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ABSTRACT Radiation pattern subtraction is a useful technique for narrowing a receiving antenna’s radiation
pattern in a short-distance, non-destructive sensor. The sensor’s antenna was developed to be compact and
light-weight as well as to operate in real-time. This work applied the principle of radiation pattern subtraction
to narrow the beamwidth of an antenna. Our experimental data demonstrated that a simple narrow-beam
three-element antenna with a 35◦ half-power beamwidth and a small size of 5.9×6.5 cm2 could be realized.
In the experiment, the radiation pattern of an array antenna (consisting of two halfwave dipoles with a
reflector) was subtracted from the radiation pattern of an element antenna (consisting of a halfwave dipole
with a reflector) for the three-element antenna to achieve a narrow beamwidth and compact size. The antenna
had a simple feeding network that operated at 10.525 GHz and 35◦ half-power beamwidth. The angular
resolution of the receiving antenna was tested with mango fruits: it was able to resolve an 80 mm separation
between the fruit of interest and the nearby fruit, which was sufficient, in terms of practicality, for mitigating
the interfering effect of nearby fruits to the fruit of interest. This type of antenna is useful as a short-distance,
non-destructive sensor such as a pre-harvest sensor.

INDEX TERMS Pre-harvest sensor, short-distance, non-destructive sensor, angular resolution improvement,
radiation pattern subtraction, dipole array, far-field phase distribution, top-load dipole.

I. INTRODUCTION
Recently, the United Nations (UN) has announced 17 sus-
tainable development goals (SDG) to make the world free of
poverty, hunger, and disease [1]. The 12th sustainable devel-
opment goal (SDG12) mandates responsible and sustainable
food consumption and production. Producers must be able
to grow more food while reducing negative environmental
impacts. Consumers must be encouraged to shift to a nutri-
tious and safe diet with a low environmental footprint. In the
sense of global food security, increasing production through
the addition of more production areas is not sustainable.
On the other hand, increasing productivity per unit of land
is sustainable. For fruit production, the timing of harvest
is critical. Over or under-ripe fruits have low or no retail
value and are considered a loss or waste of resources. For
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consumers, fruits harvested too early would have low quality
and unacceptable taste. Fruits harvested too late have a short
shelf life, poor appearance, and an ‘‘off’’ flavor and odor.
In-field assessment of fruit ripeness with an accurate predic-
tion of both the harvest date and yield can significantly reduce
waste in the supply chain in the addition to improve food
security. To predict an optimal harvest date, a non-destructive
technique (to the fruits) for determining the exact ripening
date is necessary [2]. The ripening stage can be predicted as
well as the rate of ripening that depends on environmental
factors.

Numerous modern sensor technologies in fruit harvesting
have been developed. Computer vision and proximity sensors
(non-vision) can detect spatial features of plants and fruits.
They can be used for plant inspection, determination of fruit
size and shape, insect detection, and firmness measurement.
Ripening stage can also be estimated by computer vision,
chemical sensor, and spectroscopy [3]. Computer vision and
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chemical sensors have severe limitations of interference from
sunlight and the concentrated gas in the closed detection
system.Microwave technology that is oblivious to these kinds
of interference is a better candidate for the task. Microwave
radar at S-band has been developed to estimate grape produc-
tion yield in the wine industry [4]. It was useful for logistics
and supply chain management. The sugar content of apples
can be estimated with a millimeter-wave reflectometer [5].
The estimated results from a reflectometer calibrated by an
artificial neural network were entirely accurate. The natural
frequencies of thick-peel fruits can be determined from a
radar cross-section at L-band by the Cauchy method [6].
As the dielectric property of fruit flesh varies with time
during the ripening process, its natural frequency can be
used to predict a suitable harvest date. Those previously
mentioned papers are some fruit classification applications of
non-destructive sensors that measure the radar cross-section
(RCS) of a target at a short distance. It is a feasible pre-harvest
fruit sensor technology since the RCS of fruit changes with
passing days [7]. However, if the sensor antenna’s beamwidth
is too wide, the angular resolution (the minimum angular
separation at which two equal-sized targets can be separated
when they are placed at the same distance from the sensor [8])
will be too low. In other words, measurement results from a
sensor with too broad beamwidth will be too prone to errors
due to nearby fruits’ presence. Angular resolution character-
istics are determined by antenna beamwidth, which is repre-
sented by a half-power point (−3 dB) angle. It is necessary to
improve the pre-harvest sensor’s angular resolution to obtain
the most accurate hence the most reasonable estimates.

