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Unilateral MRI using a rastered projection
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Abstract

Unilateral magnetic resonance techniques, where magnet and radio frequency (RF) coil are placed on one side of the sample, can
provide valuable information about a sample which otherwise cannot be accommodated in conventional high spectral resolution mag-
netic resonance systems. A unilateral magnetic resonance imaging approach utilizing the stray field from a disc magnet and a butterfly
geometry RF coil is described. The coil excites spins in a volume centered around an arc through the sample. Translating the RF coil
relative to the magnet and recording the signal at each translational location creates a projection of the signal in a tomographic slice
through the sample. Rotating the RF coil relative to the sample and repeating the translation creates projections through the sample
at different angles. Backprojecting this information yields an image. A proof of concept device operating on this principle at
12.4 MHz was constructed and characterized. Projections through three phantoms are presented with a 1.2–4 cm field of view, thickness
of 102 lm, and at a distance of 3 mm from the RF coil and 14 mm from the magnet. The edge spread function (ESF) was measured
resulting in a 4 mm full width at half maximum (FWHM) line spread function (LSF) estimation using a Gaussian model. An example
of one reconstructed image is presented.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The majority of nuclear magnetic resonance experiments
are performed in a mode where the source of the applied
static magnetic field (Bo) and oscillating magnetic field
(B1) at the resonance frequency m are created with magnets
and coils that surround, or are at least located on opposite
sides of, the sample. Unilateral or single-sided magnetic
resonance is performed by placing both the Bo and B1

sources on the same side of the sample.
There are many potential applications of unilateral

MRI, ranging from the macroscopic to the microscopic.
On the macro scale, geophysical applications dominate.
These include utility mapping, prospecting for aquifers,
contaminant abatement, archeology, and earth dam assess-
ment. An MRI based technique would compliment ground
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penetrating radar (GPR) which fails under conditions of
high moisture and moderate conductivity where MRI
should perform well. Moving towards microscopic dimen-
sions, medical, food, and materials applications prevail. In
food science, a unilateral system could be used for assessing
moisture and oil content in foods and grains. In medicine,
applications include dermatology, lymphology, and vascu-
larity. In materials science, applications might range from
studies of water in absorbing products, such as paper tow-
els and diapers, to moisture ingress in organic light emit-
ting diodes (OLED) and liquid crystal displays (LCD), to
polymer rheology.

The terms unilateral and single-sided have been used in
the literature to describe a variety of magnetic resonance
systems [1–23]. We restrict our summary to include those
systems where both Bo and B1 magnetic fields are applied
unilaterally. Therefore, stray-field (STRAFI) [16] and Gra-
dient-At-Right-angles-to-Field (GARField) [17] NMR and
MRI; and magnetic resonance sounding, NMR geotomog-
raphy, and geophysical surface NMR [18–23] where either
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Fig. 1. Schematic representations of the (a) apparatus showing the magnet
and RF coil with respect to the standard magnetic resonance coordinate
system, (b) resonance location of thickness Thk in the ZY plane above the
magnet, and (c) projection (P) of the signal in the resonance location as
the RF coil is moved along X.
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the Bo or B1 field is not applied unilaterally are not
discussed.

Most examples of unilateral magnetic resonance from
the literature detect a signal in the spatially decaying Bo

field of a variety of permanent magnet geometries. Jackson
developed the inside-out magnet geometry [2–4] for bore-
hole logging [5,6]. Others have utilized a U-shaped, two-
pole [7–9,15] or split U-shaped, four-pole [10,11] magnets
where Bo is parallel to the surface of the probe. Paetzold
et al., developed an NMR system pulled behind a tractor
to detect soil moisture for remote sensing ground truth
[15]. This system, a modified version of their earlier non-
unilateral system [18], produced Bo parallel and B1 perpen-
dicular to the surface of the Earth. The unit detected an
NMR signal as a function of depth by switching the reso-
nance frequency of the RF coil. Blümich’s laboratory
developed the NMR mobile universal surface explorer
(MOUSE) for probing relaxation times of materials a few
mm beneath the surface [7]. Most versions of the NMR
MOUSE also created a Bo field parallel to the surface of
the probe and utilized an RF coil creating B1 perpendicular
to the surface [7,9,11]. One version of the MOUSE created
Bo perpendicular and B1 parallel to the surface [10]. Cylin-
drical [12] and concentric cylindrical [24,25] magnet geom-
etries have also been employed which create a more
homogeneous magnetic field region or sweet spot adjacent
to the surface of the cylinder.

