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Multi-Antenna System for In-Line

Food Imaging at Microwave Frequencies
Marco Ricci, Member, IEEE, Jorge A. Tobon Vasquez, Member, IEEE, Rosa Scapaticci, Member, IEEE, Lorenzo

Crocco, Senior Member, IEEE and Francesca Vipiana, Senior Member, IEEE.

Abstract—This work presents the design and numerical assess-
ment of a novel microwave imaging system, capable of providing
a full 3-D image of food/beverage products content in order to
disclose the possible presence of physical contaminants, such as
plastic fragments. The system here presented exploits the dielec-
tric contrast between the food content and possible intrusions
at microwave frequencies; it is based on an antennas array
architecture inspecting the items in motion along a conveyor
belt without interrupting the production process. The inversion
problem is solved by means of linearization, assuming the viabil-
ity of the Born approximation thanks to the localized intrusions,
and regularization, based on the singular value decomposition
of the discretized scattering operator. Further, an algorithm, to
balance the illumination of the considered scenario due to the
non-uniform radiation of the employed antennas, is presented to
enhance the imaging. The system is first assessed considering an
ideal case, and then extended to a more realistic approach, for
two different kinds of food products, with completely different
dielectric properties and considering the performance of existing
instrumentation for the purpose. The obtained results lay the
foundations for the realization of an actual prototype.

Index Terms—Microwave imaging, microwave antenna arrays,
microwave propagation, food technology, inspection, non-invasive
diagnostics, food security, food safety.

I. INTRODUCTION

NOWADAYS, there are several technologies employed

in industries for packaged food inspection [1], but the

presence of physical contaminants in food/beverage products

is still a threat, with a growth of notifications mainly due to

customers complaints [2].

The most common monitoring devices, exploited along

the food packaging line, are metal detectors and X-rays

systems. However, metal detectors can only detect metallic

objects, while X-rays have limitations in detecting low-density

materials [3], [4]. In order to overcome these limitations,

“dual-energy” X-rays systems have been developed [5], but

they still lack in discerning some kind of materials, and

the occurrence of foreign bodies notifications is an indirect

confirmation of such a circumstance. In particular, materials
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based on low-density polyethylene and polypropylene, the

most common plastics (with a density below 1 g/cm3) widely

employed in food packaging [6], are still not detectable [7].

Accordingly, there is the need of developing imaging solutions

not relying on material densities only, to complement with

existing technologies and improve the level of security of

food/beverage products.

In this respect, near infra-red (NIR) and THz sensing

technologies have been recently applied to food inspection

[8]–[12]. These imaging modalities are rapid and safe, due to

the use of non-ionizing radiations, but their penetration depth

is limited. Hence, these technologies prove to be effective

for detecting defects on or close to external surfaces, as e.g.

packaging imperfections, but they are not suitable to properly

inspect the inner content of food/beverage products to detect

potential contaminants.

In the last decade, microwave imaging (MWI) attracted

increasing interest in food industry [13]–[16]. Its principle

is based on the alteration of the penetrating electromagnetic

(EM) non-ionizing waves within a volume of interest due

to the presence of a contaminant. This results from the

dielectric difference, at microwave frequencies, between the

food product under test and the contamination, that, if present,

is capable of a slight modification of the penetrating EM

waves. The product under analysis is illuminated with low-

power EM waves, which are then captured at the receivers

locations and properly analyzed, in order to feed ad-hoc

algorithms which are capable to translate the signal into a

tomographic image of the contaminant. MWI technology is

non-destructive, since the employed power level does not alter

the food product, and it is capable of penetrating objects

up to few centimeters depending on the working frequency,

thus making it suitable for most packaged food products.

This is valid in the case of non-metallic packaging. Hence,

MWI technology can be investigated to fill the deficiency in

existing diagnostic means adopted to ensure packaged food

safety along the production chain. In particular, this technology

has the potential of detecting certain classes of contaminants

that are still not visible with existing commercial inspection

systems, such as low-density plastic fragments [7]. The final

aim is to avoid any kind of health hazards for consumers as

well as to avoid expensive food recalls and even to prevent a

loss of customers confidence in a brand for food producers.

This paper presents the design and the numerical assessment

of a novel and, to the best of our knowledge, unique MWI

system for monitoring food products, built up with an array of

antennas. The device is thought to fit along a production line
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Fig. 1. The considered antenna array configurations; (a): arch configuration,
implementing a tunnel-shaped architecture; (b): two opposed lines configura-
tion, implementing a canyon-shaped architecture. In both figures, the product
under test is also shown.

without interrupting the process. Preliminary studies related

to the development of the system have been conducted in

[17], [18], and its principles have been illustrated in [15].

