIs), one for the first 64 bits of each row (pulse sequence
instruction), and the other for the remaining 24 bits of the row
(MRI field gradient instruction). Of note, the digital control
center also includes a separate 64-bit configuration register
(not shown in Fig. 8) to store frequently used data such as the
target receiver gain; this arrangement streamlines //0’s and
reduces external auxiliary circuits.
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Furthermore, an NMR pulse sequence can contain a great
number of repeated excitation pulses, which may not be pos-
sible to put into the shift register memory array. We overcome
this issue by providing three execution loops in the pulse
programmer. These loops can be used independently, or in a
nested manner, allowing for a much simpler instruction stored
in the memory array.

IV. EXPERIMENTS

A. IC Characterization

Before conducting NMR experiments, we characterize the
CMOS REF transceiver IC with fy ~ 21.8 MHz. The measured
tuning range of the voltage gain of the RF receiver is 30-
100 dB, which exceeds the simulated range of 34-100 dB. The
input-referred noise of the receiver is 0.78 nV/+/Hz, which is
obtained by first measuring the output voltage noise with the
input voltage terminals shortcircuited, and then dividing it by
the maximum voltage gain measured (100 dB). We also use
the procedure in [32] to measure the amplitude mismatch of
~0.1 dB between the I and Q channels and the maximum
~1.7 °C error in reference to 90 °C in the phase difference
between the I and Q channels. The receiver dissipates a
maximum power of 43 mW from the 3.3 V supply.

Fig. 9(a), left, shows that the receiver gain drops only
by ~3 dB as temperature increases from 20 °C to 125 °C
with the chip placed in a temperature chamber. Our attention
to temperature sensitivity arises because we seek to use the
IC not only at room temperature but also for subsurface
exploration where temperature is high (see Section III). Since
the supply voltage provided by OFF-chip power regulators
can vary with temperature, we also measure the receiver gain
for supply voltages varied up to £10% around 3.3 V; the
receiver gain then varies only by £1 dB (see Fig. 9(a), right).
Both measurements in Fig. 9(a) agree well with post-layout
simulations.

The amplitude of the RF output current of the transmitter
into a 1-2 load is tuned from 25 to ~290 mA [see Fig. 9(b)],
as we activate more unit amplifiers. The nonlinearity seen
arises because the PA’s output impedance decreases as more
unit amplifiers are activated. As discussed in Section III, this
nonlinearity is not an issue in our NMR operation. Finally,
to a matched load (4.9 Q2), the transmitter delivers a maximum
output power of 220 mW, while consuming a maximum power
of 560 mW from the 3.3 V supply.

Fig. 9(c) shows the measured DAC output voltage—from
each of the three gradient control DACs—which is apparently
varied linearly from O to 3.3 V with the digital code. The
figure also displays the OFF-chip conversion of one of the
DAC output voltages into a current (1.5 to —1.5 A) to drive
a gradient coil pair. Fig. 9(d) shows the measured differential
and integral nonlinearities (DNL and INL) of a DAC, which
are within £0.23 LSB and —0.36/0.24 LSB, respectively. The
three DACs together consume a maximum power of ~2 mW
from the 3.3 V supply. Digital circuits on the chip dissipate a
power less than 1 mW from the 1.8 V supply.
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Fig. 10. One-dimensional and 2-D NMR relaxometry measurement results. One-dimensional: FID of Ethanol, captured after single pulse excitation (top-left),
and 7> measurement of stock oil, captured with standard CPMG (bottom-left). Two-dimensional: 77-7> maps of water and stock oil captured with IR-CPMG
(top-right), and SR-CPMG (bottom-right), enabled by the ON-chip nested loop feature.

Finally, Fig. 9(e) shows the receiver gain and the transmit-
ter RF output current amplitude over a broad range of RF
frequencies. While our focus in this article is '"H NMR at
fo ~ 21 MHz with By ~ 0.5 T, given the transceiver capability
over the broader frequency range shown in the figure, the chip
may be used for a broader range of By and with other NMR
active nuclei.