Many of these unilateral systems have been used to per-
form one-dimensional imaging by moving the coil, magnet,
or both coil and magnet [8,11] relative to the sample;
changing the resonant frequency of the RF coil [13,15];
or utilizing the gradient in the applied static Bo field [12].
Two-dimensional imaging has also been performed with
phase and frequency encoding by applying pulsed field gra-
dients in Bo [16].

Our approach [1] uses the stray field from a disk magnet
and RF excitation from a butterfly shaped coil [26] to
excite and detect a signal from spins located within a vol-
ume centered on a curved line through the sample. The
Bo field is created perpendicular and B1 parallel to the sur-
face of the probe. Translating the coil along the face of the
magnet allows generation of a projection of the signal in a
curved tomographic slice above the magnet. Rotating the
translation direction allows detection of projections at dif-
ferent angles and hence enabling the possibility of backpro-
jecting the data to obtain an image. This design has several
self-apodizing aspects that restrict signal detection to spins
located above the magnet.

2. Background

Consider a disk shaped rare-earth permanent magnet
with north and south poles of the magnet on opposite faces
of the disk. (See Fig. 1a.) Define the standard magnetic res-
onance coordinate system relative to the magnet with the Z
axis perpendicular to the face. In this arrangement, Bo is
parallel to Z at (x,y) = 0,0 and makes an acute angle with
the normal to the surface as the distance from (x,y) = 0,0
increases. Because the Bo field drops off with distance Z

from the magnet, a thin curved resonance surface exists
above the face of the magnet where spins experiencing a
frequency m will resonate. For a spread of frequencies Dm
centered on m, the resonance condition will be met in a
curved tomographic slice above the face of the magnet with
thickness (Thk) determined by the drop off in Bo with dis-
tance from the magnet.

A butterfly shaped RF coil, shown schematically in
Fig. 1a, resonant at m is placed on the surface of the magnet
such that its center inductor lies along the Y axis. In any
one half of an RF cycle, current flows through the center
inductor and around the two wings or outer loops in oppo-
site directions. This resonance pattern creates an RF mag-
netic field that comes out of the center of one wing, around
the center inductor, and into the center of the opposite
wing. The coil produces B1 RF fields with components par-
allel to Z in the center of the D-shaped halves, and perpen-
dicular to Z above the inductors. Focusing on the region
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Fig. 2. A schematic representation of the multi-turn butterfly coil with its
4 cm long center inductor and 7 cm diameter. Solid lines indicate the
location of the windings of the continuous inductor which overlap in the
center and terminate at capacitor C. Dashed line is the location of the
inductive coupling loop which is connected to a 50 X transmission line.
The and symbols represent the relative B1 field directions in the XY

plane.
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above the center inductor of the coil where B1 is perpendic-
ular to Bo, we see there is an area centered around an arc
through the curved tomographic resonance slice where
spins may be excited and a signal detected. (See Fig. 1b.)
Several factors minimize the contribution to an NMR sig-
nal from spins above the remainder of the inductor. These
include the relative diameter of the magnet and butterfly
coil, the size of the sample, and the diminished B1 field
above the outer portions of the inductor.

When using a 90� pulse sequence, the NMR signal (S)
for a given volume element is proportional to the cross-
product between the equilibrium magnetization ð ~M0Þ and
~B1 vectors. The total signal from a sample smaller than
the diameter of and centered on the butterfly coil is propor-
tional to the sum of signals from all voxels in the resonance
region above the magnet defined by coordinates (x,y,z).

