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ABSTRACT A novel compact and highly efficient dual-polarized horn-like antenna is presented. It exploits
a radiating aperture that is fed by four smaller waveguides via a quad-furcated junction. The antenna
also comprises the full feed network for the feed waveguides including an integrated 4-way orthomode
power divider. Design principles are described in detail and illustrated by means of an example involving
an antenna with aperture size of 2.6λ0×2.6λ0 (λ0 the wavelength at the central frequency of operation)
intended primarily for Geostationary Orbit (GEO) satellites. The antenna feed was designed to comply
with the Additive Manufacturing rules and exhibits aperture efficiency levels close to the theoretical
maximum ones over the entire transmit Ku band (10.7 – 12.75 GHz), while at the same time its profile is
highly compact (6.4λ0). The measured results of a prototype 3D-printed in Selective Laser Melting (SLM)
verified experimentally the calculated high aperture efficiency (over 90%). The total antenna feed attains
return loss > 19 dB and maximum cross-polarization isolation (XPI) > 24 dB over a bandwidth of 18%.
In light of the favorable electrical performances and compact size, the proposed solution constitutes an
appealing alternative to profiled (or spline) horns for satellite antenna systems used either as reflector
feeds or direct radiating arrays.

INDEX TERMS Additive manufacturing, aperture antenna, aperture efficiency, dual-polarization, exci-
tation network, four-way orthomode power division, GEO antenna, quad-furcated radiating element,
satellite feeds.

I. INTRODUCTION

HORN Antennas are widely used in various microwave
and millimeter-wave applications. In satellite missions,

horn antennas are commonly deployed as feed elements for
reflectors, in phased arrays, as well as in calibration and
gain measurements [1]. Their wide range of applicability is
attributed to their excellent RF performance such as high
gain, broad bandwidth and very low losses. The advent
of broadband connectivity via satellites is presently driving
the development of high performance multibeam antenna

architectures including direct radiating arrays (DRAs) or
array fed reflectors (AFR) [2]. These applications typically
call for dual-polarization, low cross-polarization, rotation-
ally symmetric radiation patterns and high power-handling
capability. Additional desirable features are high aperture
efficiency, such that a given horn aperture can achieve
increased gain [3], as well as reduced volume and mass
that will simplify the on-board accommodation.
For aperture sizes up to 2λ0, many candidate antenna solu-

tions with excellent RF performance and low profile have been
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developed. These solutions include the Scrimp horn [4], [5],
the short backfire antenna [6]–[9] or the stacked Fabry-Perot
cavity antenna [10]. However, for the afore-mentioned radi-
ating elements, the bandwidth and the aperture efficiency
decrease steadily as the radiating aperture is increased. For
GEO satellite applications, typical aperture size requirements
are in the range of 2.4λ0 ∼ 3.4λ0, for which the aforemen-
tioned antennas fail to achieve the required RF performance.
Therefore, for radiating elements with apertures larger than
2λ0 and high aperture efficiency levels, antenna options
include dielectric-filled [11], [12], lens-corrected [13], partly
corrugated (hard) [14], metamaterial-based horns (meta-
horns) [15], [16] or spline profile multimode horns [17]–[26].
Dielectric-loaded and hard horns can reach efficiency levels
close to the theoretical maximum at a cost of increased height
and weight. Materials properties (especially outgassing) as
well as requirements for supplementary treatment linked with
electrostatic discharge (ESD) effects prevent their use when
it comes to spaceborne applications.
Consequently, current practice relies on the use of

spline profile multimode horns. As dictated by aperture
theory [1], [18], high levels of aperture efficiency are asso-
ciated with a given distribution of modes on the radiating
aperture of a horn. Spline horns achieve this modal distri-
bution by virtue of modulating their cross-section along an
elongated flaring section [18]. In spite of their advantageous
characteristics, spline horns present two basic drawbacks. On
one hand, the product of aperture efficiency with the band-
width is capped. According to the state-of-the-art design
principles [18], square spline-profile horns with aperture
sizes around 3λ0×3λ0 present high aperture efficiencies
(close to 90%) for a fractional frequency bandwidth around
10%. On the other hand, the longitudinal profile of spline
horns is typically high; for aperture sizes around 3λ0×3λ0
the profile can vary in the range 6.5λ0 to 10λ0 in order
to achieve aforementioned levels of aperture efficiency.
For design examples based on advanced optimization tech-
niques demonstrate aperture efficiency in the range between
85%∼90% for a wider bandwidth (around 20%) at a cost of
a significantly larger profile (≈10λ0) [19]. It is noted that
since these radiating elements require an external OMT the
final axial profile of a total antenna feed system which will
comprise both modules (OMT and spline horn), typically
exceeds levels of 10λ0.
Several researches have targeted to address the limitation

