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Abstract—Scattering probes with collector antennas can be uti-
lized for microwave tomography (MWT) applications based on
the modulated scatterer technique. Using this technique, we pre-
viously demonstrated a novel tomography system that utilizes a
single printed-wire probe in front of each collector of a multicol-
lector MWT system. Each collector is implemented as a multilayer
Vivaldi antenna. In this letter, the number of collector antennas
is reduced while maintaining the number of probes. This results
in a nonuniform distribution of probes with respect to the collec-
tors and requires special calibration techniques to infer the scat-
tered-field at the probe location. The advantages of using such a
configuration for MWT are investigated. Image reconstructions
for a number of targets using data collected from this system are
shown and compared to results obtained from data collected using
a standard MWT system that uses only the Vivaldi antennas. It
is shown that the new configuration successfully extracts useful
data at the locations of the probes, resulting in good tomographic
constructions.

Index Terms—Imaging, microwave tomography (MWT), modu-
lated scatterer technique (MST), near-field measurement.

I. INTRODUCTION

D URING the past few decades, there had been a significant
number of publications in the area of microwave tomog-

raphy (MWT), mostly addressing imaging algorithms based on
nonlinear optimization techniques. A review is available in [1].
Although imaging algorithm research is of fundamental impor-
tance, there is also a need for improved experimental systems
that allow the accurate measurement of a sufficient amount of
electromagnetic scattering data to ensure a robust and quantita-
tively accurate inversion. The majority of experimental MWT
measurement systems utilize co-resident antennas that measure
the field directly, and thus we refer to such systems as direct
measurement systems. The number of antenna elements used
in these systems varies, e.g., 16 in the work reported in [2], 24
in [3] and [4], or 64 in [5]. Co-resident antenna direct systems
are preferable to mechanical scanning systems for speed and
accuracy of data acquisition. Unfortunately, the need for a large
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number of measurement points is in direct conflict with another
important design consideration: the requirement for a minimum
spatial separation between the antenna apertures so as to min-
imize mutual coupling and reduce modeling error in the inver-
sion algorithms. Thus, the number of antenna elements used in
such direct measurement systems is usually determined by bal-
ancing these two important design factors.
One way to increase the number of measurement points

without a significant increase in mutual coupling is to use
minimally perturbing near-field probes positioned remotely
from “collector” antennas. Fields at the probe locations are
then inferred indirectly using the modulated scatterer tech-
nique (MST). Various types of probes have been used in such
MST-based indirect systems, such as dipoles [6], or even
elliptical slots [7], which are modulated using a low frequency
signal to infer a specific polarization. Typically, the probes are
positioned relatively close to a collector antenna to capture
the small changes in the field scattered by an individual probe
as it is modulated in some way. This modulation produces a
change in the received voltage at the collector antennas that is
proportional to the field at the probe’s location [8].
We have recently converted a direct MWT system based

on 24 double-layered Vivaldi antennas (DLVAs) to an indirect
system [9] that uses one scattering probe per DLVA collector.
Having multiple collectors enables this system to achieve a
full circular scanning capability at even intervals of 15 . Each
DLVA collector is equipped with a novel printed wire probe
that uses five p-i-n diodes for modulation. The collectors are
connected to a vector network analyzer (VNA) via a 2 24 port
switch network. By successively activating and deactivating
each individual probe, the required MST signals are collected.
However, in this system, the number of probes equals the
number of collectors, each collector has its own corresponding
field probe, and each probe’s relative position to its collector
remains unchanged making calibration straightforward to
implement. Our preliminary research based on that system
confirmed that a relatively flexible MST configuration is pos-
sible and indicated that major advantages might be achievable
if multiple probes could be used with each collector, thus
providing an increased number of field measurement positions
while retaining a sparse configuration of the more bulky col-
lector antennas.
In this letter, we show how the number of collectors can

be reduced while maintaining the number of probes to be
equal or greater than the collectors. Several configurations
have been tested and compared with respect to their imaging
performance; in these configurations, each collector interacts
with 2–4 probes with various relative separations between
the probes and collector. It is shown that utilizing several
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Fig. 1. Photograph of (a) six DLVA-12 probes and (b) top view of 12 DLVA,
24 probes.

probes per collector allows the acquisition of independent
scattered-field data resulting in improved image reconstruction,
even for probe-collector configurations where the relative
distances between probes and collectors vary significantly.
To evaluate the probe-based system performance, images are
compared to data collected using our direct DLVA system. Four
different objects of interest (OIs) are used to test these systems
by reconstructing the real and imaginary parts of the OIs’
dielectric profiles. The advantages of using multiple probes per
collector are clearly demonstrated.