Generally, a narrow beamwidth can be achieved from a
large aperture antenna that requires a sizeable far-field range
for the plane wave to impinge on the target. It can operate in
long-range. One of the attractive approaches that can accom-
plish a compact size sensor antenna is an approach that uses
radiation pattern subtraction, previously applied in radiation
pattern measurement field [9], [10]. Recently, it was applied
to improve the spatial resolution of an ultrasonic imaging
system [11]. Nevertheless, the phase was not taken into
account. Sakogawa et al. [12] presented a beam subtraction
scheme to tighten the RFID sensor’s beamwidth for a security
system. Their work employed hybrid couplers to perform
radiation pattern subtraction, and the antenna structure was
accomplished for a monopulse procedure. The application of
interest was a sensor in a shoplifting warning system.

We presented a technique to narrow down beamwidth by
subtracting two different radiation patterns. The developed
antenna system was intended to be used as a pre-harvest fruit
sensor [13].

Such an antenna needs a memory unit and a signal process-
ing unit. However, the radiation pattern subtraction antenna
would be done with a suitable feeding network to remove
the need for memory and signal processing unit. The antenna
would be operating at 10.525GHz. It was designed to be com-
pact and light-weight so that it could be installed on a drone.
To our best knowledge, there has not been any recent work

focusing on the investigation of radiation pattern subtraction
related to far-field phase distribution of antenna. This article
presents the details of the principle of radiation pattern sub-
traction that had led to the simple design and implementation.
This work’s contributions are a wholly derived set of far-field
equations from the radiation pattern subtraction principle,
applied to such kind of antenna mentioned above, and a
practical and straightforward antenna as a pre-harvest sensor.
That set of equations allowed us to determine the feasibility of
achieving narrow beamwidth by subtracting array antennas’
radiation patterns. Instead of switching between two array
antennas’ radiation patterns and memorizing each pattern for
subtraction, a feeding network was introduced so that the
antenna would be compact and light-weight.

The rest of this article is organized as follows. Section II
presents a problem statement of the effect of a nearby fruit
on the measured RCS of the fruit of interest and the sen-
sor antenna’s desirable characteristics. Section III describes
the principle of radiation pattern subtraction related to far-
field phase distribution. The design and experiments on the
antenna characteristics, as well as its performance in elimi-
nating the effect of nearby fruit, are described in section IV.
Finally, the conclusion is drawn in section V.

II. DESIRABLE CHARACTERISTICS OF AN ANTENNA FOR
SHORT-DISTANCE, NON-DESTRUCTIVE, FRUIT-RIPENESS
MONITORING SENSOR
When a nearby fruit is sufficiently far away from the fruit of
interest, the problem of scatteredwaves from such fruit is neg-
ligibly small. However, when a nearby fruit is located in close
contact with the fruit of interest, the back-scatteredwave from
the nearby fruit will alter the fruit of interest’s measurement
result. Therefore, the beamwidth of the sensor’s antenna must
be sufficiently narrow. Fig. 1(a) shows a scenario of mango
fruits (Mangifera indica) on a tree. It can be seen in the
diagram in Fig. 1 (b) that the angle αs is measured from the
direction pointing to the fruit of interest to that pointing to
the nearby fruit, which is ds apart. Mango fruit is assumed to
have an ellipsoidal shape. If the nearby fruit is in contact with
the fruit of interest (d = d0), the angle between the centers
of the two fruits is α0. The distance between the sensor and
the fruit of interest (r) is in the far-field range of the sensor’s
antenna (r ≥ 2D2

/
λ), where D is the largest dimension of

the sensor’s antenna and λ is the wavelength at the operating
frequency.

The intended sensor operates as a monostatic radar.
A detected mango’s radar cross-section (RCS : σ) is deter-
mined in terms of gains of transmitting and receiving anten-
nas, power of the transmitter and the receiver, and distance
between the sensor and the mango (r) [8].

