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Antenna Calibration for Near-Field Material
Characterization
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Abstract—A novel antenna calibration method is presented for
near-field problems, such as material characterization or inverse
scattering. The procedure accurately accounts for differences
between simulations of objects close to antennas and the equiv-
alent experimental measurements. It is based on the method of
moments (MoM) solution to surface integral scattering equations.
An efficient choice of macrobasis functions (MBFs) is applied to
the antenna, which reduces the computational costs by several
orders of magnitude. The calibration involves scanning a target
of known constitution through the antenna near field, assigning a
tuning parameter to each MBF and optimizing said parameters,
so as to reduce the error between antenna simulations and mea-
surements. This adjusts the antenna’s simulated surface currents,
so as to more accurately represent the currents on the experimen-
tal apparatus. Thus, an efficient antenna model is obtained, which
more accurately represents the real-world antenna. The calibra-
tion technique is verified by applying it to the characterization of
dielectric objects of known but arbitrary shape.

Index Terms—Calibration, computational electromagnetic,
dielectric constant, electromagnetic tomography, electromagnet-
ics, inverse problems, materials’ testing, microwave measure-
ments, microwave sensors, near fields, near-field radiation pattern,
numerical simulation, permittivity measurement.

I. INTRODUCTION

I N NEAR-FIELD imaging or sensing problems (e.g.,
tomography [1]–[6], material characterization [7]–[12],

medical imaging [13]–[16], etc.) the interactions between the
probing antenna and object under test (OUT) are complex in
nature. The ideal system model includes a full-wave simulation
of the probing antenna/OUT and all interactions there between
[6], [17]. Imaging and sensing techniques often attempt to
minimize a cost function as a function of parameters to be esti-
mated. As such the scattering problem is solved numerous times
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while trialling different prospective parameter values (see [4]).
This requires the antenna/OUT combination to be simulated
numerous times prior to obtaining desired results. Thus, the
use of computationally costly full-wave simulations may make
the techniques unpractical. For this reason, most near-field
problems use non-full-wave antenna representations. Indeed,
antennas are often represented using significant simplifications,
e.g., as point sources [2], [4], [18], Hertzian dipoles [5], trans-
mission line equivalents [19], and finding simple ratios between
simulations and measurements of the antenna(s) in free space
(or with a calibration target) and multiplying all future simula-
tions by these ratios [20], assuming that the antenna response
is a simple convolution between a point spread function and
the OUT [21] or including only elementary antenna parameters
such as beamwidth, gain [22], etc. One may decrease coupling
and multiple interactions between antennas and OUT by using
lossy matching liquids but this also deceases the signal-to-noise
ratio (SNR) [16].

The technique proposed in this paper makes use of the
method of moments (MoM) for surface integral scattering equa-
tions as the means of simulating the probing antenna [23]–[26].
Normally, this would contribute an unacceptable additional
computational load; however, the technique here described
reduces said load to be well and truly below that required to
simulate the OUT. Macrobasis functions (MBFs) are chosen
via a calibration technique and employed, this allows surface
currents to be represented by a small set of vectors each repre-
senting a possible current distribution across the entire surface
rather than many small basis functions [27]–[29]. This calibra-
tion uses antenna simulations to choose and reduce the number
of MBFs by requiring accurate simulation of fields radiated in
the direction of any potential OUT, while accepting the pos-
sibility of a lower quality representation of fields radiating in
other directions. In this way, the computational cost of includ-
ing the full-wave antenna simulation in the sensing problem is
reduced by several orders of magnitude.

It is well known that even quasi-exact full-wave simulations
of antennas (e.g., with MoM or FDTD) differ from measure-
ments taken with the real-world manufactured system. This is
due to manufacturing tolerances, positioning/pointing errors,
meshing inaccuracies, inaccuracies in the feed port model, etc.
As these differences between real-world and simulated sys-
tems are difficult to identify, it is important to employ an
antenna calibration technique when using simulations as the
forward modeling component of a sensing or imaging problem.
Many such calibration methods exist that take various antenna
characteristics into account (e.g., [19], [22]). The technique
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proposed here is, however, to the authors’ knowledge, the
first to incorporate a full-wave simulation of the antenna–OUT
interactions without significantly increasing the computational
load. It functions through the use of a small number of tuning
parameters that, in conjunction with calibration measurements,
alter the space of antenna surface currents represented via the
set of selected MBF vectors, so as to incorporate the differ-
ences between the real-world antenna and the MoM model
thereof.