From the latter, this work differs for the use of a multi-view

architecture, the use of suitable acquisition strategies and an

enhanced imaging tool. A deep analysis, in which features and

architecture of the MWI system are described, is presented in

this work, as well as a detailed analysis of the system behavior

with the food product in motion along the line. In particular,

to consider different kinds of food products, two conformal

array configurations sharing the same complexity (i.e., number

of antennas) have been considered in this study. In the first

one, shown in Fig. 1(a), the antennas are displaced along an

arch, whereas in the second one, shown in Fig. 1(b), they are

positioned along two lines. Taking advantage of the motion

of the target along the conveyor belt, the two configurations

correspond to a synthetic array having the shape of a “tunnel”

and a “canyon”, respectively. Hence, the system is capable to

collect data along a (virtual) surface and therefore provide a

full 3-D image of the product.

On the other hand, the movement of the target also poses

a definite constraint in the design of the system. As a matter

of fact, the trade-off between the need of acquiring as much

information as possible and the need of performing them in the

shortest time possible must be addressed. To this end, similarly

to [15], taking into account the acquisition rate of the network

analyzer and the velocity of the items on the conveyor, it

is possible to estimate the length of the allowed acquisition

window (which corresponds to the number of positions of the

target which can be considered). In addition, in order to exploit

the data diversity offered by the array architecture, different

acquisition strategies have been implemented and compared,

to define the most convenient one from the point of view of

the imaging results. The imaging step is implemented through

a real-time inversion algorithm, based on the distorted Born

approximation. It has been further enhanced through an ad-hoc

post-processing; its principle is based on the equalization of

reconstruction values, given that the illumination of employed

antennas is non-uniform in the region under test. Finally,

the imaging performance of the designed systems have been

numerically assessed for oil-based packaged food products

(hazelnut-cocoa cream) and water bottles.

The paper is organized as follows. Section II presents the

architecture of the system, its design and the data acquisi-

tion strategies, as well as the proposed imaging approach.

In Sect. III, the designed antenna array configurations are

analyzed in detail to prove their feasibility, by performing

their assessment via numerical simulations carried out in ideal

conditions and in a realistic scenario. Finally, in Sect. IV, the

conclusions and the foreseen next steps are summarized.

II. MICROWAVE IMAGING SYSTEM DESIGN AND

ARCHITECTURE

The proposed system is meant to provide a real-time output

in detecting a contaminated item, by fitting existing production

lines without delaying their operation. Hence, it has to be

capable of analyzing packaged food products moving on a

conveyor belt at the speed employed in industrial plants. To

this end, the system is made of an antenna array that can

be connected to a multi-port vector network analyzer (VNA)

[19], in order to acquire the scattering matrices at the different

time instants while the target is moving along the conveyor

belt. The designed array is formed by low-cost monopole

printed antennas tuned to work at the proper frequency, that,

via their omnidirectional radiation pattern [20], can illuminate

the whole region of interest along the conveyor belt.

The first issue, that has to be addressed in the design

of the system, is to determine the suitable number of array

elements, i.e., the number of elements such to acquire as much

information as possible, while reducing the system’s com-

plexity and being, in any case, non-redundant. Such an issue

can be addressed using the approach adopted for biomedical

imaging systems design [21]–[25] based on the band-limited

properties of EM fields [26]. In particular, the approach has

been herein applied as follows. First, given the geometrical

size of the cross-section of the target intersecting the plane

of the array, the number of samples needed to measure the

field radiated by a source having the same size as the target

on a closed curve that encloses it (e.g. a circumference) is

estimated. Such a number is well approximated by the ratio

No = 2P/�, with P being the perimeter of the target cross-

section and � the wavelength in free space at the frequency of

operation. As stated in [27], [28], considering the degrees of

freedom theory, No represents the number of needed samples

to non-redundantly evaluate the field radiated from a source

enclosed in a perimeter P curve. Applying this to imaging,

the output number gives an approximation of the needed

number of antennas to retrieve independent and non-redundant

data. Then, as the constraints imposed by the presence of the

conveyor belt entail that only a portion of the closed curve

can be actually covered by the array, the obtained number is

reduced accordingly1.

1It is worth noting that, in the design of an MWI system some tolerance
can be accepted in the exact estimation of the degrees of freedom of the field,
since the goal is not to collect the samples to exactly reconstruct the field, but
rather determine a suitable number of independent measurements such to catch
as much information as possible on the target also given practical constraints,
i.e. the physical size of the antennas and other geometrical constraints such
as the impossibility of accessing the target from all sides.
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TABLE I
CONSIDERED MEDIA DIELECTRIC FEATURES.