Naturally, fruits of the same age have the same size and
dielectric properties; hence it is reasonable to assume that
they have the same RCS. Fig. 1 (b) shows that r−1 =
tanαs

/
ds = tanα0

/
d0. The nearby fruit’s scattered wave

power is required to be less than 10% of that of the fruit of
interest to limit the interfering RCS of the nearby fruit. For a
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FIGURE 1. A scenario of mango fruits on a tree (a) Photograph
(b) Diagram (c) Required normalized gain in the direction α0.

short-distance microwave sensor application, the separation
(ds) between the fruit of interest and the nearby fruit can be
comparable to the distance (r) between the sensor system and
the fruit of interest (I). Therefore, the received power from
the nearby fruit (N) not only depends upon the beamwidths
of the transmitting and the receiving antennas, but also upon
the angle (αs).
From the monostatic radar equation and assuming that

both the transmitter and the receiver have the same kind of
antenna, the ratio of the received powers from the nearby fruit
(PN ) to the fruit of interest (PI ) is given by,

PN
PI
=
GtαsGrαs
GtoGro

cos4 αs = G2
αs
cos4 αs, (1)

where Gtαs ,Grαs are the gains of the transmitting antenna
and the receiving antenna in the direction αs, respec-
tively; Gto, Gro are the maximum gains of the trans-
mitting antenna and the receiving antenna, respectively;
Gtαs

/
Gto= Grαs

/
Gro = Gαs are the normalized gains of

the transmitting and receiving antennas in the direction αs,
respectively.

For the nearby fruit located in the direction α0,

2Gα0 [dB]+ 40 log10 (cosα0) = −10[dB], (2)

where Gαo is the normalized gain of the sensor’s antenna in
the direction α0.
The standard size of mango is the parameter that controls

the value of the distance (d0). The far-field range of the

sensor’s antenna controls the minimum distance (r) that the
sensor can be placed far away from the mango of interest. The
angle (α0) between the mango centers (the mango of interest
and a nearby mango) can be calculated as (tanα0 = d0

/
r),

and the normalized gain of the sensor’s antenna is required
to satisfy (2) as depicted in Fig. 1 (c). The figure shows
the relationship between the required normalized gain of
the sensor’s antennas and the angle α0. A reduction in the
maximum dimension of the sensor’s antenna is equivalent to
an increase in d0

/
r for a fixed distance, d0. It also means

that the smaller size antenna can provide a larger angle
α0(α0 = tan−1 (d0

/
r)). The required normalized gain of

the sensor’s antenna at the angle α0 was calculated in (2),
as depicted in Fig. 1(c). For the increasing d0

/
r(ranging from

0.1 to 1.0), the term ‘‘40 log10 (cosα0)’’ in (2) decreases,
and the antenna’s required normalized gain increases from
−5dB to − 2dB. The antenna design can start with a fixed
angle α0(the fixed distance d0 and the fixed range r); the
required normalized gain of this antenna was calculated in
(2), and the antenna’s maximum dimension (D) was limited
to D ≤

√
λr
/
2.

In practice, a standard mango size is determined by the
average weight, length, and width of a batch of mangoes. The
standard length and width of exported mangoes are 18 cm
and 8cm, respectively [14]. Therefore, the distance (d0) is
fixed at 8cm. A drone equipped with the sensor system can
approach as close as 25 cm to a mango fruit on a tree. The
microwave sensor system developed in this work operated
at 10.525 GHz. The normalized gain of the sensor’s antenna
at the angle α0 = arctan

(
d0
/
r
)
= arctan

(
8
/
25
)
= 17.7◦

(from Eq. (2)), Gαo, must be less than or equal to −4.57 dB.
Since the microwave sensor system’s operating range was
r = 25 cm, the far-field region of the sensor’s antenna(
r ≥ 2D2

/
λ
)
must be less than 25 cm. Hence, the maximum

dimension of the sensor’s antenna (D) must not exceed 6 cm.
Finally, the beamwidth of this antenna at the −4.57 dB point
must not exceed 35.4◦.

