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Abstract: A simple metasurface integrated with horn antenna exhibiting wide bandwidth, covering
full Ku-band using 3D printing is presented. It consists of a 3D-printed horn and a 3D-printed
phase transformation surface placed at the horn aperture. Considering the non-uniform wavefront
of 3D printed horn, the proposed 3D-printed phase transformation surface is configured by unit
cells, consisting of a cube in the centre which is supported by perpendicular cylindrical rods from its
sides. Placement of proposed surface helps to improve the field over the horn aperture, resulting in
lower phase variations. Both simulated and measured results show good radiation characteristics
with lower side lobe levels in both E- and H-planes. Additionally, there is an overall increment in
directivity with peak measured directivity up to 24.8 dBi and improvement in aperture efficiency
of about 35% to 72% in the frequency range from 10–18 GHz. The total weight of the proposed
antenna is about 345.37 g, which is significantly light weight. Moreover, it is a low cost and raid
manufacturing solution using 3D printing technology.

Keywords: horn antenna; microwave communication; phase transformation; 3D printing

1. Introduction

Additive manufacturing technology, also known as three dimensional (3D) technique,
has attracted attention recently because of its eco-friendliness, flexibility to realize com-
plex structure, low power consuming, and low body mass, which are associated with
economical benefits. Thus, because of its cost effectiveness, 3D printing is growing in
popularity [1–5]. Particularly for complicated structures, where the methods of fabrica-
tion are difficult, 3D printing is expected to be promising method [6]. Furthermore, 3D
printing is applied in fabricating various microwave components [7], transmit array struc-
tures [8,9], and lens antenna [10,11]. However, transmit array and lens antennas, which
depend on the ratio of focal distance from source to diameter of aperture, are particularly
larger in dimension. Additionally, many studies have been carried out to enhance the
performance of Transmit array in terms of bandwidth, particularly by using multiple
layers of superstrate as observed in [11,12], where transmission amplitude and phase are
managed. Considering this aspect, to eliminate conductor loss caused by metallic patterns,
the proposed 3D-printed structure is used to simplify the unit cell design and improve
the directivity and aperture efficiency. In order to achieve high transmission bandwidth,
a horn antenna is used and this has been traditionally manufactured by the computer
numerical control method, which is costly and geometrically complicated. Moreover, the
dielectric flat perforated lens is proposed in [13], which shows the improved directivity of
conical horn antennas. Similarly, a wideband nature for horn antenna is studied in [14],
where an ultrathin metasurface lens with wide flare angle is used. However, the proposed
3D-printed prototype has rapidly manufacturable 3D geometrical shape, is light in weight
and has less flare angle. In microwave horn antenna manufacturing, there is a need for
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light weight, low cost, and high performance. Horn antenna is growing in popularity
for the transmission and reception of electromagnetic wave particularly in conjunction
with waveguide feed for radio astronomy, satellite tracking which is used in application at
ultra-high and microwave frequency ranges [15]. Numerous studies have been carried in
this arena to enhance the performance of feed horns, particularly with the use of 3D print-
ing technology [16–20] and an interesting technique is the development of metamaterial,
which shows desirable electromagnetic properties that are not easily observed in nature.
For instance, the metamaterial-based method is applied to decrease the side lobe label of
the rectangular horn antenna [21] by coating the interior E-plane walls with high surface
impedance metasurfaces. Interestingly, square metal patch and ring are used to design
multilayer non uniform metasurfaces [22] which shows high gain and beam controlling
capability. Similarly, the metasurface lens designed with array of split ring resonator on
FR4 [23] shows the improved radiation pattern at the main lobe. Additionally, to study
the narrow band characteristic of resonant cavity antenna, 3D printing technology is used
which improves the characteristic of feed antenna in terms of directivity, gain and side lobe
level [24,25]. It is interesting to note whether the 3D-printed structure will be suitable to
operate in the case of a wide band feed source. In order to further investigate these aspects,
in this paper, we proposed the structure above the 3D-printed horn antenna which shows
wide bandwidth in operation. We have investigated and studied the bandwidth behaviour
of a 3D-printed prototype over the entire Ku-band. The novelty of the proposed transmit
array is to improve the bandwidth with the use of 3D-printed structure. The proposed
antenna system shows high gain, broad bandwidth, light weight and is inexpensive to
manufacture, which eventually decreases the number of conductor layers. To validate the
wideband nature of proposed antenna prototype, we have designed a 3D-printed horn,
which is light in weight and low in cost compared to the standard Ku-band horn. Fused
Deposition Modeling (FDM) is used for printing a horn with 100% infill ratio. Furthermore,
the manufactured horn is copper plated along its internal and external surfaces. Similarly,
the proposed structure above the feed horn is manufactured by the Multijet Printing (MJP)
method which offers high design freedom and higher accuracy, and produces parts with
good and consistent mechanical properties.