εr σ
Operating
frequency

Penetration
depth

Hazelnut-cocoa cream 2.86 0.21 S/m 10.00 GHz 4.28 cm
Water 77.00 1.06 S/m 2.25 GHz 4.41 cm

As mentioned in Sect. I, two array configurations, the arch

and two opposed lines architectures (see Fig. 1), and two kind

of targets have been considered in this study. In addition,

the two targets are referred to different food products. The

combination of these elements is considered to determine the

number of array elements to be considered.

The target imaged by the arch array is a jar (see Fig. 1(a)),

which is assumed to host oil-based food products. This kind of

materials is characterized by a low relative permittivity (✏r ⇡ 3
in the frequency range 1 � 20GHz) [15]. Accordingly, the

working frequency is set as 10 GHz, as a trade-off between

the need of allowing an effective penetration of the probing

wave in the target and the need of achieving a high spatial

resolution for the microwave imaging algorithm [29]. The

dielectric features are resumed in Table I, first row. The

cross-section of the cylindrical jar is a rectangle with sides

6.6 cm and 7.5 cm, respectively. Using such numbers, one gets

No ⇡ 18. Considering the presence of the conveyor belt and

the physical size of the antennas, the arch array covers the

upper portion of the jar. Accordingly the upper bound for the

number of antennas is 9. Finally, considering that VNAs have

an even number of port, the need of keeping space between

the antennas to reduce mutual coupling and the fact the actual

target of the imaging is a very tiny fraction of the jar size, an

array of 6 elements is chosen for this configuration.

The second designed antenna array configuration is formed

by two opposed lines of elements (see Fig. 1(b)), to image

water bottles, which is representative of several food/beverage

products composed by water. As water presents high losses at

microwave frequencies, a lower working frequency is selected

with respect to the previous case. In particular, the designed

antenna minimum reflection coefficient is at 2.25 GHz, which

is therefore chosen as system working frequency to improve

the EM penetration in the water content (as shown in Table I,

second row).A common sized bottle is considered, whose

cross-section is enclosed in a rectangle having sides of 6.75 cm

and 30 cm, respectively. Using such numbers, one gets No ⇡
11, which corresponds to an upper bound for the actual number

of antennas of about 5. According to the same considerations

as above, an array of 6 evenly spaced elements (three on each

side of the belt) is chosen also for this configuration.

It is worth noting that, since the two considered architectures

share the same of kind of antennas, i.e. low-cost monopole

printed antennas, in the following we will concentrate on the

arch array for an in depth analysis, while a single validation

example is shown for the other case.

A. Acquisition Strategy

The second issue, that has to be considered in the design

of the MWI system, is the motion of the target. By taking ad-

TABLE II
CONSIDERED TX ANTENNA / JAR POSITION SEQUENCE.

Linear Alternate External

Jar
position

TX
antenna

Jar
position

TX
antenna

Jar
position

TX
antenna

1 I 1 VI 1 VI
2 II 2 IV 2 I
3 III 3 II 3 VI
4 IV 4 V 4 I
5 V 5 III 5 VI
6 VI 6 I 6 I

vantage of a synthetic aperture approach, the motion provides

an increase of the available data, but it also poses constraints

on the device, in terms of measurement time and acquisition

strategies.

In principle, assuming that, during the time the target

approaches and passes the array 6 positions are measured,

a total of 36 ⇥ 6 scattering parameters could be acquired.

However, as the typical speed of industrial packaging lines is

around 50 cm/s for the case of jars [15] and around 100 cm/s

for the case of bottles, such a number of measurements can

hardly be performed assuming that the target is still in each

position.

With a 6-ports VNA, where each antenna is connected to

one port, the signal transmitted by one antenna is received in

parallel by all the others. The cycle time for the measurement

completion (including data transfer) is equal to 1.2 ms, as

stated in the specifications at [19] for the frequency range

between 1 and 10 GHz (201 points) and using an intermediate

frequency (IF) filter of 1 MHz.2 Such a measurement time

is well-suited to assume that the target is still when one

antenna in the array is transmitting and the antenna itself

and the other five are receiving the back scattered signals;

however, the overall time becomes unfeasible to measure the

full (6 ⇥ 6) scattering matrix. Accordingly, the acquisition

strategy implemented for the proposed device consists in

measuring 6 scattering parameters for each position of the

target out of the 36 which would be actually available.

Considering that the array is formed by 6 antennas and 6

jar positions are taken, a huge amount of transmitting (TX)

antenna versus jar position sequences can be foreseen. Among

the various possibilities, three options, called in the following

“linear”, “alternate” and “external”, have been considered in

this study. In the linear sequence, the TX antennas are selected

along the arch-shaped array according to the progress of the

jar along the conveyor belt. In the alternate sequence, the

TX antennas follow a different series alternating from the

two sides of the arch. Finally, in the external sequence, only

the most external (opposite) antennas are used as transmitters.