III. ANALYSIS OF RADIATION PATTERN
SUBTRACTION ANTENNA
For a compact size antenna, beamwidth narrowing by radia-
tion pattern subtraction can be explained by considering the
case of two linear uniform arrays that have the same kind
of element and same phase center, shown in Fig. 2 (a). The
desired radiation patterns of the array antenna #1 and the
array antenna #2 can be generated by setting appropriate
values for the parameters (d1, β1) and (d2, β2), respectively.
Illustrated in Fig. 2 (a), the received electric field intensities
at array antenna 1 (output of power combiner #1) and array
antenna 2 (output of power combiner #2) were combined at
the power combiner #3 where the inputs were designed to be
out-of-phase. The array antennas #1 and #2 utilized in this
work are shown in Fig. 2 (b). They were two-element array
antennas of which each element was a halfwave dipole with a
reflector. The electric field intensity of the array antenna can
be calculated by the pattern multiplication principle shown
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FIGURE 2. Antenna structure: (a) Architecture for radiation pattern
subtraction (b) Two-element array of which element is a dipole with a
reflector.

in [15]. To achieve the end-fire radiation pattern of a halfwave
dipole with a reflector, the distance (h) was set to λ

/
4.

One obtains the radiation pattern from Eq. (3), (4), and (5)

Eθ =

[
jη
I0e−jkr

2πr

(
cos

(
π
2 cos θ

)
sin θ

)][
2j sin

(π
2
sin θ

)]
×

[
2 cos

(
1
2
(kd cos θ + β)

)]
, (3)

Eθ = E0ejψ = E0ej(ψe+ϕ), (4)

Eθ =

∣∣∣∣∣2I0πr
[
cos

(
π
2 cos θ

)
sin θ

] [
sin
(π
2
sin θ

)]
×

[
cos

(
kd
2

cos θ +
β

2

)]∣∣∣∣ , (5)

where h is the distance between the halfwave dipole to the
reflector, and d, β are the distance and phase shift between
the two elements, respectively. The first square bracket in (3)
represents the radiation pattern of a halfwave dipole. Those
in the second and third square brackets are the contribu-
tions from the reflector and the two-element array antenna,
respectively.

The far-field phase of the halfwave dipole with a reflector
can be calculated from the far-field phase of the halfwave
dipole element (ψd = −kr + π

/
2) located at the physical

array center,

ψe = −kr + π for 0 ≤ θ ≤ π. (6)

Equation (3) shows that the far-field phase of the two-
element array is in-phase (ψ = ψe) with the far-field phase
of the halfwave dipole with a reflector provided that the
array factor AF = 2 cos

(
1
2 (kd cos θ)+ β

)
> 0. When

the array and the element are out-of-phase, (ψ = ψe + π ),
the array factor AF < 0.

Subtraction of the radiation patterns of the two array
antennas was accomplished by subtracting the respective
real and imaginary parts of their electric field intensities.
Hence, the far-field phase distribution was the main con-
tributor, and the subtraction result was a magnitude subtrac-
tion for in-phase directions and magnitude summation for
out-of-phase directions. The real and imaginary parts of the
electric field are presented below,

Re (Eθ ) = E0 cos (ψe + ϕ) , (7)

Im (Eθ ) = E0 sin (ψe + ϕ) , (8)

where ϕ is the phase shift between the array and its element,
calculated by,

ϕ =


0 for cos θ ∈

(
−π − β

kd
,
π − β

kd

)
π for cos θ /∈

(
−π − β

kd
,
π − β

kd

)
.

(9)

Eq. (9) indicates that the far-field phase of the two-element
array varies with the distance (d) and phase shift (β) between
the two elements. For a fixed phase shift (β) , as the distance
increased from kd < β − π to kd < π − β, to |π − β| <
kd < π + β, and to kd > π + β, the far-field phase of the
array changed from being out-of-phase to being in-phase with
the far-field phase of the element in every direction. As the
distance increased further, the far-field phase of the array kept
changing to be in-phase in some directions and out-of-phase
in some other directions. The beamwidth narrowing of the
array antenna could be, therefore, achieved by increasing the
distance (d).
Similarly, for a fixed distance (d), the same result could be

obtained by changing the phase shift from β > kd + π to
β < π − kd to |π − kd | < β < π + kd , and β < kd − π .