B. NMR Relaxometry

Ideally T, (the characteristic damping time of the precession
signal due primarily to phase decoherence; Section I) can be
obtained from the precession signal after a single excitation.
The damping of such a precession signal, called free induction
decay (FID), however, includes the dephasing effects due not
only to the sample itself (which we seek to interrogate) but
also to the By inhomogeneity (which is an artifact). This is
overcome by the RF pulse sequence known as Carr—Purcell-
Meiboom-Gill (CPMG) sequence, which includes multiple
excitations with a particular set of excitation durations and
intervals, with which precession signals repeat to appear and
disappear. The envelope of such “spin echo” decays, capturing
the true 7, due only to the sample, with the By inhomogeneity
effect removed. Fig. 10, top-left and bottom-left, show the FID
of ethanol and the spin echo decay of a stock oil, respectively,
both after frequency-down conversion. In Fig. 10, bottom-left,
a fast Laplace inversion of the echo signal reveals multiple
T, values, typical of oil containing hydrocarbon molecules
with differing sizes.

The measurement of 77, the characteristic damping time due
purely to energy loss (i.e., the characteristic time for an excited
1 to align back to By), involves a more complex RF pulse
sequence scheme. In fact, we can measure both 77 and 7, with
RF pulse sequence schemes known as inversion-recovery-
CPMG (IR-CPMG) and saturation-recovery CPMG (SR-
CPMQG). Fig. 10, top-right and bottom-right, show 7-7, maps
of tap water and stock oil, measured with the IR-CPMG and
SR-CPMG sequences, respectively. Both sequence schemes
reveal essentially identical T1-7, map features: the single,
tight peaks for water are due to the rapidly rotating water
molecules, while the broader distributions for oil reflect more
complex interactions among hydrocarbon molecules of varying
sizes. The SR-CPMG scheme is faster in experiments than the
IR-CPMG scheme but is also more complex. Its execution is
greatly facilitated by the loop feature of the pulse programmer
in the digital control center.

C. NMR Spectroscopy

We perform high-resolution NMR spectroscopy with the
custom-designed shimming coils and motional averaging (see
Section II). Fig. 11, left, shows the 'H NMR spectrum obtained
from an ethyl acetate sample. With a spectral resolution of
0.05 ppm (for fy =~ 21.8 MHz, this corresponds to a frequency
resolution of 1.1 Hz; this is the highest resolution achieved
by a portable CMOS-based NMR system based on a perma-
nent magnet), all the known spectral peaks (corresponding to
chemical shifts and J-coupled splittings) around f; due to
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TABLE I
COMPARISON WITH RECENT CMOS-BASED MAGNETIC RESONANCE SYSTEMS

[26] [24] [39] [36] [37] [38]
Specifications This work S. Fan K.-M. Lei J. Handwerker Q. Yang F. Dreyer F. Dreyer
JSSC22 Anal. Chem.’20 | Nat. Methods’20 | Magn. Reson.’22 NEWCAS 22 BioCAS 22
System Performance
NMR Relaxometry NMR Relaxometry | NMR Relaxometry
Functionality NMR Spectroscopy NMR Rﬁ;)l(ometry NMR Spectroscopy | NMR Spectroscopy EM& g e;zzzzz:ry NMR Spectroscopy | NMR Relaxometry
MRI MRI MRI P 24
Magnet Permanent Permanent Permanent Superconducting Permanent Permanent Permanent
& 0.517T) 0.527) 0.517T) (1417) 036 T) (1.45T) 0.367T)
Imaging On-Chip On-Chip Off-Chip Off-Chip N/A N/A N/A
Spin sensitivity " i » 20 . s
[spins/NHz T2/m] 2.1x10 N/A N/A 2.4x10 1.7x10 8.3x10 4.6x10
Circuit Performance
Technolo 0.18 pm 0.18 pm 0.18 pm 0.18 um 0.13 um 0.13 um 0.13 pm
£y CMOS HV-CMOS SOI CMOS CMOS BiCMOS BiCMOS BiCMOS
F R
req“[j(/‘l‘;{yz] anee 10-60 222 10-40 600 5.7-770 5-780 N/A
Input-referred noise %
[nV/AHZ] 0.78 0.89 (0.63*) 0.82 1.26 0.77 0.61 0.61
Gain [dB] 30-100 85.2 34-100 N/A 45-85 31.5-66 N/A
PAL , [mA]* 290 602 251 N/A 90 105 200"
On-chip transmitter Yo Ye Yo N N N N
AM/PM es es es 0 0 0 [
Area (mm?) 5 6 4 1.8 1 1 1

*after software-domain signal processing *1-Q load *tuned RF coil

NMR spectroscopy
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Fig. 11. One-dimensional and 2-D NMR spectroscopy results. One-dimen-
sional: measurements on ethyl acetate showing the importance of a high-res-
olution (left). Two-dimensional: 'H-'"H COSY on ethyl acetate (right).

the molecular structure are observed [33]. This spectrum is
obtained by averaging 16 scans, and the drift of By from the
permanent magnet due to temperature fluctuation during the
scans is calibrated out [23]. The absolute and normalized spin
sensitivities [34], [35] are 1.4 x 10!3 spins/\/m and 2.1 x
10'5 spins/+/Hz x T2/m.