S /
Z Z Z

~M0ðx; y; zÞ � ~B1ðx; y; zÞdxdy dz ð1Þ

Only components of ~B1 ? ~M0 contribute to the signal. In
the butterfly coil, this coincides with the regions above
the inductor. Because the current in an outer loop of the
butterfly coil is half the current in the center inductor,
the signal is primarily from spins above the center inductor
of the coil. This can be further constrained by designing the
size of the sample to be less than the radius of the butterfly
coil as depicted in Fig. 1a, or by making the radius of the
butterfly coil equal to at least the diameter of the magnet.
The thickness of the tomographic slice where resonance
can occur is determined by the bandwidth of the RF exci-
tation pulse(s) and the gradient in Bo. Decreasing the
amplitude of an RF excitation pulse, and increasing its
length, decreases the signal because the slice thickness is re-
duced. Moreover, increasing the amplitude of an RF exci-
tation pulse and decreasing the pulse length, increases the
slice thickness. Therefore the NMR signal has contribu-
tions primarily from a region of thickness Thk above the
center inductor.

The X location of the RF coil can be varied relative to
the position of the magnet to change the location of the
arc through the curved tomographic slice. The area under
the NMR signal as a function of the X location of the
RF coil represents the projection of this signal from within
the resonance location onto the projection axis (P) or X-
axis in this case. (See Fig. 1c.) Varying the orientation of
the RF coil in the XY-plane will produce projections at
angles / about Z. This imaging is similar to projection
imaging [27] with the following exceptions. First, the
imaged tomographic slice is curved rather than planar. Sec-
ond, the tomographic slice thins towards the edge of the
slice due to an increase in the gradient near the edge of
the disk magnet. Third, the projection intensity at any P

value is the sum of signal from a volume defined by Thk
and the width of the region where ~B1 ? ~M0.

There are some limiting assumptions associated with
this technique. Ideal backprojection imaging will only be
possible in two general cases. The first is when a disk
shaped magnet is used and its diameter is less than or equal
to the radius of the butterfly coil. In this case, the maxi-
mum field of view (FOV) may never exceed the dimensions
of the tomographic resonance slice above the magnet. The
second is when the largest dimension of the imaged object
is less than the radius of the butterfly coil which in turn is
smaller than the planar magnet of any shape. In this second
case, the maximum FOV is approximately equal to the
radius of the butterfly coil.

Reconstruction of the image involves warping the result
of the inverse Radon transform onto an appropriate curved
surface. Imaging of the volume above the magnet can be
achieved by acquiring a signal from a series of concentric
curved planes, achieved by the mechanical approach of
varying the distance between the RF coil and magnet
[11], or by the electrical approach of changing the coil tun-
ing and mo [13,15,18].

3. System design and characterization

Our proof of concept system consisted of a magnet, RF
coil, and a Bruker DRX-300 liquids NMR spectrometer.
The spectrometer served as the pulse programmer, source
of RF power, RF detector, and digitizer. This liquids spec-
trometer provided up to 100 W of RF power down to
�10 MHz and quadrature digitization at 286 kHz. Post
processing of the data was performed using Matlab (The
Mathworks, Natick, MA) and IDL (ITT Visual Informa-
tion Solutions, Boulder, CO).

The specific form of the butterfly coil chosen for the
proof of concept system was the result of an iterative pro-
cess. To minimize the required capacitance and to concen-
trate the B1 field above the center inductor, the basic
butterfly coil design of Fig. 1a was modified to that
depicted in Fig. 2. Multiple turns wound similar to a
figure-8 coil were used instead of a single loop. The outer
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windings were also spread out in the XY plane. This design
was chosen because it should decrease B1 above the outer
inductors relative to the center inductors. A total of five
turns of #30 enameled copper wire were used in each wing
for a total of 10 inductors in the center. The smaller diam-
eter inductor was chosen to minimize the thickness of the
multi-turn coil. The length of the center inductor portion
of the multi-wing style was 4 cm. The coils were mounted
on a 7.3 cm diameter, 2 mm thick Teflon form. The form
was mounted within a PVC frame with a copper ground
plane located between the magnets and the RF coil. The
ground plane made the resonant frequency of the coil
insensitive to translational motion across the magnet. The
presence of the ground plane also increased the coil quality
factor (Q).

