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Abstract—The far-field gain of commercial horn antennas primarily depends on aperture area and
flare length. Traditionally, for every dBi of gain increment, the flare length should increase by 20% and
the aperture area by 10%. External lens classes, such as gradient refractive index, concave, or Fresnel,
are used to improve gain by ≤ 2 dBi, but at the cost of a volumetric increase by 75% in the range
of 4.8–6GHz. We propose a hollow dielectric loading (HDL) loaded in the flare section of the horn
antenna. The shape and position of the HDL are optimized using an evolutionary algorithm to obtain
the maximum gain from a conical corrugated horn antenna (CCHA) at boresight. The optimized design
yielded a total volume 40% smaller than traditional horn while achieving 3.5 dBi peak gain improvement
in the operating frequency range. We also observed an improvement in the electric field by 24% while
retaining parity in the impedance bandwidth. A 3D-printed prototype of the optimized CCHA and the
HDL is fabricated and measured. The measured and simulated results demonstrated good agreement
with a maximum difference of 4%.

1. INTRODUCTION

Corrugated conical horn antennas (CCHAs) are actively used in satellite communications, ground
penetrating radar, reflectometry radar, and as a feed horn for dish reflector antennas due to their
low side-lobe and cross-polarization levels [1–5]. Horn antennas provide wideband gain enhancement
without increasing the aperture area significantly. They are valuable in space-limited applications
and where antenna size is constrained. This ability is crucial for meeting the demands of modern
wireless communication systems, allowing efficient communication across multiple frequency bands while
remaining compact and cost-effective. Research has been carried out to enhance the directivity and
therefore the gain of the horn antennas to communicate over farther distances without increasing the
aperture area by approximately 10% for every unit value of dBi.

There are numerous geometry options and methods for enhancing the gain of the radiation pattern
at the boresight [6–9]. Belen et al. proposed using multi-layer lenses for a horn antenna with five square-
shaped layers of varying permittivity and thickness [6]. Asok et al. designed a half-cylinder dielectric
load in the flared region of a double-ridge horn to improve its radiation performance and increase the
gain bandwidth [7]. Other researchers designed a dielectric loading structure in front of a horn that
matches the aperture area [8]. Additionally, a technique involving a cylinder pyramid of the aperture
has been proposed to enhance the gain of a double-ridge conical horn [9]. While the designs proposed
in [6–9] demonstrated an average gain enhancement of 2 dBi, they are heavy, bulky, and expensive to
fabricate. A solid dielectric loading in front of the aperture exhibits some level of loss or attenuation,
reduces overall antenna efficiency, and can result in a narrower frequency range as well as increased
sidelobes and spillover.
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A CCHA’s aperture area and the flare length determine the antenna gain [10–12]. Increased
aperture dimension results in higher CCHA gain, which rises to a maximum at the boresight and falls
off due to beam splitting. The decrease in antenna gain stems from increasing cylindrical wave phase
error as the aperture increases while the length remains the same [13–15]. We present a new loading
design that improves the directivity and minimizes impedance reflections to the feed of the CCHA.
The choice of appropriate dielectric geometry and relative permittivity also determines the shape of
the radiation pattern, which in turn changes the directivity [16]. The hollow dielectric loading (HDL)
allows the electromagnetic (EM) waves to move unimpeded and limits reflection to the waveguide
resulting in minimal bandwidth change. The main advantages of CCHA are their improved radiation
efficiency compared to a traditional horn antenna, increased directivity, better pattern control, improved
impedance matching, and low side-lobe and cross-polarization levels [14, 15]. These features make CCHA
an ideal choice for outdoor applications where other types of antennas may not be suitable [17–19].

We demonstrate the workings of an HDL by designing a 5.4GHz center frequency CCHA, followed
by simulations and measurements to confirm its effectiveness over state-of-the-art loading designs. The
prototype showed increased antenna gain compared to the commercial CCHA.

2. HOLLOW DIELECTRIC LOADING DESIGN AND OPTIMIZATION

The modeling of the proposed design and the antenna is carried out using CST Studio Suite [20, 21]. The
finite integration technique solver has been used to evaluate the scattering parameters, antenna gain,
and radiation pattern of the standalone CCHA and in the presence of the HDL. Conventional parametric
study encompasses a wide solution search space, demanding substantial computation and storage
capacity, as well as considerable simulation time. To avoid uncertainty, we have used the evolutionary
algorithm (EA) available within the CST studio suite, providing a nature-inspired optimization of
the HDL design, aiming to minimize the overall HDL volume while maximizing antenna gain. All
the necessary parameters for calculating the HDL’s volume using (1) serve as inputs to the EA for
optimization [22].