The adopted sequences are summarized in Table II, whereas

the numbering of the considered TX antennas is shown in

Fig. 1(a). Moreover, in Fig. 2, the linear sequence is graphi-

cally represented, depicting in green the selected TX antennas;

this is equivalent as considering the object stationary with a

spiral-shaped tunnel above it.

2Actually, to reduce the noise level, a narrower IF filter, with much less
frequency points, ideally just one point, is expected to be used in practice.
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Fig. 2. Equivalent scenario, considering the jar in a fixed position and
replicating the antenna array along the line; the linear sequence is graphically
represented, depicting in green the selected TX antennas. All distances are
here enlarged for visualization purposes, the exact distances for the case under
test are reported in Fig. 3(a).

As for the positions in which the targets are measured, in the

case of the jar, taking into account the conveyor belt velocity

of 50 cm/s and assuming a time for each data acquisition

set of scattering parameters of around 13 ms (that is a safety

margin with respect to the VNA optimal performance [19]),

the jar moves of ∆ = 2/3 cm along the line with respect

to the previous position, as shown in Fig. 3(a). With this

setup, the minimum data acquisition window is around 10 cm,

that corresponds to the jar diameter plus five times ∆. This

space window corresponds to the minimum required spacing

between jars to avoid data acquisition inferences. However,

it could be also reduced, including in the imaging procedure

more than one jar, but this is outside the scope of the present

paper. For the case of a bottle, since the belt moves twice

faster, i.e. 100 cm/s, the spacing between two consecutive

positions is ∆ = 4/3 cm and the data acquisition window

is around 14 cm, as shown Fig. 3(b).

B. Imaging Procedure

The idea behind the proposed imaging procedure is that

all the items are equal; thus, it is possible to fix a reference

scenario given by the uncontaminated product and process

the signal obtained by subtracting the reference scattering

parameters from the one measured for each item under test.

The resulting differential scattering parameters can be intended

as the effect of the contamination only, so that by its processing

it is possible to image the contamination, as long as the useful

signal is not overcome by noise.

Since the goal is to detect small inclusions, e.g. plastic

fragments, the overall scattering phenomenon can be well-

described by means of the distorted-Born approximation [29],

and the underlying imaging problem casts as the inversion of

the linear and compact operator L as

∆S(rp, rq) = L{∆�}

=
�j!✏b
2 apaq

Z

D

Eb(rp, r) · Eb(r, rq)∆�(r) dr

(1)

where ∆S represents the differential scattering data, rp and rq
are the positions of transmitting and receiving antennas respec-

Fig. 3. Target under test positions along the belt during the data acquisition;
the target movement is along the x axis, the antenna array is placed at
x = 0, and the total data acquisition time is around 13 ms. (a): jar positions
with motion speed equal to 50 cm/s, ∆ = 2/3 cm and R = 3.3 cm. (b):
bottle positions with motion speed equal to 100 cm/s, ∆ = 4/3 cm and
R = 3.375 cm.

tively, j is the imaginary unit, ! is the angular frequency, ✏b
is the complex permittivity of the background medium (i.e.

the uncontaminated food product), and ap and aq are the

known incoming root-power waves at the p and q antenna ports

respectively [30], [31]. Inside the integral, r is the position

within the domain of interest D, “·” implies the dot product

between vectors and Eb is the electric field vector in r radiated

by the antenna in rp or rq within the reference scenario.

Finally, ∆� represents the dielectric contrast between the

food product and the contamination, defined as the difference

between the complex permittivities, in each point r of D, in

the case of the reference scenario and in the case under test,

divided by ✏b.

The solution of (1) is evaluated via its discretized counter-

part:

[∆S] = [L][∆�], (2)

where [∆S] is an N -size column vector that collects the

differential scattering parameters evaluated for the considered

N antenna pairs, [∆�] is an M -size column vector containing

the dielectric contrast evaluated in the M points that discretize

the domain D. [L] is an N ⇥ M matrix whose entries are
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given by the discretized version of the scattering operator

L, computed by means of the finite element method (FEM)

technique [32], [33], with N = 6⇥P , P being the number of

acquisitions done for each position of the target. In the ideal

case, in which the full (6⇥6) scattering matrix for each target

position can be measured, assuming that all the transmitters

can be used for each of the considered positions, P is equal

to 36, whereas P is equal to 6 with the acquisition strategy

described in Sect. II-A, in a more realistic consideration in

which for each position a single transmitter is active.

