
SUN et al.: PALM NMR AND 1-CHIP NMR 343

Fig. 2. 1-chip NMR system with lab-on-a-chip capability.

is lighter, smaller, yet more spin-mass
sensitive than the 120-kg commercial system [3]. As com-
pared to our prior 2-kg portable NMR system [1], [2], the
palm system is lighter, smaller, and yet more
spin-mass sensitive. To attain this further substantial size/cost
reduction, we use a tiny magnet only the size of a ping-pong
ball ( T) (Fig. 1).2 This considerably lowers the NMR
signal, which we overcome by designing a new, high perfor-
mance CMOS RF transceiver. As the signal is already lowered
by the ping-pong-ball-sized magnet, the palm system uses a
high-quality solenoidal coil, not to further weaken the signal.

Second, we report a 1-chip NMR system (Fig. 2). Even the
NMR coil is integrated as a planar spiral in the CMOS chip
along with the transceiver developed for the palm system. The
transceiver’s performance permits the use of the lossy on-chip
coil that lowers the signal-to-noise ratio. Not to further weaken
the signal-to-noise ratio, the 1-chip system operates with the
hamburger-size magnet of our prior work [1], [2]. Due to this
magnet, the weight reduction from our prior work [1], [2] is by
25%, but the point of the 1-chip system is lab-on-a-chip oper-
ation. For example, a biological sample can be placed directly
on the coil of the chip for on-chip screening of disease markers.
The chip can be disposable for one-time diagnostic testing. The
direct interface may also enable oil detection [4] and quantum
computing [5] on a CMOS chip. The 1-chip system has the same
spin-mass sensitivity as our prior work [1], [2], while 60 times
more spin-mass sensitive than the commercial system [3].

The key to these two developments is the new CMOS RF
transceiver, an advance from the transceiver of our prior work
[1], [2]. First, the new transceiver achieves the sensitivity to cope
with the signal-to-noise ratio lowered by the ping-pong-ball-size
magnet (palm system) or the lossy on-chip coil (1-chip system).
Second, the new transceiver attains the highest level of integra-
tion among existing NMR transceivers. Our prior work [1], [2]

2This ping-pong-ball-sized magnet has a cylindrical shape, whose height and
base diameter are 2.3 and 2.5 cm, respectively. It weighs 0.07 kg.

did not integrate a power amplifier (PA), as meeting the large
power tuning requirement of NMR was not trivial with an in-
tegrated PA. We integrate a PA in the new transceiver by de-
vising a power tuning scheme that exploits atomic nuclei’s nat-
ural high- filtering ability.

Another highlight of this work is NMR-based biomolecular
sensing relevant to disease screening. We detect not only avidin
proteins, but also human chorionic gonadotropin (hCG) protein,
which is a cancer marker for male patients for cancers such as
choriocarcinoma, germ cell tumor, and islet cell tumor. At the
cell level, we detect human bladder cancer cells.

This work was briefly presented in the 2010 IEEE ISSCC
[6]. Here we seek its full exposure. Sections II and III
present the design and measurements of the CMOS RF trans-
ceiver. Section IV reports NMR experiments and NMR-based
biomolecular sensing. Section V compares the palm and 1-chip
systems with other NMR miniaturization efforts. We refer
readers unfamiliar with NMR to our earlier publication [2] for
quick introduction to the NMR basics.

II. CMOS NMR RF TRANSCEIVER IC DESIGN

A. Overall Architecture and Operation

Fig. 3(a) and (b) shows the architectures of the NMR RF
transceivers in the palm and 1-chip systems, respectively. The
palm system [Fig. 3(a)] uses an off-chip solenoidal coil; the
1-chip system [Fig. 3(b)] employs an on-chip planar spiral
coil. The dashed lines in the figures indicate CMOS integration
boundaries for the two systems. The transceiver architecture
is essentially the same between the two systems, but the
transceiver-coil matching networks are different for a reason
explained in Section II-D, thus, the two separate figures were
prepared to avoid confusion. The electrical characteristics of
the coils will be described in Section II-B.

All NMR experiments in our work, including biomolecular
sensing, are done with protons in hydrogen atoms in aqueous
samples. In the palm system, a sample is placed inside the
solenoidal coil and is subjected to a static magnetic field

T produced by the ping-pong-ball-sized magnet.
In the 1-chip system, a sample placed on the planar coil is
subjected to a static magnetic field T produced
by the hamburger-sized magnet. The NMR frequency for
protons subjected to is given by MHz
[2]: 23.9 MHz for the palm system; 20.9 MHz for the 1-chip
system.

In the excitation phase of NMR, switches S1 and S2 are
closed, and the transmitter [upper half of Fig. 3(a) or (b)] sends
in an RF current to the coil to produce an RF magnetic field in
the sample. If the RF magnetic field’s frequency is tuned into
the NMR frequency, , it resonantly excites the protons, in-
creasing their energy. During this excitation phase, the receiver
amplifier stages [in the lower half of Fig. 3(a) or (b)], except the
front-end stage, are isolated from the large excitation signal by
short-circuiting their inputs and open-circuiting the RF signal
path, using switches S3 through S11 controlled by the ENA
command signal. The front-end stage remains connected to the
large excitation signal, in order not to place switches in front