V =
L4π

3
(R2 +Rr + r2 − S2 − Ss− s2) (1)

where L4 represents the hypotenuse of the HDL, R the top outside radius of the HDL, and r the bottom
outside radius of the HDL. The thicknesses at the top and bottom are denoted by S and s, respectively.
Fig. 1 illustrates the design of both the CCHA and HDL, wherein their apertures are located at the

(a) (b)

Figure 1. A cross-section view with relevant design variables of the (a) standalone CCHA, and
(b) CCHA with HDL.
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same position, and the entire HDL is situated inside the CCHA. Fig. 1(a) and Fig. 1(b) also show
various variables associated with designing the CCHA and HDL, respectively.

The HDL parameters were optimized for high gain in the lowest volume using the Genetic Algorithm
(GA). We have used a mutation rate of 60%. The GA was utilized for its effectiveness in achieving
convergence quickly. The results from employing the GA and the best-fit curves to understand the
behavior of HDL on antenna gain are presented in Fig. 2. Based on the findings, the gain increases as
the GA iterations increase, but only up to approximately 150 iterations as shown in Fig. 2(a). Beyond
that point, the increase in gain becomes minimal. Similarly, in Fig. 2(b), the volume exhibits an
incremental pattern with the number of GA iterations. Fig. 2(c) shows that the gain and volume increase
concurrently. A 3D scatter plot of volume, gain, and GA iterations is shown in Fig. 2(d), indicating
that the gain and volume rise to a certain point as the GA iterations increase. The relationship between
gain and volume is nonlinear, with the plot of gain versus volume showing a quadratic trend. The study
uncovered insights into the optimal values of the HDL in the presence of the CCHA for achieving higher
gain in a relatively small volume.

(a) (b)

(c) (d)

Figure 2. The optimal solution achieved by EA employed on the CCHA with HDL model: (a) EA
iteration and the gain, (b) EA iteration and the volume, (c) volume and the gain, (d) 3D scatter plot
between the EA iteration, the gain, and the volume.

3. ADDITIVE MANUFACTURING OF CCHA AND HDL

The main advantage of HDL over external lenses is that it avoids blocking the aperture core of the
CCHA, resulting in reduced attenuation and improved overall antenna performance. By eliminating
the obstruction caused by external lenses, HDL allows for better radiation efficiency and avoids potential
signal loss, making it a favorable choice for enhancing gain and minimizing attenuation in the antenna
system. The HDL consists of two open radii. One is located in the middle of the CCHA, while the other
is situated by the aperture. The overall shape of the HDL corresponds to that of a cone, like the shape
of the horn. The former should be sufficiently large for incoming radiation to pass through without
reflecting off of the waveguide, while the latter must allow all signals to pass and focus the electric field.
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The horn antenna and hollow dielectric were 3D-printed using polylactic acid (PLA) material in
multiple parts. A standalone prototype of the hollow dielectric 3D-printed out of PLA is shown in
Fig. 3(a). The CCHA was 3D-printed as a few different parts due to constraints in the printer’s build
volume. The conductive coating is applied to the surface of each printed object using silver as the raw
material. Finally, the CCHA’s metalized parts were assembled. Each part is equipped with alignment
pins and snug-fit holes to ensure proper alignment during assembly. Fig. 3(b) shows the completed
3D-printed CCHA after the metal coating process. Fig. 3(b) also shows the hollow dielectric loaded into
the 3D-printed and metalized CCHA. The traditional method of manufacturing an aluminum CCHA
would result in a weight of 777 grams, while our 3D-printed CCHA method produces a weight of 320
grams, which is 40% lighter. An N-type connector was used on the CCHA, and the full prototype was
experimentally verified to demonstrate the projected improvement. The measured results are compared
against the simulated data.

(a) (b)

Figure 3. (a) 3D-printed HDL prototype. (b) 3D-printed HDL integrated with CCHA prototype.