The result is an extremely efficient antenna simulation which
via calibration caters for unknown differences between the
real-world and modeled antennas. This paper validates the
calibration technique by applying it to the problem of com-
plex permittivity estimation of an OUT of known shape but
unknown material characteristic. This novel material character-
ization method is a secondary contribution of this paper at hand.
Detailed results on both simulated and experimental data show
that the calibration method accurately represents the feed cur-
rent of an antenna, and accurate permittivity estimation shows
the calibration’s practical usefulness in near-field problems.

An existing work [6] incorporates antennas into a microwave
tomography problem in a similar way as this paper at hand.
However, the new work improves on the old by intelligently
choosing MBFs to reduce the computational load and to enable
antenna calibration. This paper [17] obtains accurate simula-
tions of experimental feed currents for a near-field monopole
array with the finite-element method; however, unlike the work
at hand, they must include the full computational cost of the
antenna-to-OUT interactions each time the OUT changes and
do not possess a calibration process.

The material characterization problem tackled in this paper
may be viewed as a simplified form of the multistatic tomo-
graphic or inverse scattering problem currently of interest to the
microwave medical imaging community. The proposed calibra-
tion could also be used for such problems [1]–[4], [13]–[16].

The concepts in this paper were briefly introduced with lim-
ited preliminary results in [11], [30]. This paper presents the
concept in detail with extensive quality results. This paper starts
with Section II that presents the mathematical theory behind
the problem. The governing MoM formulation, the calibra-
tion, and parameter measurement procedures are described in
Sections II-A–II-C, respectively. The experimental procedure is
outlined in Section III, the detailed simulation-based results are
given in Section IV, with the experimental results in Section V.
A discussion is given in Section VI and Section VII concludes
this paper.

II. MATHEMATICAL FORMULATION

A. Governing MoM Equations

The surface integral MoM matrix equation for a dielectric in
the presence of an antenna may be represented as [6], [23]–[26][

Z11, Z12

ZT
12, Z22

] [
x1

x2

]
=

[
v1

v2

]
(1)

where Z11 is an N ×N MoM matrix of reaction inte-
grals between the N elementary basis/testing functions (Rao–
Wilton–Glisson (RWG) [31]) used to discretize the antenna,

Z22 is a B ×B MoM matrix of the interactions between the B
RWG elementary basis/testing functions representing the OUT
(i.e., the calibration target or the sample to be measured) and
Z12 is an N ×B MoM matrix of the reaction integrals between
the N basis functions of the antenna and the B elementary test-
ing functions of the OUT. The vectors x1 and x2 contain the
coefficients, which are multiplied by their corresponding basis
functions, form the surface current densities on the antenna
and OUT, respectively. The excitation vectors v1 and v2 rep-
resent the voltage densities applied to the antenna and OUT,
respectively. The matrix transpose is denoted by T .

A directional ultra-wideband (UWB) antenna is used to
direct radiation toward the target and to facilitate measurements
across a wide bandwidth. Such antennas are electrically large
making Z11 and Z12 large. To reduce the computational com-
plexity of the problem, an MBF representation of the antenna
is used [27]–[29]. MBFs reduce the size of MoM matrices (and
thus the computational cost) by representing the surface cur-
rent density with a small set of M << N distributions each
covering the entire antenna surface as opposed to assigning an
unknown to each of N local-domain basis functions. Letting
M MBFs form the columns of the MBF matrix Q, the current
density on the antenna can be represented as

x1 = Qxmbf . (2)

Applying this definition and left multiplying the upper set of
equations in (1) by QT (Galerkin testing) gives[

QTZ11Q, QTZ12

ZT
12Q, Z22

][
xmbf

x2

]
=

[
QTv1

v2

]
. (3)

The MBF selection procedure is described in Section II-B. In
(3), QTv1 represents the voltage density applied across the
antenna using a linear summation of MBFs, xmbf is the equiv-
alent MBF representation of the current densities formed due
to the applied voltages, and the MoM matrix represents the
relationship between these values when the antenna is in the
presence of the OUT.

