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We introduce a general concept of tomographic imaging for the case of an imaging sensor that has
a stripelike shape. We first show that there is no difference, in principle, between two-dimensional
tomography using conventional electromagnetic or particle radiation and tomography where a stripe
sensor is mechanically scanned over a sample at a sequence of different angles. For a single stripe
detector imaging, linear motion and angular rotation are required. We experimentally demonstrate
single stripe sensor imaging principle using an elongated inductive coil detector. By utilizing an
array of parallel stripe sensors that can be individually addressed, two-dimensional imaging can
be performed with rotation only, eliminating the requirement for linear motion, as we also
experimentally demonstrate with parallel coil array. We conclude that imaging with a stripe-type
sensor of particular width and thickness �where the width is much larger than the thickness� is
resolution limited only by the thickness �smaller parameter� of the sensor. We give examples of
multiple sensor families where this imaging technique may be beneficial such as magnetoresistive,
inductive, superconducting quantum interference device, and Hall effect sensors, and, in particular,
discuss the possibilities of the technique in the field of magnetic resonance imaging. © 2008
American Institute of Physics. �DOI: 10.1063/1.2894330�

INTRODUCTION

Imaging of samples through projections1 has been an
important concept ever since the discovery of x-rays,2 and
has been used in the gravitational theory3 and radio
astronomy4 before becoming widespread through computer-
ized tomography5 in x-ray,6 electron,7 and optical8 imaging,
among others. We also note that the first report of magnetic
resonance imaging �MRI� had its roots in image reconstruc-
tion from projections.9 Computerized tomographic image re-
construction algorithms for conventional radiation-based to-
mography are by now well developed10–14 and can be easily
transferred to novel imaging methodologies such as the one
described in this article on stripe sensor tomography.

Our motivation in this work stems from the various dis-
ciplines of scanning probe microscopy where a point-by-
point raster scanning of the sample in the x-y plane is a
common way of obtaining a two-dimensional �2D� image of
the sample. It can frequently be the case, however, that the
scanning sensor is not of the point type, but is of the stripe
shape, typically due to the thin film lithographic character of
sensor fabrication. For example, in the scanning magnetore-
sistance microscopy,15 the imaging sensor is a thin film mag-
netoresistive element of small thickness t and much larger
width w. By raster scanning of this sensor in the x-y plane, a
2D image of a magnetic sample can be obtained.15–18 There
has been a perceived notion in those reports that 2D images
obtained with a stripe-type magnetoresistive sensor are lim-

ited in spatial resolution by thickness t in the x direction, and
width w in the y direction. It is the goal of this article to
show that by linear scanning motion of the stripe-type sensor
at different angular orientations combined with the tomogra-
phic imaging principles, 2D images of samples can be ob-
tained that are limited in spatial resolution along both x and
y axes by the thickness t, i.e., the smaller parameter of the
sensor only.

SINGLE STRIPE SENSOR IMAGING

We first show through Fig. 1 that there is, in principle,
no difference between conventional radiation-based two-
dimensional tomography and tomography where a stripe sen-
sor is mechanically scanned over a sample at a sequence of
different angles. Figure 1�a� shows the schematic representa-
tion of conventional tomography configuration with the pa-
rameters used in the image reconstruction process indicated.
Uniformly separated parallel rays �electromagnetic or par-
ticle� from a source are used to obtain an image projection
along an axis at a detector on the opposite side of the source.
At each projection, the one-dimensional Radon transform of
the sample density function ��x ,y� is formed:

P��q� = �
��,q�line

��x,y�ds . �1�

By obtaining multiple one-dimensional Radon transforms �1�
at different angles �, image reconstruction is performed by
the Fourier transform filtered back-projection algorithm for
parallel projections:12a�Electronic mail: mbarbic@csulb.edu.
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This reconstruction process involves calculation of the Fou-
rier transform of the Radon transform �innermost bracketed
term�, multiplication by a ramp function 	k	 in conjugate
space followed by an inverse transformation �outer bracketed
term�, and finally, integration over all angles for the comple-
tion of the image reconstruction �outermost integration
term�.12

Figure 1�b� shows the principle of stripe sensor tomog-
raphy. A linear sensor of width w and thickness t is mechani-

cally scanned over a sample that extends over a region that is
smaller than the width of the stripe sensor, as shown in Fig.
1�b�. If the sensor has equal sensitivity along its width w �as
is assumed in this article�, a single line scan of the sensor
will result in the one-dimensional data that represents a one-
dimensional projection of the two-dimensional sample. By
scanning the sensor at different angles � as shown in Fig.
1�b� �or by rotating the sample by angle � and scanning the
sensor along the same line�, multiple one-dimensional �1D�
projections of the 2D sample represented by Eq. �1� are ob-
tained. Finally, by utilizing the reconstruction procedure of
Eq. �2�, 2D imaging of the sample can be performed as we
show in the next section.