4. RESULTS AND DISCUSSION

The performance of the CCHA antenna with and without HDL is simulated and experimentally verified.
Table 1 shows the optimized CCHA and HDL design parameters for a center frequency of 5.4GHz. The
choice of 5.4GHz as the center frequency is intended for testing the theory of the HDL’s capability to
enhance the gain of the horn antenna. The initial waveguide section of the CCHA is designed to radiate
frequencies from 4.8 to 6GHz. The simulation and measurements of reflection coefficient (|S11|) and
antenna gain are compared, whereas the simulated radiation pattern and cross-polarization results are
shown due to a lack of pattern test equipment.

4.1. Reflection Coefficient (|S11|)

The simulated and measured |S11| for the CCHA without HDL are below the −10 dB line over 1GHz
bandwidth, i.e., from 4.8 to 5.8GHz. Additionally, Fig. 4 displays that the measured |S11| shifts to the
left from the simulated |S11| in the case of CCHA with HDL by approximately 300MHz. Interestingly,
the measured |S11| amplitude is slightly better than the simulated results; however, it is clear that the
trend is similar. The |S11| trends for the CCHA with HDL exhibit consistency between the simulated
and measured results, with a 200MHz decrease in bandwidth compared to the CCHA without HDL.
The measurements indicate that the antenna’s feed area, the change from the N-type connector to the
air-line dielectric, and the connection of the feed pin to the connector have a significant impact on
the results. To achieve the best return loss across the band, it is crucial to establish a proper contact
between the connector receptacle and the feed pin. The measured |S11| results shown in Fig. 4 indicate
a robust electrical continuity between the N-type connector’s outer conductor and the metallic-coated
sidewalls of the waveguide.
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Table 1. Optimized design parameter values of CCHA and the HDL.

Parameter Value [mm]

Length of the CCHA (L1) 69

Length of the waveguide (L2) 64

Transition length (L3) 13

Length of the HDL (L4) 150

Top diameter of the CCHA (D1) 147

Diameter of the waveguide (D2) 48.6

Bottom horn diameter (D3) 57.3

Outer top radius (R) 78

Inner top radius (S) 70

Outer base radius (r) 20

Inner base radius (s) 12

Wall thickness (d) 8

First corrugation spacing (WS) 9.2

Last corrugation spacing (WSN ) 9.2

First corrugation height (Sd1) 17.4

Last corrugation height (SdN) 10.7

Corrugation thickness (Wr) 2.3

Figure 4. A simulation and measurement comparison of the CCHA |S11| with and without HDL.

4.2. Far-Field Gain

Figure 5 shows the experimental setup to measure the gain of the proposed 3D-printed CCHA using SH
1000 as the reference antenna and Keysight FieldFox VNA. Fig. 6 depicts a comparison of the antenna
gain measurements for the proposed 3D-printed CCHA with and without HDL against the simulation
results. The CCHA with HDL exhibits an average measured gain of 3 dBi higher than that of the
standalone CCHA. The boresight gain measured for the antenna agrees well with the simulated gain,
particularly for the CCHA with HDL. At 5.4GHz design frequency, a gain enhancement of 2.5 dBi is
achieved. The most significant gain enhancement, which reaches nearly 3.5 dBi, occurs at 6GHz. The
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Figure 5. The measurement setup of the fabricated CCHA with HDL for the far-field gain.

measured results also exhibited an antenna gain lower than that of the simulation at low-operating
frequencies, i.e., below 5.2GHz, due to various factors such as air gaps and surface roughness. Further,
the silver paint is lossy, and the impurities in the silver paint contribute to the antenna’s low gain. The
silver paint used had a resistivity of 5.3× 104Ω · cm. Overall, a good agreement between measurements
and simulations can be noticed after coating the CCHA prototype with at least two layers of silver
paint.

Figure 7 displays the far-field radiation patterns for the co-polarization and cross-polarization at
three frequencies of interest, which are 4.8, 5.4, and 6GHz. At all three frequencies, the antenna co-
polarization, which is gain, can be seen increasing with the addition of the HDL, and cross-polarization
is decreasing. The increase in side lobe-level values can be seen as a concern; however, the value is still
below −15 dB, which is ideal for most applications. Following placement of the HDL inside the CCHA,
the electric field increased by 24% while the gain increased by 25% compared to the standalone CCHA.
Table 2 compares the results for the antenna gain, electric field, side-lobes, and half-power beamwidth at

Table 2. Results summary for CCHA with and without HDL.