The radiation pattern subtraction was accomplished by
subtracting the radiation pattern of array #2 (d2, β2 = β)
from the radiation pattern of array #1(d1 < d2, β1 = 0), and
the phase shift (β) was fixed at 45◦.
The following four cases demonstrate possible design sce-

narios for a compact-size, narrow-beamwidth antenna.
Case 1: The array antenna #1 with

(
d1 = 3λ

/
8, β1 = 0

)
and the array antenna #2 with

(
d2 = λ

/
2, β2 = 45◦

)
would

be utilized for radiation pattern subtraction.
Computed from the far-field phase distribution of the array

antennas, the results of the radiation pattern subtraction were
a complex summation of the electric field produced by the
two array antennas in the direction 0 ≤ θ < 41◦ and a
complex subtraction in the direction 41◦ ≤ θ < 180◦. Since
the magnitudes of the electric fields of the array antennas
were much different in the direction of 40◦ − 90◦ and almost
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FIGURE 3. Far-field magnitude and phase distribution. (a) Array(
d = 3λ/8, β = 0

)
- Array

(
d = λ/2, β = 45◦

)
(b) Array

(
d = λ/4, β = 0

)
-

Array
(
d = 3λ/8, β = 45◦

)
(c) Array

(
d = 0, β = 0

)
-

Array
(
d = λ/2, β = 45◦

)
(d) Array

(
d = 0, β = 0

)
- Array(

d = 3λ/8, β = 45◦
)
.

identical in the direction of 100◦ − 170◦, the subtracted
radiation pattern had amain beam in the direction of 54◦ and a
sidelobe in the direction of 117◦ as depicted in Fig. 3 (a). The

half-power beam width (HPBW) of the subtracted radiation
pattern was 38.3◦. The sidelobe level was −13.9 dB.
Case 2: For a shorter distance between elements, the sizes

of array antenna #1 with
(
d1 = λ

/
4, β1 = 0

)
and array

antenna #2 with
(
d2 = 3λ

/
8, β2 = 45◦

)
can be reduced.

Fig.3 (b) indicates that the far-field phases of the two array
antennas are in-phase in every direction, so the results of
the radiation pattern subtraction are a complex subtraction
of the electric field generated by the two array antennas.
The considerable difference in magnitude of the two array
antennas in the 30◦ ≤ θ < 80◦ directions contributed to the
main beam, whereas the small difference in magnitude in the
100◦ ≤ θ < 140◦ directions contributed to the sidelobe.
The HPBW of the su btracted radiation pattern was 39.5◦,
and its main lobe and sidelobe directions were 53◦ and 120◦,
respectively. The sidelobe level was −16.5 dB.

Case 3: In this case, the distance between the elements
in array #1 shrinks to zero; the design parameters for array
#1 is (d1 = 0, β1 = 0), and those for array antenna #2 is
d2 = λ

/
2, β2 = 45◦. Array #1 can be represented by

an element placed at the physical array center, doubling the
magnitude of the electric field intensity. According to the
far-field phase distribution of array #2, shown in Fig. 3(c),
the radiation pattern subtraction was a complex summation
of the electric field of array #1 (element) and array #2 (array)
in the direction 0 ≤ θ < 41◦, and a complex subtraction of
the electric field of the array antenna from the electric field
of the element in the direction 41◦ ≤ θ < 180◦. Fig.3 (c)
also shows that the HPBW of the subtracted beam was 36.9◦,
and its mainlobe and sidelobe directions were at 50◦ and 141◦

respectively. The sidelobe level was −11.3dB.
Case 4: The design parameters of array #1 were (d1 =

0, β1 = 0). The design parameters of array #2 were reduced,
compared to Case 3, to (d2 = 3λ

/
8, β2 = 45◦). Fig.3

(d) shows that the far-field phase of array #2 is in-phase
with that of the element in every direction. The subtracted
radiation pattern was achieved by subtracting the magnitude
of array #2 from that of array #1. TheHPBWof the subtracted
radiation pattern was 38.2◦, and its main lobe and sidelobe
directions were 51◦ and 143◦, respectively. The sidelobe
level was−15.9 dB. It is relevant that the subtracted radiation
pattern of Case 3 achieved the narrowest beamwidth of 36.9◦

compared to other cases.
From the above discussion, the mechanism of radia-

tion pattern subtraction antenna that provides the narrowest
beamwidth is illustrated. The proposed antenna can be con-
sidered as a phased array antenna with three elements. The
optimal parameters of this antenna are amplitude and phase
excitation of each element and distance between elements can
be obtained from the optimization algorithm.

The sidelobe level of the subtracted radiation patterns can
be controlled by modifying the phase shift (β). The HPBWs
and sidelobe levels of the subtracted radiation patterns from
the subtraction of the electric field of array #2 (d, β) from
that of array #1 (d1 = 0, β1 = 0) (the halfwave dipole
with a reflector as an element) were calculated for various

226146 VOLUME 8, 2020



H. N. Dao et al.: Narrow-Beam Antenna for Short-Distance Non-Destructive Sensor in Fruit-Ripeness Monitoring

FIGURE 4. HPBW and sidelobe level of subtracted radiation patterns.