Our prototypical experimental example is an elongated
inductive coil loop detector, shown in Fig. 2�a�. We chose
this example due to its simplicity and its potential use in
single sided magnetic resonance imaging19 or eddy current
nondestructive evaluation. The coil is made from two paral-
lel conductors inserted into capillary tubes for insulation and
uniform separation of t=750 �m. The loop is mounted on a
linear mechanical translation stage with the axis of the linear
motion indicated in the figure. Our “sample” is a circular coil
pair, each 1.5 mm in diameter, representing two point
sources separated by a distance slightly larger than the thick-
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FIG. 1. �a� Conventional computerized tomography configuration. Parallel
rays �electromagnetic or particle� from a source are used to obtain an image
projection along an axis at a detector on the opposite side of the source. By
obtaining multiple projections at different angles �, image reconstruction is
performed by the Fourier transform filtered back-projection algorithm. �b�
Stripe sensor tomography where a sensor of width w and thickness t is
mechanically scanned over a sample. Single line scan results in a one-
dimensional projection of a two-dimensional sample. By scanning the sen-
sor at different angles � �or by rotating the sample by angle � and scanning
the sensor along the same line�, multiple projections are obtained. The same
Fourier transform filtered back-projection algorithm is used for image
reconstruction.

(a)

(b)

FIG. 2. �a� Experimental example for stripe sensor tomography. An elon-
gated inductive coil loop detector is made from two parallel conductors
inserted into capillary tubes for insulation and uniform separation. The loop
is mounted on a linear mechanical translation stage with the axis of the
linear motion indicated. The sample is a set of two circular coils, separated
by a distance slightly larger than the thickness t of the sensor but much
smaller than the width w of the sensor. The sample is mounted on the
mechanical rotation stage visible in the figure. The magnified view of the
two loop sources and the two conductors of the inductive stripelike coil
detector are shown in �b�.
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ness t of the sensor but much smaller than the width w of the
sensor. The sample is mounted on the mechanical rotation
stage visible in the figure. The magnified view of the two
loop sources and the two conductors of the inductive stripe-
like coil detector are shown in Fig. 2�b�. The sources are
driven in phase with 100 mA ac electric current at 11 kHz
from an audio power amplifier �Teach Spin model PAA1-A�
driven by a lock-in amplifier signal source �Stanford Re-
search Systems model SR830�. Due to the low output imped-
ance of the stripe coil sensor, the detected signal is coupled
to a low-noise transformer preamplifier �Stanford Research
Systems model SR554� followed by the signal input channel
of the lock-in amplifier �Stanford Research Systems model
SR830�. The loop is scanned in 250 �m steps at 500 �m
height above the surface, and the rotation stage is rotated by
10° after each linear scan.

Figure 3�a� shows three example line scans �out of 18�
representing three different 1D projections of a 2D sample at
different angular orientations. At 0°, the two sources are

clearly resolved, and at 90°, only a single large peak is de-
tected, as is expected for two in-phase ac sources concur-
rently under the detector. Figure 3�b� shows the resulting 2D
image of the sample �from 18 projections� using the formal-
ism of tomographic filtered back-projection image recon-
struction of Eq. �2�. The two sources are clearly resolved,
and the main argument that the 2D image resolution is lim-
ited in both directions by the narrow thickness parameter
only of the sensor is demonstrated.

We note the unique feature of this technique, as related
to potential use in MRI, is that the imaging could be per-
formed without the need for external high power gradient
magnetic fields typically employed in MRI. In the stripe sen-
sor case, the imaging resolution would be determined by the
sensor thickness, and not by the gradient field values that
could be achieved from external current carrying conductors.