Output Metric CCHA without HDL CCHA with HDL

fL = 4.8GHz

Gain [dBi] 11 13.9

Electric Field [dB (V/m)] 24.4 32.3

Side-Lobes [dB] −23.8 −17.7

Half-Power Beamwidth 58.8◦ 22◦

fC = 5.4GHz

Gain [dBi] 13.3 15.6

Electric Field [dB (V/m)] 28.1 33.9

Side-Lobes [dB] −31.6 −26.1

Half-Power Beamwidth 44.4◦ 22◦

fU = 6GHz

Gain [dBi] 14.5 18

Electric Field [dB (V/m)] 29.2 35.1

Side-Lobes [dB] −28 −29.5

Half-Power Beamwidth 37.6◦ 22.3◦
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Figure 6. A simulation and measurement comparison of the CCHA gain with and without HDL.

(a) (b)

(c)

Figure 7. A simulation comparison of the CCHA co-polarization and cross-polarization with and
without HDL at (a) 4.8GHz, (b) 5.4GHz, (c) 6GHz.

the three frequencies of interest. When a time-varying electric field interacts with the polarized dipoles
inside the HDL, it induces an EM field that produces another electric field, which enhances the incident
field. An HDL with the optimal set of dimensions makes the CCHA more directive by combining the
waves constructively. Such an improvement in the electric field intensity is desired from an antenna
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(a) (b) (c)

Figure 8. Conical corrugated horn antenna: (a) without HDL, (b) with dielectric solid lens, and
(c) with HDL.

when it is excited by a fast sub-ns rise-time microwave source.
Figure 8(a) shows the view of a standalone CCHA, radiating electric field waves that propagate

away from the CCHA in a wide beam at the aperture. Fig. 8(b) displays a side view of a CCHA with
a traditional external loading that focuses the electric field on the boresight. In our work, the HDL is
positioned inside the CCHA, as depicted in Fig. 8(c). The conductor and dielectric boundary create
reflections that constructively add to the original signal, thereby increasing the electric field intensity at
the far-field point. An EM wave striking the two dielectric interface generates reflected and transmitted
waves. The amplitude and phase of these waves change from a normal incidence to an oblique incidence.
The color bar indicates the electric field intensity, which increased significantly at the boresight when
the HDL was introduced into the CCHA compared to the CCHA without loading and the CCHA with
solid loading.

The proposed CCHA with HDL outperforms other lenses in Table 3 in terms of both required
volume and mass, achieving a higher gain. The volume of HDL is much smaller than [7–11] resulting in
a gain difference that is higher than all the other lenses. Furthermore, the weight of HDL is notably less
than that of other lenses, indicating its suitability for applications that demand compact and lightweight
lenses. The proposed lens also has the potential to fuel theoretical and application-oriented research.

Table 3. Comparison between HDL and other lenses.

Method fc Gain improvement Diagonal Mass Volume to Gain Mass to Gain

[GHz] [dBi] [cm] [g] [cm3/dB] [g/dB]

[6] 10 2.9 5.9λc 737.6 227 245.8

[7] 5.5 1 1.5λc 131.7 60 131.7

[8] 7.5 2.8 6.8λc 3800 245 1357

[9] 11.5 4 12.5λc 1001 113 250

This Work 5.4 3.5 2.8λc 262.6 85 75
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5. CONCLUSION

In this paper, we have proposed a novel wideband CCHA with an HDL with the objective of far-field
gain improvement. The proposed HDL was optimized to achieve a higher far-field gain in a smaller
form factor than horn antennas with traditional external lenses or simply horn antennas with long
flare lengths. The optimized CCHA with an HDL obtained a nominal and peak gain improvement
of 2 dBi and 3.5 dBi, respectively. The HDL reduces the volume by 40% and improves the electric
field by 24% compared to commercial CCHA. Table 3 shows that the volume, weight, and maximum
gain improvement of the loading have been enhanced over existing lenses. The gain measurements
obtained with and without the loading are consistent with the simulation results, indicating a high
level of agreement. To the best of our knowledge, this is the first time that a horn antenna’s gain
enhancement has been evaluated by simulating and measuring its performance using an HDL. The
proposed loading design can be expanded to other horn antenna shapes and has potential applications
in ground-penetrating radars, long-range communications, ground-to-UAV communications, and as a
feed horn for dish reflectors.
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