II. SYSTEM DESCRIPTION

The description of the probe and the measurement setup is
reported in detail in [9]. We use an RF switch and a VNA to
capture a differential corresponding to “ON” and “OFF” bi-
asings of a probe’s p-i-n diodes. That is, is the subtrac-
tion of for a single transmitter (Tx) and a single collector
when a collector’s probe is closed and opened, respectively.

is proportional to the at the probe’s location. A photo-
graph of the measurement system is shown in Fig. 1(a). While
a Tx DLVA is transmitting, individual probes are successively
activated while all remaining probes are kept opened (“invis-
ible” to the field). The use of five p-i-n diodes in series causes
less field perturbation by the probes, thus reducing the mutual
coupling between the inactive probes [9]. In the configurations
studied herein, some probes are attached directly to a DLVA,
while others are held in place by acrylic rods 1.5 cm in diameter
and 10.0 cm in length; see Fig. 1.

A. Near Field of a DLVA

The computed near-field radiation of a single DLVA (An-
soft HFSS software) and the location of side and front probes
are illustrated in Fig. 2. The field is symmetrical and directed
toward the center of the chamber. Therefore, because the
field at the symmetrically placed left and right probes is signif-
icantly different from the probe placed directly in front of the
antenna, the DLVA–probe interaction will vary.

Fig. 2. near-field radiation of a single DLVA at 3.5 GHz (V/m).

Fig. 3. Block diagram of measurements: (a) 6Tx-5Rx. (b) 6Tx-10Probe.
(c) 6Tx-20Probe. (d) 12Tx-11Rx or 6Tx-11Rx. (e) 12Tx-22Probe.

TABLE I
LIST OF DATASETS. COLLECTOR IS DENOTED BY CX

B. Measurement Systems

We report on five different measurement configurations
with six or 12 Tx DLVAs, including no-probe (direct) and
probe-based (indirect) systems. The receiving mode of these
systems is denoted by “Rx” and “probe”, respectively. The
imaging tests and results corresponding to the two system types
are labeled using “Rx” or “probe” and are listed in Table I.
Fig. 3(a) shows a system with six DLVAs. Data are collected

using the six Tx DLVAs and five Rx DLVAs for each Tx. Note
that probes are not used here. The number of data points within
the acquired dataset is .
Fig. 3(b) shows a systemwith six DLVAs and 10 probes. Each

DLVA is used as a Tx with five collector DLVAs that collect the
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Fig. 4. Photographs of phantoms. (a) Resolution test. (b) Bear-face phantom.
(c) Lossy OI test: wood-nylon rod. (d) Geometry test: nylon rod-cuboid.

TABLE II
MEASURED PERMITTIVITY AT 3.5 GHZ AND DIMENSIONS OF OIS (FIG. 4)

fields from their corresponding left and right probes. In this im-
plementation, the probes are located symmetrically with respect
to their collector. The probe–collector interaction is the same for
both probes, and the dataset is .
Fig. 3(c) shows a similar system with six DLVAs and

24 probes. Again, for each of the six Tx DLVAs, there are five
collector DLVAs that collect the fields from four corresponding
probes: right, front, left, and far left (the one to the left side
of the left probe). In this implementation, the probes–collector
interaction changes significantly. The dataset is .
In Fig. 3(d), the dataset size was increased by using

12 DLVAs. Here, no probes are used, and 11 Rx DLVAs collect
the field for each Tx. The dataset is thus .
Fig. 3(e) illustrates a system with 12 DLVAs and 24 probes.

There are 11 collectors in this system for each Tx, each of which
collects the field from its left and front probes. The dataset is

.

C. Objects for Imaging

The sizes of the collected datasets corresponding to the five
systems are different. Thus, because more data is required for
imaging more complicated OIs, a series of OIs ranging from rel-
atively simple to more complex was chosen. Fig. 4 shows pho-
tographs of the four different OIs that were used for this study.
The reconstruction was performed at 3.5 GHz. In order to vali-
date the results, we measured the complex permittivity of each
OI, , usingAgilent 85070E dielectric probe
kit. The dimensions and measured are listed in Table II. For the
wood, the reported permittivity is an average of measurements
taken at its four faces.