We have considered the aperture size of around 4λ × 4λ with 12 GHz as an operating
frequency. This paper aims to enhance the bandwidth of source antenna which ultimately
shows improved radiation directivity, realized gain and aperture efficiency. The remainder
of the manuscript is presented in four sections. Consideration of unit cell and its place-
ment in the respective aperture position is discussed in Section 2. Section 3 presents the
transformed phase distribution for different frequencies at quarter wavelength distance
above the structure. Furthermore, fabrication techniques along with comparison between
measurement and simulation results of radiation characteristics are shown in Section 4.
Finally, Section 5 presents the concluding remarks.

2. Analysis of Unit Cell

In order to support the performance of design concept, we have chosen a cube as a unit
cell with permittivity of 2.8 and loss tangent value of 0.124. Three perpendicular cylindrical
rods of length 7.5 mm (0.3λ) with diameter of 0.026λ hold a cube whose size varies from
0.5 mm to 7.5 mm. We have considered 12 GHz as a design frequency. Variation of cube
size is shown in Figure 1a,b, resulting in the change of transmission magnitude and phase.
The single layer of cube size shows the phase variation of about 80◦ with transmission
values (τ) greater than 0.9. Similarly, the double layers of the cubes generate phase variation
of about 160◦ whose transmission values (τ) are more than 0.8. The database is generated
based on the single and double layer of the cubes which is used for the placement of defined
cube size in λ/2 and distance above the aperture of the horn feed. The standard rectangular
horn has an aperture of 98.5 mm × 75.6 mm, so we have considered a 4λ × 4λ designed
structure above the horn whose top and bottom views are also shown in Figure 1c,d,
respectively. This figure depicts the relative cubes distribution throughout the aperture
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area. The cube sizes at the edge are relatively small due to the requirement of less phase
variation as compared to the phase requirement across the center of the aperture.

Figure 1. (a) One layer cube arrangement (b) Two layer cube arrangement (c) Top view (d) Bottom
view of the designed structure.

Figure 2a,b illustrate transmission magnitude and phase deviations against the cube
size variations. As shown in Figure 2a, the transmission magnitude is more close to unity
which is about 0.98 for cube sizes that are below 3.5 mm for both the top and bottom two
layers of the cubes which decreases to 0.9 as the cube sizes approach their maximum values
of 7.5 mm. Interestingly, the phase deviation as depicted in Figure 2b, is higher for cube
sizes below 5 mm, which is about 160◦ to 140◦. In contrast, these values are decreased to
below 40◦ for higher cube sizes above 7 mm.

(a)

Figure 2. Cont.
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(b)

Figure 2. Variation of (a) Transmission Magnitude distribution against cube sizes (b) Transmission
Phase deviation against cube sizes.

The phase distribution above the horn in λ/2 is shown in Figure 3a based upon which
relative cube sizes are determined. As shown, the phase distribution towards the end
of aperture is relatively high, about 300◦. In contrast, the phase variation towards the
center of the horn is less than 50◦. In order to arrange two layer cubes distribution and to
generated proposed 3D-printed structure, the aperture distance is maintained at 3.75 mm,
11.25 mm, 18.75 mm, 26.25 mm, 33.75 mm, 41.25 mm, and 48.75 mm from the center and
the negative sign shows respective position in opposite direction. When the proposed 3D-
printed structure is kept at λ/2 distance above the aperture of the horn, we have obtained
the phase deviation as shown in Figure 3b. Thus, in those aperture positions based upon
the phase variation, we have selected respectively two layers of cubes with maximum
transmission magnitude values. Hence, the generated proposed 3D-printed structure of
two layers of cubes has sufficiently corrected the phase to below 40◦.

(a)

Figure 3. Cont.
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(b)

Figure 3. (a) Phase distribution without Proposed Transmit array structure of only horn feed.
(b) Phase distribution above Proposed Transmit array structure.

The synthesized unit cell sizes for cube size inside each unit cell is shown in Figure 4a–d.
The identical four two-layer cubes, where the upper and lower cubes are of 7.5 mm
in dimension, are placed at a distance of 3.75 mm along the aperture, as shown in
Figure 4a. The required phase deviation is less in the center which requires cubes of
higher sizes, as noted from the generated database of transmission magnitude and phase
values. Similarly, the identical two layers of cubes where the upper and lower cubes are of
7 mm and 7.5 mm respectively, placed at 11.25 mm, 18.75 mm, 26.25 mm, and 33.75 mm
from the center of aperture are highlighted in Figure 4b. There are 192 quantities. As the
phase variation is relatively high towards the end of the aperture, the cube sizes start
decreasing. Along the aperture, at 41.25 mm from the center, the two layers of cubes where
the upper and lower layers have cubes of dimension 5 mm and 7.5 mm respectively are
shown in Figure 4c that have 88 quantities. Finally, at the end of the aperture, 48.75 mm
from the center, where the phase requirement is relatively high, the cube sizes in the two
layers of cube distribution are observed to be smaller in dimension, namely 3 mm and
6 mm, respectively, along the upper and lower layers, as depicted in Figure 4d. They have
104 quantities. The overall structure of the array with its perspective view is depicted in
Figure 4e. We have chosen the correct size of each cube from the database maintained from
the variation of each cube values of two layers with the analysis performed in a two port
network. The adopted synthesis of algorithms to determine the correct size of each cube
are shown in the steps below.