Equation (2) is ill-conditioned and it has to be solved

in a regularized sense. To this end, the truncated singular

value decomposition (TSVD) scheme [34] is exploited and

the estimated dielectric contrast, computed as

[∆�] =

TX

n=1

1

�n

h[∆S], [un]i[vn] (3)

wherein �n, [un] and [vn] are the n-th singular value and

right and left singular vectors of [L], respectively, and T is

the truncation index, chosen in order to adequately trade-

off between reconstruction stability (concerning data noise

and modeling inaccuracies) and image definition (in terms of

resolution) [34].

C. Illumination Balancing Algorithm

We can observe that the volume under test is not evenly

illuminated by the antenna array because, during the move-

ment, it has different relative positions with respect to the

antennas and the antennas themselves radiate a field not fully

uniform in space. Consequently, the illumination of the volume

under test is not balanced, with portions more highlighted than

others. Hence, in order to enhance the image reconstruction,

an algorithm, called in the following illumination balancing

algorithm (IBA), has been developed and applied to the

discretized operator to smooth the antenna illumination.

The IBA exploits information which can be extracted from

the scattering operator singular value decomposition. First, we

define the spatial coverage of the scattering operator [35] as

[C]m =

PT

n=1
|[vn]m|2

max
m

hPT

n=1
|[vn]m|2

i , with m = 1, . . . ,M, (4)

where [C]m and [vn]m are the m-th element of the spatial

coverage [C] and of the n-th right singular vector [vn] of the

scattering operator, respectively. The spatial coverage [C] can

be interpreted as a measure of how well a point in the volume

under test is illumined by the antenna array, that is reflected

in the quality of the corresponding reconstructed dielectric

contrast [∆�]. The values [C]m depend on the employed

antennas and their relative positions with respect to the volume

under test.

According to (4), the reconstructed [∆�] can be im-

proved via a more balanced coverage in the considered

volume. The interval (0, 1), spanned by the spatial cov-

erage (4), is subdivided into N sub-intervals defined as⇥�
0, 1

N

�
, . . . ,

�
n
N
, n+1

N

�
, . . . ,

�
N−1

N
, 1
�⇤

. This subdivision can

be interpreted as a description of how well each element in

the volume is illuminated, from least to most covered ones

respectively. Then, a weight wn = 1

n
, with n = 1, . . . , N ,

is assigned to the corresponding n-th interval. Hence, each

element [C]m of the spatial coverage has a corresponding

weight wn assigned as described. These values depend on

the quantization of the inverse normalized coverage values.

An array, called [W ], with dimensionality M , which is the

same of coverage and reconstruction arrays, can be set. It is

used to map the corresponding weights for each tetrahedra

as specified. Finally, these weights are used to improve the

reconstructed dielectric contrast as

[∆e�]m = [∆�]m [W ]m , with m = 1, . . . ,M, (5)

where [∆e�]m and [∆�]m are the m-th element of the improved

and initial reconstructed dielectric contrast respectively, and

[W ]m is the corresponding m-th weight employed to improve

the balancing in illumination.

The principle of IBA is to decrease the illumination of the

most highlighted portions of the volume under test, in order

to make the global coverage more balanced. Of course this

approach is independent from the position and matter of the

possible contaminant, since it only depends on the antennas

layout with respect to the volume under test. Its effectiveness

is assessed in Sect. III, where numerical reconstructions will

show the improvements obtained by the IBA application.

III. NUMERICAL ASSESSMENT

To assess the designed MWI system, first we consider the

antenna array in arch configuration (see Fig. 1(a)) and, as food

product under test, a cylindrical jar, with height equal to 7.5 cm

and diameter 6.6 cm, filled with hazelnut–cocoa cream, that is

an example of oil-based food product. The chosen working

frequency is 10 GHz, as detailed in Sect. II.

Fig. 4. The three analyzed intrusions positions within the cylindrical jar; each
contaminant is reconstructed separately;

all dimensions are in meters.

The selected contaminant positions are shown all together in

Fig. 4, and reconstructed separately; as contaminant, we select

a sphere of polyethylene terephthalate (PET) plastic with 2 mm

radius. We choose this dimension because it corresponds to

the minimum size contaminants used to test detection systems

in food industries [36]. Moreover, the chosen kind of plastic

has limited detection with commercial X-ray systems, and,
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Fig. 5. Normalized dielectric contrast obtained via (6) applied to the three intrusions positions of Fig. 4; (a): intrusion 1, (b): intrusion 2, (c): intrusion 3.
All dimensions are in meters.

further, it gives a worst-case scenario in terms of dielec-

tric contrast with respect to the considered hazelnut–cocoa

cream. At 10 GHz, the relative permittivity and conductivity

of the hazelnut–cocoa cream are equal to 2.86 and 0.21 S/m

respectively (see Table I), while the PET plastic relative

permittivity is equal to 3.20, with negligible conductivity;

hence, the corresponding dielectric contrast amplitude |∆�|,
to be detected by the designed MWI system, is equal to 0.17.