of spline horns. In [20], compact [without the inclusion of
the orthomode transducer (OMT)] and highly efficient but
with a moderate bandwidth (10%) spline multimode circular
aperture horns for aperture radii varying from 2λ0∼6λ0 have
been presented. A similar process has been followed in [21].
In [22], a dual-band circular aperture horn with aperture effi-
ciency levels over 80% (for both bands) has been published.
A design methodology and the characterization of compact
highly efficient horn antennas in single polarization and
aperture sizes varying from 1.25λ0∼3λ0 has been presented
in [23], while in [24] a very efficient dual-band spline profiled

FIGURE 1. Configuration and geometry of the proposed full-corporate dual linearly
polarized square Quad-Furcated Profiled Horn Antenna (Q-FPHA) feed (input port 1 in
yellow and input port 2 in blue): (a) the total antenna, (b) geometry of the 4-furcated
waveguide surface discontinuity, (c) side cut-view with dimensional variables of the
4-port radiating element, (d) exploded view of the total antenna and (e) top view of the
4-port radiating element.

horn in dual polarization has been demonstrated. Flight quali-
fied spline square horns with an aperture size of 2.6λ0×2.6λ0
and a more compact profile (5λ0) have been presented in [25],
[26], but they suffer from reduced aperture efficiency (80%-
85%) across the frequency bandwidth of the Ku-Tx band.
In [27], subarrays of spline horns with dedicated beam form-
ing networks have been presented; an aperture efficiency
level of the order of 85∼88% has been characterized, while
the profile of only the subarrays is rather compact (4.4λ0)
however for a narrow bandwidth (2.5%).
In this paper, we present the Quad-Furcated Profiled Horn

Antenna (Q-FPHA) which is a new approach to address the
requirement for simultaneously highly efficient, broadband
and compact horns. The concept is illustrated in Fig. 1 and
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as shown, the antenna feed integrates a 4-way dual polar-
ized orthomode waveguide power divider feeding an array
of four asymmetrically flared orthomode and overmoded
waveguide sections. These in turn excite a 4-furcated waveg-
uide surface discontinuity which is connected to a common
square waveguide leading to the radiating aperture. An initial
approximation of the design concept was first implemented
in a single-polarized bi-furcated H-plane horn antenna [28].
After experimentally verifying the high levels of aperture
efficiency, the more demanding in terms of complexity but
more important in terms of practical needs Q-FPHA was
further studied and developed. The proposed solution (but
not the design procedure and the experimental verification,
which are original contributions of this paper) has been filed
by Thales Alenia Space [29]. For a visually similar (multi-
access) but conceptually and operationally different horn
antenna, 97% aperture efficiency is also reported without
any bandwidth indication [30]; experimental demonstrations
are also yet needed to prove this claim. In a different frame-
work (monopulse horn design) and with a more reduced
bandwidth, the idea of feeding the aperture with 4 differ-
ent waveguides with the objective of generating different
patterns (sum and difference) has been addressed [31].
The proposed radiating element manages to achieve a

modal distribution close to the ideal one over a large
frequency bandwidth, while at the same time presents a rela-
tively compact profile including the feeding network. To the
authors’ best of knowledge, this is the first square aper-
ture, dual-polarized, purely-metallic, full-corporate (OMT
included) horn antenna that can achieve aperture efficiency
values close to the theoretical maximum over a frequency
bandwidth larger than 15% and for aperture sizes above
2λ0, while maintaining an axial profile lower than 6.5λ0.
The aperture efficiency was verified experimentally after the
measurements of a 3D-printed in SLM prototype without any
further surface treatment or metallization (i.e., silver plating)
process. The compact design, broadband performance, high
aperture efficiency, high isolation, low cross-polarization as
well as low multipaction and passive intermodulation (PIM)
performance make the Q-FPHA an ideal solution for GEO
spaceborne applications.