Step 1: Determine the phase distribution in λ/2 distance from the horn aperture.
Step 2: Note the phase value from the center of the aperture at 3.75 mm, 11.25 mm,

18.75 mm, 26.25 mm, 33.75 mm, 41.25 mm, and 48.75 mm. Normalize the noted phase values.
Step 3: Check from the database the required phase value and pick the corresponding

cube sizes that maintain the higher transmission magnitude.
Step 4: Place the respective cubes at 3.75 mm, 11.25 mm, 18.75 mm, 26.25 mm,

33.75 mm, 41.25 mm, and 48.75 mm from the center of the aperture for each round.
Thus, the 3D-printed transmits array structure is generated.
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Figure 4. (a) Unit Cell in center of aperture (b) Unit Cell in 11.25 mm, 18.75 mm, 26.25 mm and
33.75 mm from the center of the aperture (c) Unit Cell in 41.25 mm from the center of the aperture (d)
Unit Cell in 48.75 mm from the center of the aperture (e) Prospective view of the proposed transmit
array designed structure.

3. Phase Transformation

It is interesting to note the transformed phase variation above the designed structure
as it is kept above the horn feed. We have considered phase variation along the E-plane
where the variation in phase of 161.41◦, 160.99◦, 204.28◦, 232.31◦ are noted only for horn
feed in 12, 13, 15 and 17.5 GHz respectively, which are decreased to 30.22◦, 18.69◦, 39.59◦,
29.96◦ after the placement of the designed structure, as shown in Figure 5.

Figure 5. Cont.
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Figure 5. Near field phase distribution (a,c,e,g) 3D-printed Horn antenna (b,d,f,h) Variation in phase
after the placement of proposed structure at 12, 13, 15, and 17.5 GHz respectively.

4. Fabrication and Measurement Results

For the validation of the proposed concept, we have fabricated the structure with
MJP method from Stratasys J750 3D printer which prints the part that features Digital ABS
Plus. This material shows a dielectric constant, ε of about 2.8 and loss tangent of about
0.124, as tested from dielectric probe and Nicolson-Ross-Weir (NRW) methods. Similarly,
Acrylonitrile Butadiene Styrene (ABS) is used for 3D printing of the horn part from an
Omni3D printer with 100% infill value which is later copper plated in the inside and outside
layers. We have used a WR-75 waveguide feed horn as a feeding source below the proposed
prototype. The fabricated 3D-printed horn and proposed prototype possesses compact
size with light weight of about 121 g and 140 g respectively. This makes the total antenna
weight of about 345.37 g including the weight of WR-75 waveguide, which is 84.37 g.
This shows that the 3D-printed horn weight is far less then WR-75 Standard Gain Horn,
which weighs 1.81 kg. Figure 6 shows the matching of the antenna prototype where voltage
standing wave ratio (VSWR), measured using HP8720D vector network analyzer for the
3D-printed horn, is below 1.25 except in the case of higher frequencies above 17.5 GHz.
Similarly, the simulated and measured horn with proposed structure indicates VSWR
which is below 2, except in the case of higher frequencies above 17.5 GHz. This is due to
the limitation in aperture dimension of the horn as well as the feed waveguide operational
frequency boundary [26]. The matching is shown in the VSWR plot in Figure 6, where the
transmit array feed by horn achieves good matching which is obtained by maintaining
the suitable distance from feed source to the transmit array elements. The whole 3D-
printed structure is obtained by the arrangement of two layers of cubes that act as a unit
cell, where the matching is maintained by tuning the distance from the horn aperture.
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Furthermore, Figure 7 shows the fabricated prototype and measurement setup in NSI-700S-
50 spherical near the field measurement system at the Australian Antenna Measurement
Facility. The measurement results thus obtained are compared to the computed values.
We have performed full-wave simulations that were carried out by using commercial
software CST Microwave studio.

Figure 6. Simulated and measured voltage standing wave ratio (VSWR) of the horn and
prototype antenna.

Figure 7. Fabricated and measurement set up (a) Fabricated prototype kept above 3D-printed horn
source (b) Measurement set up of proposed antenna prototype. (c) Testing setup performed in measure-
ment chamber.