No matter how much care is taken in the design, manufacture,
and mounting of the antenna, the response of the experimen-
tal apparatus will always differ (even if only slightly) from its
MoM simulation. Such differences can have a significant nega-
tive effect on the results of an inverse near-field problem. Thus,
a calibration procedure is proposed, which slightly distorts the
MBF representation of the current densities [the Q matrices in
(3) to the right of their corresponding impedance matrix com-
ponents], so as to better represent the current densities on the
real-world antenna. This paper proposes to perform this cali-
bration by multiplying each of the MBFs in Q by a different
complex scalar, the full set of which forms the vector k. One
may define .∗ as the matrix element-by-element product and
1a,b as a matrix of size a by b with all elements equal to one.
Thus, the calibration vector k is applied to (3) by replacing the
Q matrices that correspond to the current density MBFs with
Q. ∗ (1N,1k

T ). Note that, Q is not scaled when appearing as a
left-hand multiplication of the upper set of equations in (3) or
in either the current or voltage density vectors. This procedure
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followed by some elementary matrix manipulations transforms
(3) into [ (

QTZ11Q
)
. ∗ (1M,1k

T
)
, QTZ12(

1B,1k
T
)
. ∗ (ZT

12Q
)
, Z22

]
[
xmbf

x2

]
=

[
QTv1

v2

]
. (4)

Thus, the vector k is used to slightly deform the MBF repre-
sentation of the antenna’s current densities in such a way as to
account for small differences between these current densities
and those on the real-world antenna (Section II-B presents this
procedure in detail).

No voltage is applied to the OUT (i.e., v2 = 0) and the exci-
tation vector, relating to the antenna v1, is zero except at the
feed point where an applied voltage of 1 V is assumed. The
current at the feed point is obtained as

y = wqfxmbf (5)

where qf is the row of Q corresponding to the basis function at
the feed point and w is the width of said basis function. The use
of this information with the Schur complement allows (4) to be
simplified to give y as

y = w2qf
((
1M,1k

T
)
.∗(

QTZ11Q−QTZ12Z
−1
22 ZT

12Q
))−1

qT
f . (6)

Note that, the feed current obtained in the absence of the OUT
(i.e., in free space) is

ỹ = w2qf
((
1M,1k

T
)
. ∗ (QTZ11Q

))−1
qT
f (7)

and that for any nonsingular square matrix P((
1M,1k

T
)
. ∗ P )−1

= (1./ (k11,M )) . ∗ P−1 (8)

where ./ represents an element by element division. Thus, one
may define the difference current Δy as being

Δy = y − ỹ = w2
(
qf ./k

T
) ((

QTZ11Q

−QTZ12Z
−1
22 ZT

12Q
)−1 − (

QTZ11Q
)−1

)
qT
f . (9)

B. Calibration Procedure

Equation (9) represents the MBF reduced and calibrated
MoM simulation of the difference current in the presence of
an OUT. A three-step calibration needs to be performed before
(9) may be used as part of a near-field sensing procedure. First,
a mathematical link between the S11 measurement at the cali-
bration point of the VNA and y, the theoretical current at the
feed basis function, needs to be established; second, the MBFs
Q have to be chosen; and third, the calibration vector k must
be obtained.

Step 1) The connection between the calibration point of the
VNA and the feed point of the antenna is assumed to be a
lossless Z0 = 50 Ω transmission line of length L. Its one-way
phase shift is denoted by φ. Thus, the S11 value at the feed

basis/testing function is as a function of the S11 parameter at
the calibration point of the VNA [32]

Sf
11 = SV NA

11 ej2φ (10)

while the current is [32]

y =
1− Sf

11

(1 + Sf
11)Z0

. (11)

The phase φ must be obtained. Thus, one simulates y via (1) and
experimentally measures SV NA

11 for the antenna in free space.
Equations (10) and (11) are then used to obtain ŷ(φ), an esti-
mate of y from SV NA

11 . The value of φ minimizing the error
|y − ŷ(φ)|2 is taken as the transmission line’s phase delay. At
anyone frequency, multiple minimums will exist, with the cor-
rect one being that which results in a nearly constant value of
the equivalent cable length (in cm) across frequency.