II. HIGH APERTURE EFFICIENCY PRINCIPLES
An ideal radiating aperture that achieves aperture effi-
ciency of 100% is excited with a uniform radiating field
in amplitude and phase. For a horn antenna, the radiated
field can be decomposed as a superposition of propa-
gating waveguide modes associated with the transverse
section of its aperture [32]–[34]. The size of the aperture
will then define which modes are propagating and hence
contributing to the radiation. Design guidelines for high
aperture efficiency stepped horn have been presented by
Bhattacharyya and Goyette proving that for a dual-polarized
rectangular or square) aperture, the optimal distribution is
the one that dictates the excitation of the aperture modes
TEm0, m = 1, 3, 5, . . . in equal phase and amplitude of

TABLE 1. Specifications of antenna feeds for GEO MBA in Ku-band.

the order of 1/m [18]. As later shown by Bird et al.,
this is close to optimum (tends asymptotically to 100% as
m→∞) when mismatch and mode coupling at the aperture
is small [2], [23]. This is the case for electrically moderate
and large apertures (i.e., typically above 2λ0×2λ0), where
the maximum efficiency for a rectangular (or square) horn
with TEm0 m = 1, 3, 5, . . . ,M, being the highest propagating
mode at the aperture is defined by the following formula [2]:

ηmax = 8

π2

M∑

m=1,3,5,...

(
1

m2

)
(1)

It is appreciated that the size of the aperture will define
which modes are propagating and hence contributing to the
radiation. This in turn will define the maximum efficiency
that can be achieved according to the truncation of the series
in eq. (1), which is achieved when a total field of unitary
power is distributed to the three identified modes with equal
phase and amplitude as:

[F] =
⎡

⎣
Fh10

Fh30

Fh50

⎤

⎦ ≈
⎡

⎣
0.932

0.3107
0.1864

⎤

⎦ (2)

where [F] is a vector with the aperture modal content, while
Fhm0 are the individual modal amplitudes of the modes TEm0,
m = 1, 3, 5 for the case of an aperture size of 2.6λ0×2.6λ0.
For spline horns, this modal distribution is achieved by

optimizing their profile, where appropriate discontinuities
control the aperture modal content. In this work, we exploit
the structure illustrated in Fig. 1, the design of which is
described in Section III by means of a design example.

III. DESIGN PRINCIPLES
The selected frequency band of operation for the proposed
radiating element is the Ku-Tx band (10.7 – 12.75 GHz).
This band is commonly used for multiple beam appli-
cations (MBA) for global coverage [3] and the antenna
specifications are provided in Table 1. These specifications
are typical for the targeted missions [25], [26]. Square aper-
tures are preferred to circular ones such that full utilization
of the available space on the satellite will be made when
the radiating elements will be arrayed (packaging efficiency).
Only square and hexagonal apertures offer 100% array pack-
aging efficiency, while circular aperture is reduced to 90%.
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From scanning requirement point of view, however, cir-
cular elements in hexagonal grid are preferable because
about 13% lesser elements are required. The aperture size
is 2.6λ0×2.6λ0 is typical of horns employed in GEO satel-
lite applications. For a maximum scanning angle (coverage
region) of 8.7◦, in an array configuration this inter-element
distance produces grating lobes outside this coverage/scan
angle (closest grating lobe at 13.5◦) [35].

A. OUTLINE OF THE DESIGN METHODOLOGY
The design methodology of the presented type of radiat-
ing element commences with the ideal modal distribution
given in eq. (2). The process exploits two stages. With ref-
erence to Fig. 1, the first stage targets to achieve the required
power distribution across the three modes at the interface of
the quad-furcated discontinuity with the common waveg-
uide apertures as per eq. (2). The phase alignment is then
achieved in a second phase and on the basis of the following
observations. Firstly, the common aperture does not modify
the power distribution on the propagating modes. Secondly,
every mode presents a distinct propagation constant asso-
ciated with the order mode [32]. Thus, the phases of the
aperture modes can be adjusted at a second design stage with
a low optimization complexity. Consequently, the emphasis
is placed on the first stage of the design process, which
focuses on the quad-furcated discontinuity and the modal
distribution of the four feeding orthomode waveguides. In
the remaining we thus focus on the excitation network and
up to the quad-furcated discontinuity.