D. Inversion Algorithm and Calibration

Multiplicative regularized Gauss–Newton inversion [10]
is utilized for all reconstructions. The imaging domain is
a square (Fig. 3) that is discretized into pixels, here

. The collected scattered fields are calibrated to the
scattered fields by a perfect electric conductor (PEC) refer-
ence cylinder in . The calibration factor for each
probe–collector pair is determined as the ratio of analytical to
the measured scattered field at each probe location; see [9].

Fig. 5. Reconstructed (left) and (right) of 2-Nylon rods at
3.5 GHz. First row: 6Tx-5Rx. Second row: 6Tx-10Probe.

Fig. 6. Reconstructed (left) and (right) of the bear-face phantom.
First row: 12Tx-11Rx. Second row: 12Tx-22Probe.

III. IMAGING RESULTS

In this section, the reconstructed images of different OIs are
presented. For the first test, imaging results are presented for
the six-DLVA system using either five Rx DLVAs [Fig. 3(a)]
or 10 symmetrical probes on the left and right of each col-
lector [Fig. 3(b)]. Due to the small amount of information pos-
sible using these systems, only the simplest resolution test OI
was used [Fig. 4(a)]. The resulting reconstructions are shown in
Fig. 5 (the reconstructions for the other OIs were poor because
of the small amount of data collected).
The second results are for the 12-DLVA system using either

11 Rx [Fig. 3(d)] or 22 asymmetrical probes on the left and front
of each collector [Fig. 3(e)]. The dataset is large enough for
imaging a more complex OIs: the bear-face phantom [Fig. 4(b)]
and the wood-nylon lossy object [Fig. 4(c)]. The reconstructed
images are shown in Figs. 6 and 7.
For the third test, the performance of increasing the number

of probes in an indirect system is investigated, where now the
relative probe–collector distances vary significantly. Only six
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Fig. 7. Reconstructed (left) and (right) of the wood-nylon
phantom. First row: 12Tx-11Rx. Second row: 12Tx-22Probe.

Fig. 8. Reconstructed (left) and (right) of the nylon rod-cuboid
phantom. First row: 6Tx-10Probe. Second row: 6Tx-20Probe.

DLVAs are used with either 10 or 20 probes (see Table I). The
imaged OI is the geometry test OI of Fig. 4(d), and its recon-
structed images are shown in Fig. 8.

IV. DISCUSSION

The results of Fig. 5 clearly show that image reconstruction
with the 6Tx-5Rx system is not possible, but using probes in
the 6Tx-10Probe system to double the amount of collected in-
formation produces reasonable results. Note that both systems
use six DLVAs, but the probes allow one to infer the scattered
field at more locations per Tx DLVA. Similar results are ob-
tained for the reconstruction of a more complicated phantom,
the bear-face, shown in Fig. 6, where now only 12 antennas
are used for measurement. Image reconstruction fails using the
12Tx-11Rx system, while the 12Tx-22Probe system clearly re-
constructs the bear-face OI. The results for the wood-nylon OI
of Fig. 7 confirm that the introduction of extra probes allows in-
dependent data useful for image reconstruction.

The rod-cuboid geometry test imaging results shown in Fig. 8
use six Tx and five collector antennas, with the number of probes
changing from 10 to 20. For this case, the use of 20 probes
with only five collectors requires the use of probes whose an-
gular separation from the collector is 30 , and their relative
distance from their collector is significantly different from the
ones that are in front of the collector, making proper calibra-
tion essential. When the full set of 20 probes is used, accuracy
of the reconstruction is better compared to the 6Tx-10Probe
system, which confirms that even adding probes at a large dis-
tance from the collector can add useful data that improves the
image reconstruction.

V. CONCLUSION

One disadvantage of direct-measurement MWT systems is
the limitation of the number of possible measurement locations.
The flexible MST-based indirect system reported here shows
that the number of probing sites can be increased while main-
taining a small number of co-resident collector antennas that
also maintain a sufficiently low mutual coupling. It was shown
that the significant difference in probe–collector interaction in
these nonuniformmultiprobe-per-collector systems can be com-
pensated. Imaging results show that a direct system with a small
number of co-resident antennas is not able to reconstruct some
OIs, whereas an indirect system with the same number of an-
tennas used as collectors but with a greater number of probes
increases the amount of collected data and successfully recon-
structs the same OI. This confirms that the additional probe data
generate independent information that is useful for image re-
construction. In addition, increasing the number of probing lo-
cations does not add substantially to the costs of implementing
such systems.
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