Step 2) The proposed MBF selection procedure is designed
to provide accurate electromagnetic simulation of waves inci-
dent from the direction of the OUT. Other directions are
ignored, so as to minimize the number of MBFs M and thus
reduce computational complexity. A PEC calibration target is
scanned through the region that will contain the unknown object
to be measured. For each of the C positions of the calibra-
tion target, the full MoM problem (1) is solved and the current
densities x1 obtained across the antenna structure. These cur-
rent density vectors x1 form the C columns of the temporary
matrix A. The SVD decomposition is then used to construct Q
by keeping only the M most significant singular vectors of A
[33], [34]. In such a way, the M columns of Q are orthogo-
nal and essentially span the space of all the x1 simulated when
scanning the calibration target. Thus, this small MBF space is
able to accurately represent antenna surface currents induced
or producing fields’ incident on any target lying in a direction
spanned by the C calibration measurements. For sources out-
side this calibrated set of directions, accuracy will be lost. When
choosing the calibration target’s shape, size, and C positions, it
is important to ensure that the C calibration experiments incor-
porate radiation from all directions that may be significant to the
plane-wave scattering spectrum of any eventual OUT. In prac-
tice, this may be done by scanning a small but highly reflecting
target through a dense grid representing the maximum extent of
an OUT.

Step 3) For a given position of the calibration target, k is the
only unknown in (9). Grouping the known terms in (9) allows
the equation to be represented as an efficient, linear equation in
M unknowns

Δy(k) =
M∑
a=1

sa
ka

(12)

where ka is the ath element of k and represents the unknowns
to be found by the calibration procedure and sa is the known
constant

sa = w2 (êa. ∗ qf )
((
QTZ11Q

−QTZ12Z
−1
22 ZT

12Q
)−1 − (

QTZ11Q
)−1

)
qT
f (13)
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with êa unity at its ath element and zero elsewhere. Using
the index i to identify individual calibration measurements and
defining Δymi and Δyi(k) as the experimentally measured
and simulated difference-currents, respectively, the calibration
procedure involves finding k, which minimizes the root-mean-
square (rms) error √√√√ C∑

i=1

|Δymi −Δyi(k)|2. (14)

As (12) is linear in nature (14) is easily minimized via Gauss’s
least-squares analysis.

C. Inversion of Constitutive Parameters

Constitutive parameters (e.g., complex permittivity ε =
εrε0 and/or permeability μ = μrμ0) of an OUT, with known
shapes/volume boundary locations, may now be estimated by
iteratively changing parameter values in the calculation of Z22

in (9), so as to minimize the difference between Δy and exper-
imentally measured feed currents. With the calibration proce-
dure defined, (9) may be simplified by defining p = w2qf ./k

T ,
B = QTZ11Q, C = QTZ12, and W = pB−1qT

f to give

Δy = p
((

B −CZ−1
22 CT

)−1
)
qT
f −W. (15)

Since the OUT’s shape and location are known, the only ele-
ment of (15) that cannot be precalculated is the OUT’s MoM
matrix Z22 (note that, Z12 is a function of the shapes of the
antenna and OUT but is independent of the OUT’s material
properties). The use of an MBF representation of the antenna
significantly reduces the computational cost of evaluating (15).
Indeed, only the evaluation and inversion (or equivalent oper-
ation) of Z22 provide a significant numerical cost. This com-
putational burden is significantly reduced by the use of the
authors’ FMIR–MoM technique [26], [35], which is able to
efficiently generate MoM matrices while sweeping through
complex permittivity, permeability, or frequency with a fixed
object discretization. Thus, (15) is efficient to calculate and may
form the core of an iterative procedure in which ε and/or μ
of the OUT is changed at each iteration (it should be noted,
however, that this paper does not address the measurement of
permeability).