STRIPE SENSOR ARRAY IMAGING

The principle of stripe-type sensor 2D tomography can
be extended to the 2D imaging with a sensor array. The
method is diagrammatically described in Fig. 4, again for the
case of the stripe-type inductive detector loops. By creating a
meanderlike loop array placed over the sample, and detecting
voltages at sequential nodes in the array as shown in the
figure, signals are obtained without the requirement for linear
translation of the sample or the array. One advantage of the
inductive array, constructed as shown in the figure, is that a
single wire in the array is used in two detector loops. For
example, the second wire from the bottom in the figure is
part of the loop sensing V1 and part of the loop sensing V2.
This arrangement minimizes the number of wires required in
the array, improves the imaging resolution, simplifies the
setup, and potentially reduces the imaging time.

In order to experimentally demonstrate this imaging
mode, we prepared the sensor array, shown in Fig. 5�a�, by
conventional optical lithography. 50 Cr /Au wires that are
50 �m wide, 100 nm thick, and separated by a center-to-
center distance of 400 �m on a glass substrate for 50 detec-
tion loops. Wider wires connect to the array and fan out for
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FIG. 3. Three example line scans �out of 18� representing three different 1D
projections of a 2D sample at different angular orientations. �b� 2D image of
the sample obtained through standard filtered back-projection image recon-
struction.
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FIG. 4. Stripe sensor array tomographic imaging. By creating a meanderlike
loop array and detecting voltages at sequential nodes in the array, signals are
obtained without the requirement for linear translation of the sample or the
array. Additionally, a single wire in the array is used in two detector loops,
which minimizes the number of required wires, improves the imaging res-
olution, and simplifies the setup.
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easy contact access. Our sample is again a two point circular
coil pair mounted on a rotation stage, and this time electri-
cally arranged so that the ac currents in them are 180° out of
phase. The data are collected sequentially from each loop of
the array using the same source/audio power amplifier and
transformer preamplifier/lock-in amplifier arrangement, but
this time without any linear translation. After all the loop
voltage signals are recorded in sequence for a single angle,
the sample is rotated by 10°, and procedure repeated. The
resulting image, reconstructed using the algorithm of Eq. �2�,
is shown in Fig. 5�b�, again demonstrating imaging of the
two point sources with 2D resolution limited only by the
narrow parameter of the sensor.

STRIPE VERSUS POINT SENSOR IMAGING

In this section, we discuss some of the differences and
consequences of stripe-type sensor imaging of Fig. 1�b�, as
compared to the raster scanning point probe imaging shown
in Fig. 6�a�. Although both imaging methodologies, the
point-by-point imaging and stripe sensor imaging, provide
two-dimensional images with resolution limited by the
smaller parameter of the sensor �thickness of the stripe sen-
sor and size of the point sensor, respectively�, there are sev-

eral differences that we note. We focus on the inductive
pickup loop detector, although similar analysis may be ap-
plied to other sensor types.

The first distinction is in the measurement time and con-
sequently the signal-to-noise ratio of the two methodologies.
In the raster scanning point probe method of Fig. 6�a�, the
point probe measures and resolves for a certain measurement
time T each pixel of the image individually and only once

(a)

(b)
FIG. 5. Stripe sensor array fabricated by conventional optical lithography.
Wider wires connect to the array and fan out for contact access. The sample
is a pair of two circular coils with 180° out of phase electric ac currents. The
data are first collected sequentially from each loop of the array without any
linear translation. The sample is then rotated by 10°, and procedure re-
peated. �b� The resulting 2D image, reconstructed using the standard filtered
back-projection algorithm.
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FIG. 6. �a� Raster scanning point probe 2D imaging. The point probe mea-
sures and resolves, for a certain measurement time T, each pixel of the
image individually and only once during the course of the N�N steps
imaging sequence. �b� Sensor sensitivity functions for the case of an induc-
tive point loop and an inductive stripe loop sensors. The circular loop is
more sensitive for the sample region close to the sensor, while the stripe
loop is more sensitive for the sample region further away from the sensor.
�c� Nanofabricated version of the inductive loop sensor array.
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during the course of the N�N step imaging sequence. In
contrast, for the stripe sensor imaging mode of Fig. 1�b�, the
sensor detects multiple pixels of the image for a certain mea-
surement time T at each step of the N steps linear scan and
does not resolve the pixels along the sensor width. Neverthe-
less, through M angular orientations of the linear scans, as
we described in this article, it still obtains the 2D imaging
with resolution defined by the thickness of the sensor only.
However, note that each pixel of the image in the stripe
sensor imaging method is detected by the sensor for every
angular orientation of the linear scan, and is therefore de-
tected M times. How this affects the signal to noise ratio
�SNR� is difficult to precisely estimate. M times more mea-
surements of each image pixel in the stripe sensor technique
should provide �M times better SNR, but the larger length of
the striped-shaped inductive loop sensor results in the larger
sensor resistance R, and therefore larger rms noise of the
sensor which scales as �R.