A. Feasibility Study

First, we consider the ideal case where the discretized

scattering operator is a 36 ⇥ M matrix because, at each jar

position, the whole 6⇥ 6 scattering parameters are evaluated.

This ideal condition would correspond to having a sufficient

amount of time to measure a full 6 ⇥ 6 scattering matrix for

each of the six jar positions along the conveyor belt. That

is clearly unfeasible in a real environment, but it could give

important indications of the best MWI system performance as

well as its intrinsic limitations.

Moreover, in order to understand the limits of the proposed

approach and in particular of the antenna architecture, a pre-

liminary study is performed via the projection of the expected

dielectric contrast [�̌] on the right singular vectors [vn] of the

scattering operator as

[�] =

TX

n=1

h[�̌] , [vn]i [vn] , (6)

where the obtained [�] is the best reconstructed dielectric

contrast within the space spanned by the first T singular

vectors [vn]. This is obtained by projecting the contrast onto

the right singular vectors obtained by the TSVD of the

discretized scattering operator, without computing any further

scattered data, as it would be in an ideal case.

The three contaminant positions in Fig. 4 are analyzed via

(6) and the corresponding normalized dielectric contrast is

shown in Fig. 5, where the reconstructed values are pointed

in slices over the three planes centered in the exact intrusion

position. In Fig. 5(a), contaminant “1” is well reconstructed at

Fig. 6. Spatial coverage for the volume under test with the employed antennas
array architecture, obtained through (4); (a): values below 0.01, (b): values
below 0.005; all dimensions are in meters.

its exact position, while, for contaminant “2”, Fig. 5(b) shows

a slight trace parallel to y-axis and a weaker replica near to

the volume boundary. Finally, in Fig. 5(c), the reconstruction

of contaminant “3” has a higher replica above the expected

intrusion position. Hence, we further analyze the considered

scenario evaluating the spatial coverage of the scattering

operator via (4), showing in Figs. 6(a) and (b) only the values

below 0.01 and 0.005 respectively, where the antenna coverage

is lower. In particular, in Fig. 6(b), an arrow highlights the

position of intrusion “3”, which lays in a part of the volume

with a low coverage.

In order to overcome the shown lack of coverage in some

parts of the volume under test (see Fig. 6), the illumination

balancing algorithm, described is Sect. II-C, is applied. The

IBA allows to improve the quality of dielectric contrast re-

construction, even for contaminant challenging positions, via

a re-calibration of the volume coverage in order to flatten it

out. The IBA effect on the reconstructed dielectric contrast is

shown in Fig. 7 for the three considered contaminants. The

first row of Fig. 7 reports the normalized dielectric contrast

reconstructed via the TSVD algorithm (3), while, in the second

row, the obtained dielectric contrast is re-calibrated via the

IBA (5). The three columns of Fig. 7 correspond to the

three considered contaminants, respectively. For a better visual
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Fig. 7. Normalized dielectric contrast reconstructed via (3); (a)-(c): without IBA, (d)-(f): with IBA; each column corresponds to a different contaminant. In
all images the black sphere is the contaminant original position and size, while the yellow circles represent the reconstructed values above 0.8. For each box,
isometric, top and side views are shown; all dimensions are in meters.

understanding, all the images in each box show the obtained

reconstruction values above a given threshold equal to 0.8

(around �2 dB), after a normalization bringing all values in the

interval (0, 1); they are visualized both in xy and yz planes,

in addition to an isometric view. The contaminant original

position is sketched as a black sphere.

The improvements obtained by the IBA application are quite

evident for all the considered contaminant positions. With the

IBA, the reconstructed dielectric contrast is less noisy in the

case of intrusions “1” and “2”, and completely recovered for

intrusion “3”, where the standard reconstruction approach is

not giving the correct position due to lack of spatial coverage.

Hence, we verified that the application of the IBA allows

to properly identify the contaminant position even in poor

coverage zones.

In addition to the visual representation of the reconstructed

dielectric contrast, a proximity-based metric is added to better

appreciate the detection capabilities of the proposed imaging

procedure. The exact position of the contaminant is here

known, hence it is possible to evaluate the proximity of the

filtered reconstructed values (i.e. normalized values above 0.8)

to it, as described in the following equation:

PVi
=

Nr∈Vi

Ntot

(7)

where PVi
is the proximity value for the volume Vi, evaluated

as the ratio between Nr∈Vi
, that is the number of filtered

reconstruction values inside the considered volume Vi, over

the total number of filtered reconstruction values Ntot.