The coil was tuned to a nominal resonance frequency of
12.4 MHz using fixed high voltage non-magnetic capacitors
(Centralab) with a total capacitance of 45 pF. The coil was
inductively coupled with a single D-shaped loop of #26
enameled copper wire placed over a portion of one wing
of the butterfly coil. The coil had a Q of 25.

The B1x magnetic field in the YZ and XZ planes above
the multiple wing butterfly RF coil was measured on a
2.5 mm grid using a 1 mm diameter, 2 mm length, 10 turn
pickup coil of #36 copper wire and an oscilloscope [28].
Additional measurements were collected off the grid to
characterize null points where B1x changed directions. Con-
tour plots of B1x are presented in Fig. 3. The B1x field val-
ues are relative to the maximum value measured near the
center inductor. The B1x field contours in the YZ plane
near the surface of the coil are almost flat and closely
Fig. 3. The x component of the measured B1 magnetic field in the (a) YZ- and
measured value in the plane.
match the gentle curvature in the Bo field contours. (See
Fig. 3a.) This shape facilitates equal rotation angles along
the resonance arc through the curved tomographic slice. In
the XZ-plane data presented in Fig. 3b, the B1x field was
five times greater above the center inductor than the induc-
tors at the outer wings. This characteristic helps concen-
trate the signal from above the center inductor while
minimizing signal contributions from the outer edges in
X of the butterfly coil.

The magnet on our apparatus consisted of a stack of
four 7.62 cm diameter by 1.27 cm thick disk NdFeB mag-
nets (Scientifics, Tonawanda, NY) with north and south
poles located on opposite faces of a disk. With this magnet
geometry, field lines emanate from a flat face of the end
disk and loop around to the face on the opposite end disk.
Magnetic field simulations (Maxwell 2D, Ansoft Corp.,
Pittsburgh, PA) show that the multiple-disk configuration
pushes the magnetic field contours further from the faces
of the end disks and lessens the rounding of the contours
near the edges of the disk faces. We arbitrarily stopped at
a four disk stack of magnets because the gain in desirable
field characteristics diminished with each disk added.

The magnitude and direction of the Bo magnetic field
above the stack of magnets was measured in the YZ plane
on a 0.5 cm grid using a Hall probe Gauss meter (Applied
Magnetics Laboratory, Baltimore, MD). The field as a
function of distance Z from the disk decreased from a high
value of 0.5 T near the face of the end disks. Bo contour
lines, shown in Fig. 4, have a slight curvature extending
further from the center of the disk than the edges causing
the resonance location adjacent to the magnet to possess
(b) XZ-planes above the RF coil. B1x values are relative to the maximum



Fig. 4. Contour plot of the measured Bo magnetic fields in Tesla for the
YZ-plane above the disk magnets. Resonance location at 12.4 MHz is
depicted by the dashed line.

Fig. 5. Cross-sectional views of (a) vertical and (b) horizontal planes
through the non-magnetic shielding apparatus used to rotate the phantom
and translate the RF coil relative to the magnet.
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a similar curvature. The resonance location for protons at
12.4 MHz is depicted as the dashed line in Fig. 4.

The magnet stack, butterfly coil, and sample were
located inside a 20 cm diameter, 30 cm length Faraday
shield to minimize environmental noise. (See Fig. 5.) The
magnet was stationary in X and Y at the center bottom
of the Faraday cage. The magnet could be moved in Z to
shorten or lengthen the distance between the face of the
magnet and the RF coil, thus changing the position of
the tomographic resonance slice relative to the RF coil.
In our embodiment, we chose to move the butterfly coil
in the X direction across the face of the magnet with a
worm-gear assembly. The sample was positioned over the
center of the magnet on an arm that allowed it to be
rotated about its axis by /. The combination of translation
and rotation allowed realization of the rastered projections.