There is also a slight difference in the depth of view
between the two imaging modalities for the case of an induc-
tive sensor. Using the principle of reciprocity,20 often used in
the theory and practice of magnetic resonance21,22 and mag-
netic recording23 for signal reception analysis, we can com-
pare the field patterns of the two methods and estimate the
relative z-axis dependence of sensitivity between the two
sensor shapes. Figure 6�b� shows the difference between the
sensor sensitivity as a function of the sample distance along
the z axis �perpendicular to the sample surface�. For the
stripe sensor with wires of the stripe loop separated by dis-
tance 2a as compared to the circular loop of radius a, the
graph indicates that the circular loop is more sensitive for the
region of the sample close to the sensor, while the stripe loop
is more sensitive for the region of the sample that is further
away from the sensor. Therefore, the stripe sensor has a
larger “depth of view” and weaker depth dependence of the
received signal, while the point sensor is more sensitive at
the surface of the sample and has steeper depth dependence
of reception. The crossover point for sensitivity is at
z=1.21a. We note that, as related to potential use in MRI, a
vertical field gradient could be employed for extending the
imaging process to three dimension. However, the signal
from spins that are over a given stripe detector in the array
start to significantly contribute to the signals being detected
by neighboring stripe detectors. Therefore, spatial resolution
will suffer further away from the detector array.

One can also make a comparison between the N-stripe
array sensor described in Figs. 4 and 5 and the N�N point
sensors array used, for example, in the detection of biomedi-
cally related magnetic fields.24 Again, both methods, in prin-
ciple, achieve similar 2D spatial imaging resolution. The
stripe sensor array needs N times fewer sensors but requires
sample �or array� rotation and tomographic computer recon-
struction, while the N�N point sensor array does not require
mechanical motion, but requires N times more detection
channels for 2D image acquisition.

There are two additional challenges that are present in
the stripe sensor tomography that we mention. Flat surface of
the sample is one major restriction. This limitation is typi-
cally not an issue in point sensor scanning probe microscopy,

where surface topography is obtained along with any other
parameter of the sample �electrostatic, magnetic, etc.�. Addi-
tionally, stripe sensor tomography requires the uniformity of
sensor sensitivity response along the width of the sensor.
This is well satisfied for an inductive sensor we presented,
but could be more problematic in, for example, magnetore-
sistive stripe sensor, where slight variation in the point sen-
sitivity function along the sensor length has been experimen-
tally observed.25,26

POTENTIAL APPLICATIONS

We mention that there are many other sensor families
that may be suitable for stripe sensor tomographic imple-
mentation. We list thin film magneto-resistive sensors,15–18

asymmetric superconducting quantum interference devices
�SQUIDs�,27 elongated microfabricated waveguides,28

striplines,29 and nanoparticle-tape-filled microcoils30 used in
NMR detection, planar asymmetric micro-Hall detectors,31

and microwave near-field slit probes32,33 as suitable candi-
dates. Another possibility is the extension of the stripe array
sensor idea into the submicron MRI resolution regime.

In Fig. 6�c�, we show a nanofabricated version of the
inductive loop sensor array. In this regime, the flatness of the
sample and the requirement for angular rotation of the
sample may prove especially difficult. We suggest that
electrorotation34 of samples may provide viable solution to
the nanoscale angular orientation challenge. Although such
miniaturized conductor structures have increased resistance
and therefore degrade SNR of an inductive detector, they
also provide a higher field per unit current, B1 / I, at the
sample location.21,22 Careful and extensive analysis of SNR
of microcoil structures in NMR detection35,36 indicates that
SNR per unit volume increases as the inductive detector de-
creases in size, further motivating size reduction of the in-
ductive stripe sensor array. It is also interesting to point out
that in potential magnetic resonance imaging implementation
on this size scale, the technique would operate in the regime
where nuclear spin noise signal is appreciable and compa-
rable to the conventional NMR signal.37 Therefore, 2D im-
aging with a submicron stripe sensor array could in that case
be performed without the need for external imaging gradient
fields and without the need for high power radio-frequency
excitation. We find this possibility especially attractive and
worthy of further pursuit.
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