Similarly, simulated and measured directivity and gain with and without the antenna
prototype above the feed horn is shown in Figure 8. This figure revealed that the proposed
prototype shows better directivity and gain from 10 to 18 GHz with some slight deviation
towards the higher frequency range, particularly above 17.5 GHz. This deviation might
resulted from the higher cross polarization values above 17.5 GHz. A similar pattern is
observed without the proposed prototype above the 3D-printed horn where directivity
and gain trends are quite well matched.

The measured and computed normalized radiation patterns along with cross polar-
ization values are depicted in Figure 9a–h. Simulated and measured radiation patterns
are well matched as depicted in Figure 9a–f for 12, 13 and 15 GHz respectively with lower
cross polarization values below −25 dB for E- and H-planes. Particularly, distortion in
radiation patterns are observed from 17.5 GHz where the cross polarization values started
to be higher which is about −15 dB, as shown in Figure 9g,h. This indicates the capability
of proposed prototype antenna for wideband operation, particularly from 10 to 15 GHz
with some distortion for higher frequencies above 15 GHz. As the proposed prototype is
kept above the feed horn source, the first side lobe level along E- plane is about 3 dB less
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than the E-plane of the horn source only. The horn source only shows a first side lobe level
of about −11.98, −12.02, −11.42, −10.59 dB as compared to the −15.94, −13.84, −12.08,
and −13.11 dB, which are obtained after placement of proposed prototype in 12, 13, 15,
and 17.5 GHz respectively.

Interestingly, Table 1 depicts the improved realized Gain (G), aperture efficiency (Ae)
and Side lobe level (SLL) with improved bandwidth of the proposed prototype as compared
to previously proposed horn antennas. As noticed, from 10 GHz to 18 GHz, the realized
gain of the antenna is improved to about 19.9 to 24.8 dBi with aperture efficiency in
the range from 95% to 142% along with side lobe level from −16 to −40 dB. Similarly,
bandwidth is comparatively higher at 66.67%.

Figure 8. Simulated and measured directivity and gain without and with antenna prototype.

Figure 9. Cont.
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Figure 9. Figures (a–h) shows measured and simulated radiation patterns in 12, 13, 15 and
17.5 GHz respectively.

Table 1. Comparison of proposed antenna against the available antenna prototypes.

References Dimension
(mm × mm × mm)

Peak
Gain
(dBi)

Operating
Frequency Range

(GHz)

Aperture
Efficiency

(%)
Bandwidth (%) Range of

Gain (dBi)

Side Lobe
Level
(dBi)

Weight
(gm)

Fabrication
Type

Proposed 100 × 100 × 252.5
(4λ × 4λ × 10.1λ) 25 10 to 18 35 to 75 66.67 17.8 to 23.4 −16 to −40 345.37

Multijet 3D printing
and copper plating

on ABS printed horn

[2] 20.34 × 11.26 × 6.54
(1.9λ × 1.05λ × 0.61λ) 12.5 28 to 30 70 8.8 8 to 12.5 −12 1.35 Vero Clear Polyethylene

and metal spray

[4] 13.04λ2 × 6.34λ 19.6 10 to 18 n/a 57.14 6.23 to 18.98 n/a n/a ABS with aerosol paint

[8] 156 × 156 × 13.5
(15.6λ × 15.6λ × 1.35λ) 30.7 27.5 to 34 38.6 21.5 29.75 to 30.75 −22.6 n/a Polyjet Technology

[9] 156 × 156 × 9.7
(16λ × 16λ × 1.94λ) 30 57 to 66 42 15 30.2 to 31.5 n/a n/a Fused Deposition Technique

[10] 10.46λ2 20.5 8 to 12 59.26 40 19 to 21 −15 373 Nylon 6 filament

[15] 11.67λ2 × 7.4λ 21 9 to 15 46 to 75 33.33 16 to 20 −19 to −22 200 PLA and Copper Plating

[18] 110 × 90 × 135
(5.5λ × 4.5λ × 6.75λ) 20 13 to 18 n/a 40 20.3 to 21.5 −14 to −29 n/a Metal

5. Conclusions

In conclusion, we have presented a lightweight and enhanced antenna prototype that
could be applied for wideband operations. The multijet printing process is used to fabricate
the proposed prototype by using casting wax materials layer by layer. This proposed
structure consisting of a 3D-printed horn and 3D-printed phase transformation surface
exhibits improved radiation characteristics, in particular directivity, realized gain, and aper-
ture efficiency, throughout the operational frequency bands and lower side lobe levels.
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The measured results validated the simulated trends, confirming the wideband operation
of the proposed prototype. Moreover, it is significantly light weight (345.37 g) and can be
made using radip 3D printing technology for use in communication systems where there is
the need for wide bandwidth with reasonable high gain.
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