Petroleum jelly filled Teflon phantoms, denoted as phan-
toms a–c in Fig. 6, were imaged to determine spatial reso-
lution of the technique. All Teflon containers had a 3.8 cm
OD which fit into the rotation arm of the Faraday cage.
The geometries of the petroleum jelly filled voids within
the phantoms were: (a) a 2.9 cm ID circular cylinder with
a circular cylindrical 1.0 cm diameter zero signal Teflon
plug, (b) two 1.3 cm ID circular cylinders separated on cen-
ter by 1.7 cm, (c) an offset 1.5 · 2.0 cm rectangular cylin-
der. All phantoms were imaged such that the axis of the
cylinder was parallel to Z. In the axially asymmetric phan-
toms, / defines the projection angle through the phantom.

A Hahn spin-echo sequence [29] was used to record the
NMR signal from the resonance location of Fig. 1b. This
sequence was required because of the extremely short T�2
associated the spins in an inhomogeneous magnetic field
and the difficulty digitizing close to the end of an RF pulse.
A 2 ms echo time, 1 s repetition time sequence with 512
averages, 128 complex points, 3.35 ls dwell time, and
50 ls width Gaussian 90� and 180� pulses were used to
record a full echo from the sample. Echoes were recorded
at various positions of the coil along its translational direc-
tion X for various orientations of the phantoms at rotation
angles / about Z. Although changing the resonance fre-
quency of the coil will change the slice location relative
to the surface of the RF coil, the resonance frequency
was held constant in all experiments. Instead the distance
between the magnet and RF coil was varied to change
the slice location. Projections through the phantoms were
taken at increments of /, and all at a height of 3 mm above
the RF coil and 14 mm from the magnet. Owing to the



Fig. 6. The petroleum jelly filled (a) cylinder with a cylindrical zero-signal
plug, (b) two cylinder, and (c) edge spread function Teflon phantoms.
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Fig. 7. Experimental ( ) and theoretical ( ) projections through
phantom a.
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central ordinate theorem [30], the NMR signal was taken
as the echo magnitude smoothed with a five-point triangu-
lar function to improve peak estimation.

4. Results and discussion

The thickness of the curved tomographic slice thins as
the distance r from the Z axis increases. Based on the mea-
sured Bo gradient and the FWHM frequency content of a
50 ls Gaussian 12.4 MHz RF pulse being 17.65 kHz, the
slice thickness can be determined as a function of r. When
r 6 2.25 cm Thk = 102 lm ±10%. Thk drops off rapidly to
23 lm by r = 2.75 cm and 9 lm by r = 3.75 cm, thus, serv-
ing to limit the sensitivity in this resonance tomographic
slice to r 6 2.25 cm. The thinning of Thk as r increases is
depicted in Fig. 1b. This is significant because the Bo gradi-
ent plays a major role in apodizing the signal.
As the chosen resonance frequency of the coil decreases,
the location of the curved tomographic slice moves further
away from the coil. The amount of RF power necessary to
produce the desired rotations in a pulse sequence increases
and the signal-to-noise ratio (SNR) decreases. A SNR of
eight was obtained for phantom a at P = 0 with an ensem-
ble average consisting of 512 scans. Signal could be
recorded at greater distances from the coil, but with more
averages and a larger acquisition time.

Projections of the NMR signal in the curved tomo-
graphic slice through the phantoms yielded the expected
profiles. Fig. 7 is a projection through phantom a using
the butterfly coil and consists of 32 points along a 4 cm P

axis. The data points show discernable agreement with
the predicted signal in the tomographic resonance plane,
depicted in Fig. 7 by the dashed line.

The second and more complex phantom imaged is phan-
tom b, the two circular-cylinder phantom. Projections
through this phantom were taken at / = 0�, 30�, 60�, and
90�, as defined in Fig. 6, using 31 points in 3 cm along P.
All projection angles presented in Fig. 8 show discernable
agreement with the predicted projection signal depicted
by the dashed line.