FIGURE 5. Variation of HPBW of the SUM BEAM and HPBW of
radiation-pattern-subtracted antenna with varying distance d .

values of phase shift (β) and shown in Fig. 4. It can be seen
that the HPBW of the radiation-pattern-subtracted antenna
was narrower, while the sidelobe level increased with the
decrease in phase shift (β). To achieve a narrow beamwidth
with an acceptable sidelobe level, the phase shift (β) should
be properly tuned for a specified distance(d). The HPBWs
of the subtracted radiation pattern were calculated at the
sidelobe level of -10 dB for different distances (d), as shown
in Fig. 5. Theywere compared to the SUMBEAMof the same
number of elements (three elements) and same dimensions
(de = d/2). de is the distance between elements of the array.
The effect of different excitation magnitudes is illustrated
in Fig. 5.

For the SUMBEAM, its HPBWs were narrower as the dis-
tance between the elements was increased. The non-uniform
excitation (1:2:1) possessed a wider beamwidth than the
uniform excitation (1:1:1), as is generally known. The rate
of change of HPBW of the subtracted radiation pattern was
slower than that of the SUM BEAM. All HPBWs of the sub-
tracted radiation pattern were narrower than that of the SUM
BEAM for d < 0.9λ, where the 1:2:1 excitation of the
subtracted radiation pattern was the widest one. The HPBWs
of the 1:1:1 excitation radiation pattern subtraction and of the
1:1.5:1 excitation radiation pattern subtraction were narrower
than that of the SUM BEAM.

Consider the amplitude excitation of the subtracted radi-
ation patterns, the HPBW of the subtracted radiation pattern

was almost unchanged with increasing distance (d), while the
one of the SUMBEAMdescreased significantly with increas-
ing distance (d). This occurred because both the array’s and
the element’s patterns for non-uniform excitation subtraction
were much different. For 0.375 < d

/
λ < 0.625, the HPBW

changed from 1:1:1 to 1:1.5:1 and 1:2:1. The excitation of the
1:1.5:1 subtracted radiation pattern exhibited the narrowest
HPBW for d > 0.625λ. In this regard, a proper separation
between elements and a proper amplitude excitation had to
be manually determined.

It can be seen in Fig.5 that the narrowest HPBW is 33◦.
A compact-sized antenna could be achieved for the case of
1:1.5:1 excitation radiation pattern subtraction. A fixed d of
0.875λ was sufficiently large to place the dipole elements
in the array. Regarding the phase shift of the array, a phase
shift of 70◦ provided a satisfactory result. Therefore, the
parameters d = 0.875λ and β = 70◦ were selected for our
developed antenna.

It should be noted that the 1:1.5:1 excitation subtracted
radiation pattern (d = 0.875λ, β = 70◦) provided a nar-
row beamwidth of 34.4◦ at −4.57 dB point, narrower than
the 35.4◦ requirement stated in Section II. The maximum
distance (r) from the sensor to the mango of interest was
calculated by,

rmax = d0
/
tan (α0) = 8

/
tan

(
34.4◦

/
2
)
= 26 > 25cm.

Therefore, the maximum antenna dimension did not exceed

Dmax =

√
(λ · rmax)

/
2 =

√
(2.85× 26)

/
2 = 6.09cm.

IV. ANTENNA DESIGN AND EXPERIMENTAL RESULTS
This section describes the design and fabrication of the radi-
ation pattern subtraction antenna, based on the subtraction
principle presented in the previous section. CST Microwave
Studio [16] was used to analyze and design the antenna. The
design and analysis took into account the dielectric substrate,
mutual coupling between antennas, and the type of feed-
ing network. The halfwave-dipole element antenna structure
was adopted from [17] but added a top-load structure to
shorten the length of the dipole. This also reduced the mutual
coupling between these elements. Therefore, the proposed
antenna consisted of three top-load dipoles, a microstrip feed-
ing circuit, and two-phase shifters. All were placed on an
RG4003C substrate (εr = 3.35, tan δ = 0.0027), as can be
seen in Fig. 6. The substrate was 0.508 mm thick. The copper
layer was 0.035 mm thick. The metallic segments were made
of copper.