The OUT is placed in the region previously occupied by the
calibration target, and is scanned through a small number of
positions and/or orientations D. The frequency-dependent ε is
obtained, which minimizes√√√√ D∑

i=1

|Δymi −Δyi(f, ε)|2 (16)

where Δymi and Δyi(f, ε) are, respectively, the measured and
simulated [from (15)] versions of the difference current. The
experiments performed in this paper exhibited no false minima
and as such a local optimization technique (MATLAB’s fmin-
search procedure that implements the Nelder–Mead simplex
method [36]) was used to minimize (16).

Fig. 1. Experimental setup with a wooden frame supporting the antenna, while
plastic boxes support a microwave foam on which the calibration target and
OUT may be positioned (the dielectric test object is present in the photo).

Fig. 2. MoM mesh of antenna and dielectric block.

III. EXPERIMENTAL PROCEDURE

This section details the experimental apparatus and the tests
performed. The apparatus is elementary, consisting simply of a
single VNA port connected to an antenna mounted in an ane-
choic chamber (see Fig. 1, if sufficient free space is present
around the experiment, time gating could be used instead of an
anechoic chamber). Microwave foam (ε ≈ ε0, μ = μ0) is used
to mount the OUT. The antenna needs to be directive, to have
a wide bandwidth and to have an MoM model that accurately
simulates the experimental measurements. The authors have
chosen to use a machine milled 3-D Vivaldi antenna with inter-
nal coaxial feed and no balun, which was originally designed
for ground penetrating radar (GPR) applications [37], [38].
The antenna operates (S11 < −10 dB) from approximately
800 MHz to 3.6 GHz, it is directive and its MoM simulations
closely match experimentation [26], [38]. The antenna has total
dimensions of 30 cm × 10 cm × 20 cm and is represented by
an MoM mesh made of N = 1585 basis functions (see Fig. 2).
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The calibration target was chosen to be a thin (1-mm thick)
square metal plate with 7.5-cm sides. It was scanned through
C = 52 positions within a horizontal surface of 20 cm × 30 cm
at a height of 8.7 cm from the top of the antenna. The calibra-
tion procedure was then performed as per Section II-B. Note
that, the antenna is symmetric across the y-axis and thus each
of the 52 measurements is identical to another measurement in
the set. This allows for an estimate of the measurement error by
calculating the RMS error between the theoretically identical
measurements.

The test target consisted of a 10 cm × 10 cm × 1.6 cm
low-loss dielectric block fabricated by Neltec and possessing
a manufacturer stated frequency stable relative permittivity of
�(εr) = 2.98 and �(εr) < 0.005 (�(. . .) and �(. . .) represent
real and imaginary parts, respectively). A ground truth per-
mittivity measurement was made using a VNA and truncated
coaxial line as a contact probe.

The target under test was scanned through D = 10 posi-
tions within the calibrated space. The complex permittivity was
then estimated using the procedure of Section II-C. All tests
were performed independently at 15 linearly spaced frequency
points starting at 800 MHz and stopping at 3.6 GHz. The ini-
tial guess for the permittivity was εr = 1.5− 1.5j at the lowest
frequency, while for higher frequencies, the value obtained at
the previously evaluated frequency was used. Fig. 2 depicts the
MoM mesh of the antenna and dielectric to be measured.

Section IV will now present the results using simulated data
that model the given apparatus before Section V presents the
experimental results.

IV. RESULTS BASED ON SYNTHETIC TESTS

This section uses the simulated data on several different tar-
get types to verify the validity of the calibration and permittivity
estimation techniques and to identify some limitations. The full
MoM solution, i.e., (1) was used to generate the test data. So as
to avoid (or at least decrease the effect of) the “inverse crime”
[39] and to introduce some modeling errors, higher density
antenna and target meshes were used when generating the input
data than for the inverse scattering algorithm. An additional dif-
ference between the so-called “measured” and simulated data
was introduced by adding zero-mean Gaussian noise at an SNR
of 60 dB (the maximum of all signal values divided by the rms
of the noise) to the simulated data (this corresponds roughly to
the noise floor in the experimental tests of Section V). In this
way, an initial verification of the calibration and permittivity
measurement process could be performed using only simulated
data.