Table III reports the evaluated proximity-based metric for

the three considered contaminants. The volume Vi is a sphere

with radius slightly larger than the contaminant one and in

TABLE III
PROXIMITY-BASED METRICS, FEASIBILITY STUDY CASE.

Contaminant

Number

Standard

Reconstruction

Enhanced

Reconstruction

1 21,74% 100%
2 85,57% 95,42%
3 0% 100%

TABLE IV
PROXIMITY-BASED METRICS, REALISTIC SCENARIO.

Cont.

Number

Linear

Combination

Alternate

Combination

External

Combination

1 46,74% 59,09% 100%
2 72,29% 55,42% 70,26%
3 100% 100% 100%

particular it is dictated by the expected resolution in the

considered system. As stated in [29], the spatial resolution

is limited to half of the wavelength in the medium. Regarding

the studied test cases, hazelnut-cocoa cream, the exact value

at the chosen frequency is Rc =
�c|10GHz

2
= 8.9mm. These

results are a further confirmation of the enhancement obtained

by the application of the illumination balancing algorithm and

of the feasibility of the proposed approach for detecting this

class of contaminants.

B. Realistic Scenario

Once performed the feasibility study of the proposed MWI

system in ideal conditions (see Sect. III-A), here we consider a

realistic scenario where, at each considered jar position along

the conveyor belt, only one antenna is transmitting while all
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Fig. 8. Normalized dielectric contrast reconstructed via (3) in a realistic scenario for different TX antennas sequence and using IBA; (a)-(c): linear, (d)-(f):
alternate, (g)-(i): external; each column corresponds to a different contaminant. In all images the black sphere is the contaminant original position and size,
while the yellow circles represent the reconstructed values above 0.8. For each box, isometric, top and side views are shown; all dimensions are in meters.

the others are receiving the signal in parallel; hence, only 6

scattering parameters are computed instead of 36, as detailed

in Sect. II-A.

The choice of the tested sequences is representative of

a large number of combinations which could have been

foreseen. We performed a study of the chosen sequences’

spatial coverage capabilities showing that, as expected, there

is a slight worsening in performance with respect to the ideal

case, but quite similar among each other and to the ideal

one too, in terms of portion of the poorly covered volume.

The reconstruction results, shown in Fig. 8 and detailed in

the next paragraph, confirm the preliminary analysis on the

representative chosen sequences, with a marginal enhancement

in performance by using the external one, unrelated to the

intrusion position.

The normalized dielectric contrast, reconstructed via the

TSVD algorithm and enhanced by the IBA in the considered

realistic scenario, are shown in Fig. 8. For the three considered

contaminant positions (each column of Fig. 8 corresponds to a

different contaminant), Figs. 8(a)-(c) shows the reconstructed

dielectric contrast employing the linear sequence: even if there

is a small amount of noise, in particular noticeable in Fig. 8(a),

the object is always detected correctly. The reconstruction is

even clearer using the alternate sequence, shown in Figs. 8(d)-

(f): in this case the noise is reduced but still present, visible

in particular in Fig. 8(e). Finally, with the external sequence

shown in Figs. 8(g)-(i), a robust reconstruction is obtained

in all the three cases. Then, the corresponding proximity-

based metric is reported in Table IV, which confirms that

the external sequence is the best option among the three

compared ones, apart from contaminant 2: the linear sequence

is slightly outperforming but almost equivalent if compared to

the external one.
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Fig. 9. Normalized dielectric contrast reconstructed via (3) in a realistic scenario and using the external sequence; SNR= 80 dB for (a): intrusion 1, (b):
intrusion 2, (c): intrusion 3; SNR= 90 dB for (d): intrusion 1, (e): intrusion 2, (f): intrusion 3. In all images the black sphere is the contaminant original
position and size, while the yellow circles represent the reconstructed values above 0.8. For each box, isometric, top and side views are shown; all dimensions
are in meters.

C. Effect of noise

In order to make the scenario even more realistic, additive

white Gaussian noise (AWGN) is added to the simulated

scattering matrices. We consider an input power at the antenna

port of 6 dBm, that is within the 6-ports VNA specifications

(the maximum output port power is 20 dBm) and a signal-

to-noise ratio (SNR) of 80 dB and 90 dB, that corresponds to

a noise power of -74 dBm and -84 dBm, both much higher

than the VNA noise floor equal to -127 dBm (IF filter equal

to 10 Hz) [19].