Fig.6 shows three Wilkinson power combiners that pro-
vide the same input phase and a 1:1.41:1 voltage excitation
(1:2:1 power excitation) to the three top-load dipoles. The
HPBW of the 1:1.41:1 voltage excitation was close to that
of the 1:1.5:1 voltage excitation calculated in the previous
section. A phase shift of 102.8◦ from the feeding line II
(L5 = 4.7 mm) was set for dipole #3, while a phase shift
of 83.7◦ from the feeding line I (L4 = 4.2 mm) was set for
dipole #1. The balanced feed of dipole #1 was configured to
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FIGURE 6. Antenna design: (a) Architecture of the radiation pattern
subtraction antenna (b) Structure of the element (c) Photographs of the
fabricated antenna.

FIGURE 7. Far-field phase distribution.

be in the opposite direction to those of the other dipoles, so it
already had a 180◦ phase difference to the other dipoles.
The dimensions of the proposed antenna that had the

HPBW of 35◦ was 5.9 × 6.5 cm2, which were 4.5 cm2

smaller than the dimensions of the 1:1:1 voltage excitation
SUM BEAM (6.6 × 6.5 cm2). To represent a conventional
aperture antenna, an E-plane sectoral horn with HPBW in the
E-plane of 35◦ [15] was used. Its dimensions (length and aper-
ture height) were 14.2 cm, and 4 cm, respectively. Hence,
the proposed antenna, which had smaller dimensions, could
be used at a shorter distance from the target. Furthermore,
the proposed antenna was much lighter than a horn antenna.
For the proposed antenna and a switched beam antenna,
their dimensions were the same. However, one of the power
combiners in the proposed antenna would be substituted by
a phase shifter in a switched beam antenna. The benefits

FIGURE 8.
∣∣S11

∣∣ versus frequency.

from the proposed antenna were that memory circuit could
be eliminated, and the sensor could be operated in real-time.

Our investigation of the far-field phase distribution of the
top-load dipole and the array of two top-load dipoles was
conducted with CSTMicrowave Studio. The simulated result
of the far-field phase distribution of the element (top-load
dipole #2) was obtained by replacing the top-load dipole
#1 and #3 with two 50� load resistors. To determine the
far-field phase distribution of the array antenna (top-load
dipole #1 and #3), top-load dipole #2 was substituted with a
50� load resistor. In E-plane, the far-field phase distribution
of the element and the array antenna were in-phase in the
θ direction (0 ≤ θ < 87◦) and almost out-of-phase in the
direction (87◦ ≤ θ ≤ 180◦). Therefore, the subtracted radi-
ation pattern could be obtained from a complex combination
of the electric fields of the element and the array antenna
in the direction (0 ≤ θ < 87◦) and a complex subtraction of
the electric fields of the element and array antenna in the
direction (87◦ ≤ θ ≤ 180◦).

A. RADIATION-PATTERN-SUBTRACTION ANTENNA
Fig. 8 shows that, at 10.36 GHz, the proposed array antenna
was well-matched with the 50� input, with a reflection coef-
ficient (|S11|) of−30.9 dB. The bandwidth of the antenna for
|S11| less than −10 dB was around 2 GHz, from 9.5 GHz to
11.5 GHz. The slight difference in simulated and measured
resonance frequencies could be from fabrication error.

Fig. 9 shows the radiation patterns in E- and H- planes of
the fabricated antenna. The HPBW in the E-plane was 35◦,
with a main beam direction of 60◦. The peak of the sidelobe
was −13.5 dB below the peak of the main beam in the
direction of 146◦. For the H-plane at θ = 60◦, the main beam
was in the direction of 90◦ with a HPBW of 100◦. All of the
measured results agreed very well with the simulated results
of the proposed design. Any discrepancies can be attributed
to the effect of the feeding structure because of slight phase
shift error in fabrication.

B. ANGULAR RESOLUTION IMPROVEMENT
An improved angular resolution could be obtainedmore read-
ily with a narrower beam of the subtracted radiation patterns
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FIGURE 9. Normalized electric field patterns (a) E-plane at φ = 90◦
(b) H-plane at θ = 60◦.