B. THE 4-FURCATED WAVEGUIDE SURFACE
DISCONTINUITY
The quad-furcated surface discontinuity is the interface
between the four excitation waveguides and the common
waveguide leading to the radiating aperture. The geome-
try of a symmetrical quad-furcation is defined in Fig. 1(b).
At this interface, the modes of the radiating aperture are
excited in appropriate weights. The transmission coefficients
between the common square waveguide and each of the four
excitations thus define the targeted complex (magnitude and
phase) modal content delivered by the excitation waveguides.
On this basis, the other design constraint is that the incom-
ing modes from the excitation waveguides are well matched
at this interface. The Mode-Matching method [36], [37] is
a convenient technique for the study of this discontinuity.
This technique allows extracting the Generalized Scattering
Matrix (GSM). In the remaining we use the notation Filw
and Bil

w for the forward and backward modal voltages in
the excitation waveguides, while Fmn

1 and Bmn
1 for the for-

ward and backward modal voltage at the common port of
the quad-furcation.
Next, we proceed with the investigation of the modal

coupling coefficients at the quad-furcation. In light of the
requirement for dual-polarized operation, we are considering
a discontinuity with symmetry along the x- and y-axes. With
reference to Fig. 1(b), the geometry is thus defined by the

dimensions of the square excitation waveguides (a7) and the
common waveguide (a8) as well as the gap between each pair
of them as well as the boundary of the common waveguide
[t = (a8-2a7)/3]. On this basis, the magnitude of scattering
parameters between port 1 and all other ports is identical for
same or mirror symmetric excitation waveguides. The cor-
responding phases will thus be identical for the waveguides
2, 3 and 4, 5 considering polarization in x-axis and for the
waveguides 2, 4 and 3, 5 for polarization in y-axis. Without
loss of generality, for the analysis in the remaining of this
paper the reference polarization is considered along y-axis.
For this analysis we consider the common waveguide aper-

ture edge to be a8 = 65.4mm. This is approximately equal
to 2.55λ0, such that it reaches 2.6λ0 at the radiating aperture
after some flaring. The edge of the excitation waveguides
is considered a7 = 32.1mm (approximately 1.25λ0). This
was selected following a parametric study (not shown for
brevity), which indicated that smaller waveguides lead to
increased reflection of the TE20 mode associated with its
frequency cutoff region.
Fig. 2(a) shows the amplitudes of the transmission

coefficients between the TE10, TE20 modes of the excita-
tion waveguides (ports 2-5) and the modes TE10, TE30 and
TE50 of the common waveguide (port 1). The dominant TE10
mode from the excitation waveguides couples to the domi-
nant TE10 mode of the common aperture [Sc1w(h10:h10)

, solid
red line] at normalized levels of about 0.45, while to the
mode TE30 of the common aperture [Sc1w(h30:h10)

, solid blue
line] at normalized levels of about 0.25. It is noted that this
ratio is higher than what is prescribed by eq. (2). The cor-
responding phases are plotted in Fig. 2(b) for the excitation
waveguide pair with index u (ports 2, 4) and Fig. 2(c) for
the excitation waveguide pair with index v (ports 3, 5).

Next, assuming that the two waveguide excitation modes
are the TE10 and TE20 (Filw, i = 1, 2 and l = 0), while
the rest are zero and suppressing the common waveguide
modal reflection coefficient matrix [Sc11pp] as it contributes
to the power normalization of each mode at the common
waveguide (Fhm0

1 , m = 1, 3, 5), the non-normalized modal
vector is written as:

⎡

⎢⎣
Fh10

1

Fh30
1

Fh50
1

⎤

⎥⎦ = 1

2

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

5∑
w=2

(
Fh10
w · S1w(h10:h10) + Fh20

w · S1w(h10:h20)

)

5∑
w=2

(
Fh10
w · S1w(h30:h10) + Fh20

w · S1w(h30:h20)

)

5∑
w=2

(
Fh10
w · S1w(h50:h10) + Fh20

w · S1w(h50:h20)

)

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

(3)