The calibration was performed using simulations of the pro-
cedure in Section III. The same calibration was used for all
the simulated data tests. Initially, a simulation of a bloc of the
shape of the Neltec dielectric (introduced in Section III) and the
above-stated permittivity estimation procedure were used. For
each case, the errors between the estimated values �(ε̃r), �(ε̃r)
and the true values �(εr) and �(εr) were calculated as follows:

er =
�(ε̃r)−�(εr)
�(εr)− 1

, ei =
�(ε̃r)−�(εr)

�(εr) (17)

TABLE I
ERRORS FOR LOSSY AND LOW-LOSS TARGETS

TABLE II
ERRORS FOR STRONGLY AND WEAKLY SCATTERING TARGETS

and the largest error across the 15 frequencies was identified.
The first test involved investigating the algorithm’s ability to
measure low-loss samples by obtaining the maximum mea-
surement errors for a bloc of ε = 3− 3j (frequency invariant)
and progressively reducing the loss (see Table I). The results
show the technique to be reliable in regards to �(εr) but a
progressively increasing error in �(εr) as it decreases. As the
proposed technique is of the reflection type this behavior is
to be expected. This is because the reflection off of a low-
loss object is affected predominately by the real part of its
permittivity with transmission measurements (of a significant
sample length) required to establish a significant effect from
the object’s low loss [7], [40]. The next test involved investigat-
ing the algorithm’s susceptibility to the strength of the OUT’s
return. This was done by setting the bloc to have a large contrast
of ε = 5− 0.001j and slowly decreasing �(εr) while noting
the magnitude of the target’s response (in dB and with reference
to the free-space antenna’s response) as well as the largest er in
each frequency sweep. The results are in Table II and show that
reliable measurements are made of �(εr) for even relatively
small contrasts. It also shows that measurement becomes unre-
liable for weak scatterers when their return strengths approach
the noise floor (60 dB in this case).

The last synthetic test involved changing the target shape to
a more obscure form. In this case, a 200-mL paper cup filled
with isopropanol was simulated. This paper was assumed invis-
ible to microwave radiation, while the complex permittivity of
the isopropanol was obtained from [41]. The same calibration
procedure was used as for the dielectric bloc and the cup was
viewed side on and scanned through the same positions as the
bloc. The mesh of the cup is shown in Fig. 3, while the result-
ing permittivity estimates are shown in Fig. 4. The maximum
error in ε was 7.5%, showing that the technique is capable of
operating on arbitrary shaped samples provided that the sample
shape is known.

This verifies the material characterization and thus the
antenna calibration against simulated data. However, the dif-
ferences between the simulation of a scattering experiment and
the real-world system are usually unknown and thus difficult
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Fig. 3. Mesh of isopropanol filled cup.

Fig. 4. Correct (solid lines) and measured (*) �(εr) (left) and �(ε) (right) for
a 200-mL cup of isopropanol.

to approximate in software. Section V uses the experimental
data to verify the functionality of the calibration method and
subsequently the material estimation technique.

V. EXPERIMENTAL RESULTS

This section presents detailed experimental results. It verifies
the MBF selection procedure that provides accurate simulations
of the antenna’s feed current in the presence of the dielectric
bloc from Neltec and presents precise measurements of the
bloc’s complex permittivity.

A conservative threshold of 105 was allowed between the
largest and smallest singular values when selecting the num-
ber of MBFs. This led to the use of 12 ≤ M ≤ 35 MBFs with
higher frequencies requiring more than lower frequencies. Note
that this enabled a considerable computational cost reduction as
N = 1585. The accuracy of the MBF representation was tested.
To do this, (1) was used to calculate the current density vector
across the antenna in the presence of the test dielectric (xdiel

1 )
and in free-space (xfs

1 ). Subtracting these two values gave the
OUT’s contribution to the antenna current density

Δx1 = xdiel
1 − xfs

1 . (18)

The ability, of the MBF reduced system of equations to rep-
resent the problem at hand, was then tested by calculating the
percentage RMS error between Δx1 and its MBF representa-
tion as

100
||Δx1 −QQHΔx1||2

||Δx1||2 (19)

where || · · · ||2 =
√∑ | · · · |2 is the Frobenius norm and H indi-

cates the Hermitian transpose. Fig. 5 plots (19) as a function of

Fig. 5. RMS error in MBF representation of antenna’s-induced current densi-
ties due to dielectric target, using 2, 5, 10, 20, and 30 MBFs.