Although a sufficient number of projections were not
taken to create a quality tomographic image, the four pro-
jections through phantom b were used simply to demon-
strate the concept of producing a tomographic image.
The inverse radon transform was applied to the projections
in Fig. 8 without the digital filtering routinely applied in a
backprojection [31]. For comparison, the theoretical pro-
jections were also backprojected with the same sampling
resolution and at the same angles. Fig. 9 presents these pro-
jections with identical brightness and contrast settings.
Two high-signal regions are visible in each image. The
oval-shape of the regions is primarily due to the lack of
symmetry in the projection angles due to missing projec-
tions at 120� and 150�.
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Fig. 8. Experimental ( ) and theoretical ( ) projection data for phantom b at / = 0�, 30�, 60�, and 90�.
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The third phantom, phantom c, was used to determine
the line spread function for the imaging system. Two pro-
jections through this phantom along P at / = 0 with a den-
sity of 18 points in 11 mm are presented in Fig. 10. Various
width Gaussian shaped functions were convolved with a
theoretical edge or step function [30] to produce a best-fit
model of the measured edge spread function data. The con-
volution of a Gaussian function with a FWHM of 4 mm
gave the best fit to the edge profile seen in Fig. 10. There-
fore, the projection resolution of our system is 4 mm at
3 mm from the coil and 14 mm from the magnet. The res-
olution should improve as distance from the magnet
decreases because the width of a B1x contour decreases as
Z decreases.

Agreement between the measured and predicted projec-
tions through all phantoms is currently limited by the 4 mm
resolution of the system, provided the projection step size is
less than 4 mm, and the signal-to-noise ratio of the NMR
data. The SNR is limited by Thk. Higher power, narrower
RF pulses with a frequency content less than the band-
width of the butterfly coil will be needed to increase Thk.
The SNR is also expected to decrease as Z increases.
5. Conclusions

Our results demonstrate the rastered projection
approach to unilateral MRI. The unilateral system with
its 7.6 cm diameter magnet and 7 cm diameter butterfly coil
can produce 102 lm Thk projections with 4 mm resolution
at a distance of 3 mm from the RF coil and 14 mm from
the magnet. Poorer resolution will be seen as distance from
the RF coil increases.

Currently, the available RF power from the host NMR
spectrometer limits both the imaging depth and SNR.
Because B1 drops off with distance from the RF coil, more
power is needed to image at greater distances. Increasing
the pulse width will not help because this diminishes the
frequency content or range of the RF pulse and hence
the slice thickness. Ideally, shorter, higher power
RF pulses, which can easily be accommodated by the
bandwidth of the RF coil, are needed to increase the slice
thickness and thus improve SNR. An improved SNR will
allow shorter acquisition times per projection point. An
additional way to decrease the acquisition time and
maintain the SNR is by averaging the echoes from a



Fig. 9. A projection image of phantom b from the four (a) experimental
and (b) theoretical projections presented in Fig. 8. Brightness and contrast
settings, and the number of projection points, are identical for the two
images.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

-6 -4 -2 0 4

P (mm)

N
M

R
 S

ig
n

al
   

Modeled ESF

Estimated PSF

2 6

Fig. 10. Measured ( ) NMR signal as a function of distance P in mm
perpendicular to the void edge in phantom c. Modeled NMR signal ( )
is based on a Gaussian line spread function ( ).

158 C.L. Bray, J.P. Hornak / Journal of Magnetic Resonance 188 (2007) 151–159
Carr–Purcell–Meiboom–Gill [32,33] sequence rather than a
Hahn echo sequence.

In-plane resolution is presently limited by the character-
istics of the Bo and B1 field distributions. In general, the
resolution performance should improve as the distance
from the coil decreases. To improve overall resolution it
will be necessary to modify either Bo or B1 such that the
locations where the B1 field is perpendicular to Bo is smaller
than in the current design. One method might be to bring
the outer loops of the butterfly coil closer to the center
loop, thus compressing Fig. 3b in X. This however intro-
duces signal from outer loops which could be removed
via a deconvolution technique [34] or by further reducing
the Bo homogeneity over the outer loops using surface
spoiling [35,36]. To achieve a projection resolution of
0.4 mm will require a reduction in the width of the region
above the RF coil where ~B1 ? ~M0 by a factor of 10.

The rastered projection MRI approach should be scalea-
ble to larger systems to image larger FOVs at correspond-
ingly larger distances from the coil. However, safety issues
related to large permanent magnets will need to be
addressed.
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