We also perform 2-D NMR spectroscopy, a technique that
transformed the field of NMR with the power to greatly
facilitate the molecular structure determination. In particular,
we perform correlation spectroscopy (COSY) on ethyl acetate,
where COSY is one of the most widely used 2-D NMR
spectroscopy techniques. It involves an execution of multiple

fnormalized: N,

= 2
min,n Nmin x BO /dcoil

(808 in our specific experiment) RF pulse sequences with
two-time parameters. The appreciable By drift caused by tem-
perature fluctuation during the inherently long experiment is
calibrated out. Fig. 11, right, shows the COSY NMR spectrum
so obtained for ethyl acetate. It is spread out in two dimensions
of frequencies. While the diagonal peaks are suboptimal, the
OFF-diagonal cross peaks, which are of paramount importance
in COSY, are clearly resolved, directly revealing which groups
of 'H protons in the molecule are coupled to which other
groups [33].

D. Magnetic Resonance Imaging

For MRI, we activate the ON-chip gradient control. The field
of view is 6 mm and field gradients are increased up to
200 mT/m. For imaging, we use the RF pulse sequence and
the gradient field control sequences shown in Fig. 12, top: in
the figure, the 90° and 180° pulses mean excitation RF fields
that are sustained to tilt & by 90° and by 180°, respectively.
To acquire the image, the gradient control sequences (with
the same RF pulse sequence) need to be repeated with the
gradients varied. In this way, we image a yz cross section of
a 5-mm tube, a xz cross section of a 3-mm tube (see Fig. 12,
middle), and a 3-D-printed alphabet groove (letter “V”), all
filled with water containing 'H proton spins (see Fig. 12,
bottom). The spatial imaging resolution is 67 x 67 x 83 um?>,

E. Comparison

Table I compares our system, which combines multidimen-
sional NMR relaxometry, high-resolution NMR spectroscopy,
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Fig. 12.  MRI results. RF pulse and gradient control sequences used for
capturing the images (top), images of a 5- and 3-mm sample tube, validating
the 3-D-MRI functionality (center), along with a 2-D-image of a 3-D-printed
alphabet phantom (bottom).

and MRI in a single, portable platform, with recent CMOS-
and BiCMOS-based NMR systems. Yang et al. [36] and
Dreyer et al. [37], [38] are limited to NMR relaxometry
and/or spectroscopy. Lei et al. [26], Fan et al. [24], and
Handwerker et al. [39] include MRI, but [26] lacks spec-
troscopy capabilities, [24] uses OFF-chip gradient control,
and [39] relies on a superconducting magnet.

V. CONCLUSION

We have presented a portable NMR platform capable of all
three key NMR modalities: multidimensional NMR relaxom-
etry, high-resolution NMR spectroscopy, and MRI. It achieves
not only a state-of-the-art spectral resolution of <0.05 ppm—
the highest resolution reported for portable CMOS-based sys-
tems based on permanent magnets—for NMR spectroscopy,
but also a spatial resolution of 67 x 67 x 83 um? for MRIL
This advance of the multimodal NMR platform is attributed
not only to the overall instrument engineering, but also to the
design of the digitally assisted CMOS RF transceiver IC that
meets complex RF, mixed-mode, and digital requirements.
From a broader point of view, recent years have witnessed
prodigious efforts to interface CMOS chips with biological and
chemical systems: e.g., CMOS ion-sensitive field-effect tran-
sistor arrays for DNA sequencing [40], CMOS electrochemical
cell arrays for DNA synthesis [41], and CMOS nanoelectrode
arrays for intracellular neuronal recording [42], [43]. CMOS-
based NMR may be viewed as what lies along this line of
effort that interfaces CMOS electronics with material systems
for life science, chemistry, and material science applications.
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