Fig. 6. Absolute value of feed currents. (a) Measured free space. (b) Measured
difference current with OUT present (i.e., magnitude of OUT’s contribution).
(c,*) Simulated, calibrated difference current with OUT present (i.e., simu-
lated magnitude of OUT’s contribution with calibration). (d) Absolute value of
error between complex uncalibrated simulation and measurement. (e) Absolute
value of error between complex calibrated simulation and measurement.
(f) Estimation of level of measurement error.

frequency and the number of MBFs used. Thus, showing that
while a very few MBFs were used to obtain the results in this
paper, a significantly smaller number would be sufficient.

A direct test of the accuracy of the calibration procedure was
performed by comparing the measured feed currents with the
calibrated and uncalibrated simulations. Fig. 6 plots the mag-
nitude of the measured feed current in the absence of an OUT
(i.e., free space), the measured and simulated difference cur-
rents in the presence of the dielectric target (i.e., the magnitude
of the OUT’s contribution), and the magnitudes of the complex
errors between the simulations and measurements. Note that,
while the simulated and measured phases are not directly com-
pared, they are similar, as can be seen by the small value of
the magnitude of the complex errors [see (d) and (e) in Fig. 6].
The rms error between the measured feed currents for symmet-
rically placed calibration targets is also given as an estimate of
the measurement error. The close match between lines (b) and
(c) and the significantly smaller value of line (e) compared to
(d) clearly show that the calibration significantly improved the
match between simulated and measured currents. This is fur-
ther emphasized in Fig. 7 that plots the difference between
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Fig. 7. Improvement due to calibration, i.e., difference between absolute errors
in uncalibrated and calibrated simulations.

Fig. 8. Permitivitty measurement results. Left: manufacturer’s stated �(εr)
(solid line), co-axial probe’s measured �(εr) (dashed line), and novel method’s
measured �(εr) (*’s) . Right: novel method’s measured �(εr), manufac-
turer stated |�(εr)| < 0.005 (not plotted), and co-axial probe’s measurement
�(εr) < 0.05 (not plotted).

the absolute errors in uncalibrated and calibrated simulations
and therefore the improvement obtained from calibration. A
frequency-dependent improvement of between 2 and 21 dB was
recorded. This frequency dependence is due to the MoM model
being more accurate at some frequencies than others and the
feed current being larger at certain frequencies. This demon-
strates a very accurate simulation of the feed current, which
is suitable for use in near-field sensing or imaging problems,
including measuring constitutive parameters. The complex per-
mittivity was then estimated using the inversion procedure in
Section II-C. The results are presented in Fig. 8, along with
the manufacturer’s stated frequency stable complex permittivity
of �(εr) = 2.98 and |�(εr)| < 0.005 and the contact probe’s
permittivity measurements. Note that, the contact probe used
is limited to an upper frequency of 3 GHz and is not sensi-
tive to loss tangents below 0.05 (|�(εr)| < 0.15). This figure
shows a maximum error in �(εr) of 5% (at 2.6 GHz) and sat-
isfies the manufacturer’s claimed |�(εr)| < 0.005. The contact
probe’s measurements of |�(εr)| were all below 0.05, verifying
that the true value is below the apparatus’s sensitivity. Note, as
the proposed method performs a reflection measurement, it is
not expected to give accurate estimates of the loss of extremely
low-loss materials such as the OUT in question. See Table I
for an indication of the technique’s sensitivity to low-loss
values.

VI. DISCUSSION

For the tests in this paper, no false minimums were present
when inverting for the constitutive parameters. This does not
guarantee that other OUTs will not exhibit multiple minimums
in (16). The probability of such occurrences may be decreased
by increasing D, the number of positions/orientations of the
OUT, thus increasing the data to unknowns’ ratio.