(35◦ HPBW in E-plane) than with the broader beam of the
halfwave dipole with a reflector (80◦ HPBW in E-plane).
In our experiment, the scattered electric field intensity from
the mango of interest (I) was measured with and without the
influence of scattered wave from a nearby mango (N). The
relative scattered electric field intensity, which is the ratio of
the electric field measured from I and N and the measured
electric field from only I, was calculated for several center-
to-center separation distances (ds) between I and N.

In Fig. 10 (a) and (b), the main beam direction of
the sensor’s antenna system was configured to point to
the mango of interest (I). In the experiment, the pro-
posed radiation-pattern-subtraction antenna was rotated 30◦

counter-clockwise, as could be seen in Fig. 10 (a), in order
to direct the main beam toward the mango of interest. The
mango of interest and the nearby mango were of average
dimensions (a = 80 mm, b = 150 mm) and had almost the
same dielectric properties (εr= 13.7+ j8.1 and14.1+ j8.3)
(as measured by an Agilent 85070E Dielectric Probe Kit).
The distance r between the mango of interest and the sensor’s
antenna system was fixed at 135 mm (from the antenna phase
center to the surface of the mango). For each measurement
scenario, the nearby mango was displaced from the mango
of interest in the perpendicular direction to the main beam
direction of the sensor’s antenna with a stepping motor.
Each displacement step was 10 mm. The measurement setup
with the halfwave dipole with a reflector is displayed in
Fig. 10 (b).

To obtain the scattered electric field intensity of the mango,
three procedures were needed: Calibration, measurement of
mango of interest (I), and measurement of mango of interest
with the nearby mango (I +N) measurements. An Agilent
FieldFox N9916Awas used to measure S11. In the calibration
procedure, the magnitude and phase of the electric field inten-
sity of the environment and the characteristics of the sensor’s
antenna were measured without any mangoes in the scene.
Then, the mango of interest was placed for I measurement.
Finally, for the fixed position of the mango of interest and
each tested position of the nearby mango, a measurement
of the magnitude and phase of the electric field intensities
were made and collected. The scattered electric field intensity
of the mango of interest was obtained by subtracting the
respective real and imaginary parts of the calibration results

FIGURE 10. Angular resolution measurement: (a) Proposed antenna
measurement setup (b) Halfwave dipole with a reflector measurement
setup (c) Relative scattered electric field intensity versus separation
distance.

from the real and imaginary parts of the measurement results
of the mango of interest. It was, then, utilized as the reference
value for clarifying the effect of the nearby mango. In the
same manner, the scattered electric field intensity of the I+N
was obtained.

Fig. 10 (c) shows the relative measured scattered elec-
tric field intensities of the I+N measurement for various
center-to-center separation distances (ds). The solid line rep-
resents the results from E-plane radiation-pattern subtraction
antenna, while the dashed line represents the results from the
halfwave dipole with a reflector. The former exhibited the
effect of a narrow beam,whereas the latter exhibited the effect
of a broad beam. A −10 dB point was used as the cutoff
point for the effect of the nearby mango. Beyond that point,
the effect can be considered negligibly small. A possible
separation of 8 cm between a mango of interest and a nearby
mango was indicated for the case of the E-plane subtracted
radiation pattern. For the case of the halfwave dipole with
a reflector, it was 10.5 cm. These results demonstrate that
using radiation pattern subtraction to form a narrow beam can
significantly improve angular resolution.

V. CONCLUSION
An improved-angular-resolution, the pre-harvest sensor is
necessary for quality control of fruits because there can be
some fruits located near the fruit of interest on a tree, and
the scattered waves from them and the fruit of interest can
be much different from the scattered wave from an isolated
fruit of interest alone. Radiation pattern subtraction method
provides angular resolution improvement, especially under
the constraints that the short-distance, non-destructive sensor
being light-weight and able to operate in real-time. This
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article explains the idea of how a narrow beam can be accom-
plished by radiation pattern subtraction. Since far-field phase
distribution plays a crucial role in radiation pattern subtrac-
tion, analyses of significant parameters (antenna separation
and phase shift) in radiation characteristics were conducted
to elucidate their influences. The proposed radiation-pattern-
subtraction antenna was designed based on a top-load dipole
with a reflector along with a suitable feeding network. Actual
measurement results verify that this antenna, as a pre-harvest
sensor, can truly mitigate the effect of nearby fruits, hence
most practical for fruit-ripeness monitoring.
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