The normalized reconstructed dielectric contrast, obtained

using the external sequence for the selected TX antennas

and the corresponding jar positions, is shown in Fig. 9. The

AWGN, with SNR= 80 dB, affects mainly the case shown in

Fig. 9(a) where some replica are visible inside the volume, but,

in all cases, the intrusions are still identified in the expected

positions. The reconstruction effectiveness is confirmed in

Table V, where a slight worsening of performance with respect

to the non-noisy case (see Table IV) appears.

TABLE V
PROXIMITY-BASED METRICS, NOISY SCENARIO, EXTERNAL SEQUENCE.

Contaminant

Number
SNR = 80 dB SNR = 90 dB

1 37,42% 66,67%
2 51,68% 79,1%
3 93,54% 98,38%

D. Lossy medium test case

Lastly, we verified the performance of the proposed MWI

approach in the case of water bottles; several food/beverage

products are mainly composed by water that has much higher

losses, at microwave frequencies, with respect to the previous

considered hazelnut–cocoa cream. As described in Sect. II,

to analyze water bottles, the working frequency is lowered

to 2.25 GHz; at such value, the relative permittivity and

conductivity of water are equal to 77 and 1.06S/m respectively

(see Table I). The antenna array architecture is formed by two

opposed lines, as shown in Fig. 1(b). A common sized bottle

is considered, with a base diameter of 6.75 cm, then shrinking

to the neck, with the diameter becoming around 1 cm and an

height of 30 cm. The selected sequence is shown in Table VI,

according to the TX antennas numbering in Fig. 1(b).

TABLE VI
CONSIDERED TX ANTENNA / BOTTLE POSITION SEQUENCE.

Portal sequence

Bottle
position

1 2 3 4 5 6

TX
antenna

VI IV II V I III

Moreover, the speed of packaging industrial lines for bottles

is double with respect to lines for jars filled with hazel-

nut–cocoa cream; this speed has been considered for the inter-

distance among the different sampling positions accordingly,

as specified in Sect. II-A.

As in the case of hazelnut–cocoa cream jars, the contami-

nant is a 2 mm PET plastic sphere, placed in three positions
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Fig. 10. Normalized dielectric contrast reconstructed via (3) with SNR=
80 dB; (a): intrusion 1, (b): intrusion 2, (c): intrusion 3. In all images the
black sphere is the contaminant original position and size, while the yellow
circles represent the reconstructed values above 0.8. All dimensions are in
meters.

TABLE VII
PROXIMITY-BASED METRICS, NOISY SCENARIO, PORTAL SEQUENCE.

Contaminant Number SNR = 80 dB

1 57,15%
2 33,33%
3 25,53%

inside the bottle: at around half bottle height, at the interface

between water and air, and on the bottom of the bottle (see

black spheres in Fig. 10, in the first case it is hidden by recon-

struction values). Moreover, an AWGN whose SNR= 80 dB

is added to the computed scattering matrices.

The normalized reconstructed dielectric contrast is shown

in Fig. 10. The contaminant is well detected in all the three

considered positions, as also conformed by the proximity-

based metrics, reported in Table VII, even if, as expected,

the resolution is slightly inferior with respect to the previous

case. Indeed, in this case the resolution in the medium,

equivalent to half-wavelength at the selected frequency, is

Rw =
�w|2.25GHz

2
= 7.6mm. Even so, this results prove

the feasibility of the imaging procedure for lossy media.

IV. CONCLUSION AND PERSPECTIVES

This work has presented the design and the numerical

validation of a multi-antenna system to identify contaminants

inside packaged food products moving along the production

conveyor belt. The possible contaminant has been recon-

structed, in the considered volume, via an imaging procedure

where the dielectric contrast has been obtained with the

TSVD algorithm enhanced with a novel illumination balancing

algorithm. The system assessment has been performed in a

realistic scenario considering industrial conveyor belt speeds,

VNA acquisition times and adding noise to the synthetic data.

The outcomes of the study showed that the proposed MWI

system is able to detect 2 mm PET plastic contaminants in both

cases of hazelnut-cocoa cream jars and water bottles. In all

cases, the contaminant has been well detected in its expected

position within the considered product. As the detection of

this kind of materials is almost impossible with commer-

cial X-ray systems such a result motivates further activities

aimed at realizing the designed system and performing its

experimental validation in an industrial scenario. In doings so,

the requirement in terms of spacing of the targets, which is

anyhow acceptable in the industrial context, could be removed

or relaxed by improving the propagation model exploited in

the imaging algorithm. In addition, a proper shielding of the

volume of interest would be necessary to avoid any kind of

interference of the imaging system: a metal box, to protect

the device from external noise, and a layer of absorbers on

the inner surfaces to prevent multiple reflections.
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