A very simple setup was used where the OUT was simply
moved through numerous positions in the near field of a sin-
gle antenna. This approach has the advantages of simplicity
and ease of operation. However, it may not prove sufficient
for all possible applications of the calibration method. Other
configurations may be considered, for example, using multiple
antennas to obtain transmission measurements [42]. Reflectors
could be used to increase the return from electrically small
OUTs.

Only small errors are present in the MBF representation even
when as little as two MBFs are used (see Fig. 5). This occurs as
only sources in the set of directions covered by the calibration
target positions need to be accurately represented. Indeed, when
the OUT is placed significantly outside the set of calibrated
directions, (5) may give large errors.

It is important to achieve accurate positioning of the OUTs
and the probing antenna. This was done by hand for the exper-
iments in this paper (estimated positioning accuracy of 2 mm,
note the antenna and target meshes are significantly more accu-
rate). However, mechanical scanners may be used if they do not
perturb the near-field responses of the antenna or OUT.

The authors’ intended application of the calibration tech-
nique is to develop a method of characterizing dielectric sam-
ples whose shape, size, or surface roughness does not allow
nondestructive characterization via traditional methods (e.g.,
waveguides, co-axial probes, etc.). However, the calibration
may be applied to a large range of near-field problems.

An interesting extension to this work would be to apply it to
the related problem of soil permittivity measurement with the
use of a GPR [12], [19], [30], [43]–[45]. The main interest being
that the GPR problem typically uses a less accurate dipole or
transmission line equivalent representation of the antennas [19],
[30], [43]. The proposed extension would require the use of pla-
narly layered Green’s functions and thus represents a deviation
from the formulation presented above [46].

The proposed calibration technique has links to the well
known and still largely unsolved problem of microwave tomog-
raphy where the map of the inhomogeneous intrinsic param-
eters of an OUT is obtained from detailed measurements
of its scattered field via an ill-posed inverse problem [1]–
[4]. However, for the problem at hand, the object is known
in advance to have a given shape and to be homogeneous
(thus, the authors’ problem is better posed). The problem
at hand also requires a more precise parameter estimation,
while tomography is typically concerned with image formation
and the distinction of different regions, thus more signifi-
cant errors in intrinsic parameter values are usually accepted
[1]–[4]. The calibration technique proposed in this paper, or
one similar to it, might also find application in tomography
techniques.
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VII. CONCLUSION

A novel calibration procedure has been presented, which
enables for accurate (full wave) representation of antennas in
the forward scattering component of near-field inverse prob-
lems. The experimental procedure is simple to perform and
involves measuring the S11 parameter of an antenna first in
the presence of a near-field calibration target and then of
the OUT. MoM simulations are performed of the calibration
target/antenna system and the induced current densities on the
probing antenna used. With these current densities, MBFs are
obtained that accurately represent fields’ incident from the
direction of the calibration target (and later the OUT). This
MBF selection process allows for a significant reduction in the
computational cost due to the antenna–antenna and antenna–
OUT interactions. A small set of parameters is then introduced,
which alters the MBFs used to represent the antenna current
densities. The calibration sets these parameters by minimiz-
ing the RMS error between the measured and MoM simulated
antenna feed currents obtained in the presence of the calibra-
tion target. This caters for unknown differences between the
MoM system model and the real-world instrument. The use
of the recently developed FMIR–MoM technique allows one
to efficiently change the constitutive parameters and frequency
when simulating the OUT, and thus the calibrated system
model may be efficiently applied to the problem of material
characterization.

The calibration method has been verified by applying it to
the problem of estimating dielectric parameters of OUTs of
known but arbitrary shape. Extensive results on both simulated
and experimental data show that the calibration method:

1) accurately caters for antenna–antenna and antenna–OUT
interactions with negligible additional computational
cost;

2) corrects for small differences between the simulation
model and the real-world system (e.g., modeling errors,
mounting and pointing errors, etc.); and

3) allows for accurate estimation of material dielectric prop-
erties for samples of known but otherwise arbitrary shape.
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