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8.8 Miniaturization of Magnetic Resonance Microsystem
Components for 3D Cell Imaging
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Nuclear magnetic resonance imaging (MRI) is a powerful tool for
non-invasive 3D imaging. Since the precession frequency of a
nucleus is linearly proportional to the local magnetic field, a con-
stant spatial gradient field generated by a gradient coil encodes
the location of a signal. The imaging is achieved by spatially cod-
ing the precession frequencies/phases of nuclear magnetic
moments of the sample with a set of gradient coils under a bias
magnetic field and using RF coils to excite in a certain specified
sequence and then detect signals from these magnetic moments.
The 3D images are reconstructed after localization of the RF sig-
nal in a signal processor. In medical diagnosis, an MRI resolution
of a few millimeters is typically adequate; however, if the subject
under study is a cluster of cells such as a live embryo, then the
availability of high resolution 3D live-cell imaging at low cost is
desirable.

Through the reciprocal theorem in electromagnetic theory, the
voltage induced in the RF receiver coil is:
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where B, (7)is the magnetic field at point ; generated by the receiv-
er coil with a unit current, i, (7,r)is the magnetic moment density
at point 7 and dV is the associated differential volume.
B,(7)generated by a unit current is inversely proportional to the
size scaling factor according to Ampere’s Law. Thus, the mass
sensitivity of an RF coil also scales inversely with the size scaling
factor, and the miniaturization of the RF receiver coils has been
utilized to achieve high mass sensitivity in magnetic resonance
spectroscopy [1]. Manually wound individual RF coils with a pre-
cision jig under microscopes has also been used in imaging and
achieved impressive laboratory results [2]; however, manufactur-
ing thousands to millions of complete devices with the required
precision and reproducibility with low cost for high throughput
applications requires new manufacturing approaches. There
were several microfabrication efforts mostly with planar coils for
spectroscopy applications such as in [3]. Also, a much less utilized
fact is that the magnetic field gradients scale with the inverse
square law and the resultant high magnetic field gradient is
essential in achieving high imaging resolution.

To implement compact imaging systems, magnetic resonance
components are presented that are miniaturized and integrated,
including gradient coils and RF coils, using a lithography-based
batch fabrication process [4,5]. Scaling laws are exploited in the
MRI imaging components to produce initial imaging results using
this approach. Also integrated is the associated RF transceiver
front-end components to achieve better signal-to-noise perform-
ance. While the signal sensitivity is increased due to the scaling
law, the noise for the MRI system at such dimensions is dominat-
ed by electronic noise of the receiver and the thermal noise of the
RF coil, which essentially remains constant with the coil resist-
ance as determined by the skin depth. Figure 8.8.1 shows the
schematics of the gradient coils to produce uniform magnetic field
gradients. The gradient coils, consisting of two sets of four 120-
degree saddle coils, are arranged in a way such that they produce
uniform gradients in two orthogonal directions and a set of
Maxwell coils that produces the uniform field gradients in the
third orthogonal direction. In the center of the gradient coils is a
cylindrical sample chamber with access from the top surface.

Figure 8.8.2 shows microfabricated saddle coils in two orthogonal
directions currently under characterization and the 3D finite ele-
ment analysis of the magnetic fields using HFSS analysis. An
800um diameter micro RF coil using a commercial 0.9T/m gradi-
ent coils and a gradient echo sequence is used for preliminary
imaging study and a resolution of 6x6um?* in a 120um slice is
achieved and images of live onion cell walls are obtained as
shown in Fig. 8.8.3.

Figure 8.8.4 shows the simplified MRI system diagram, where
one of the dotted boxes indicates the RF transceiver front end and
the other is the MEMS chip including the RF and gradient coils.
The custom-made digital console consists of the transmitter, the
receiver, the signal averager, the pulse programmer, the gradient
controller and the digital signal processor. The gradient coil driv-
er converts the voltage output of gradient controller to driving
currents used in the gradient coils. The external magnet with an
8 inch diameter for the MRI system is also shown.

Figure 8.8.5 shows the circuit schematic of the integrated RF
transceiver chip including the LNA, the switches, and the power
amplifier. Figure 8.8.6 is a micrograph of the chip that has been
fabricated in a 0.18um CMOS process. The LNA is designed with
a cascaded common-source configuration to meet the design spec-
ifications of 20dB gain and 2dB noise figure at the operation fre-
quencies with both input/output reflection coefficients (S;, and
S.,) below -20dB. The PA and LNA are designed with shunt-
shunt feedback for a wideband characteristic to cover the fre-
quencies of 77MHz, 125MHz, and 500MHz. The measured result
of the PA shows a maximum power of 20dBm with a gain of 17dB
at 500MHz, which is adequate to drive the MRI microcoil. The
switch is designed with both shunt- and series-connected transis-
tors for better Tx/Rx isolation, and the measured insertion loss
and isolation are below 2.0dB and above 30dB at the frequencies
of interest. Using the CMOS chip and the microcoil, the measured
magnetic-resonance spectrum of glucose deuterium water solu-
tion shows the characteristic peaks as evidenced in Fig. 8.8.7.
The batch fabricated MEMS miniaturized MRI chip and the
transceiver front end chip implemented using a 0.18um CMOS
technology can replace high-cost MRI counterparts for micron-
resolution 3D images of clusters of live cells (which can be opti-
cally opaque) and enables a desk-top cellular MRI system with
micron resolution. Since the MEMS portion is made in a low tem-
perature process, the MEMS coils can be co-integrated with the
CMOS circuits, if desired.
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= Figure 8.8.2: The top view of the microfabricated saddle coils for two orthogonal

Figure 8.8.1: A multi-layer metal gradient coil design that produces uniform magnetic = directions currently under characterization and the 3D HFSS analysis of the magnetic
field gradients in three orthogonal directions. field distribution. The outer diameter of the outside coil is 600pm.
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Figure 8.8.3: MRI images show slices of live onion cells with a 6pmx6pm resolution O TRx
using an 800pm microcoil with a gradient echo sequence. A single cell is around  '-----------------"--"-"—"-"—"-~—~-~—~—“~-~—“"-~““"— -
100pm in width. The cell walls are clearly visible. Figure 8.8.5: Circuit architecture of the integrated RF front end for the MRI system.
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Figure 8.8.4: A desk-top MRI system for cell cluster observation.
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Figure 8.8.6: Chip micrograph.
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Figure 8.8.7: The measured magnetic-resonance spectrum of glucose deuterium water
solution which shows the characteristic peaks from water and glucose.
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