The factor 1/2 at the beginning assures that the total power
of the 5-port network is normalized to 1. It has been consid-
ered that the amplitude of the input modes to the 4-furcated
waveguide surface discontinuity is identical for the four input
waveguide sections.
Eq. (3) is the approximated and simplified form of the

quad-furcated surface waveguide discontinuity’s coupling
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FIGURE 2. Modal transmission coefficients among the modes TE10, TE20 of the
four (u = 2, 4 & v = 3, 5) excitation waveguides and the modes TE10, TE30 and TE50
of the common (port 1) waveguide for the 4-furcated waveguide surface discontinuity.
(a) Amplitude. (b) Phase for the input waveguides u = 2, 4. (c) Phase for the input
waveguides v = 3, 5.

matrix. Referring to Fig. 1(b), only the modal transmis-
sion coefficients between the common waveguide’s (port
1) propagating modes TE10, TE30, TE50 and the four excita-
tion waveguides’ propagating modes TE10, TE20 have been
taken into account. From Figs. 2(b) and 2(c), five signifi-
cant conditions are derived and summarized in the Appendix
[eqs. (A1) - (A5)].
In addition, it is observed that if |hin20| �= 0,

|Sc1w,hm0→h20
| �= 0, m= 1, 3, 5, each second term of every

summation in eq. (3) will be suppressed and there will no
longer be a contribution from the mode TE20, if and only
if ϕw,h20 is the same ∀ w = 2, 3, 4, 5 due to eq. (A3). In
this context, the excitation waveguides should be designed
according to the following relation:

∣∣∣ϕu,hin20
− ϕv,hin20

∣∣∣ = 180◦⇒e
jϕ
u,hin20 = −ejϕv,hin20 ,

u = 2, 4 & v = 3, 5 (4)

The last issue to be investigated relates to the coupling
between the excitation modes (hin10 and hin20) and the rest
undesired propagating higher order modes on the common
aperture; the TE higher order modes of the form of Fhmn1 ,
n �= 0, as well as all the TM modes. These modes can be
separated into two categories. The first one relates to the
common aperture propagating modes in the form of TEmn,
TMmn, m = 2k, n = 2k − 1, k∈N* (TE12, TM12, TE14,
TM14, TE32, TM32, TE34, TM34, TE52 and TM52), as well
as the modes TEmn, m = 0, n = k, k ∈ N*. The coupling
between the excitation modes (hin10 and h

in
20) and this first fam-

ily of higher order modes is negligible and presents modal
transmission coefficient amplitudes below −40 dB. The sec-
ond category refers essentially to all rest modes excluding
the desired aperture modes and those of the first family.
These modes do couple with the excitation modes (hin10 and
hin20) but by virtue of operation [eq. (4)] they add up 180◦
out of phase from the excitation waveguides and so they are
canceled out from the common output waveguide region.

C. DESIGN METHODOLOGY OF THE 4 INPUT SQUARE
WAVEGUIDES
The design methodology of the four excitation waveguide
parts is driven by the condition posed from eq. (4) which
arose from the propriety of the 4-furcated discontinuity’s pro-
priety expressed in eq. (A3). Moreover, keeping in mind that
the proposed radiating element is a dual-polarized antenna,
this feature should be valid for both polarizations at the
transversal x̂̂y plane [Fig. 1(b)]. Besides, a third obvious
prerequisite is that each of the four input waveguides should
end up to overmoded output square waveguides, so that they
can generate a certain level of the required TE20 mode.

The three aforementioned points are satisfied by the four
conceived excitation waveguides [the section from a1 to
a7 depicted in Fig. 1(c)]. The first feature of this tapered
waveguide section is its lateral displacements to each (or
potentially some) waveguide section for the generation of
the TE20 mode. This means that in order to generate the
mode TE20, some waveguides from the tapered profile of the
total feed waveguide section have been displaced laterally.
Moreover, in contrast to the simpler bi-furcated case [28],
every adjacent feed waveguide section is symmetric with
respect to both x̂̂z and ŷ̂z planes with reference to Figs. 1(b)
and 1(e), resulting in a mirror symmetric array of the four
feed waveguide sections. On one hand, this feature enables
the four waveguides to generate the mode TE20 180◦ out of
phase between the waveguide pairs u and v as prescribed in
eq. (4). On the other hand, the dual-polarization is assured.
This feature constitutes the key effect of this concept as
it results to the properly weighted excitation of the tar-
geted modal content right after the quad-furcation (at its
larger/common port). This is better illustrated by the alge-
braic manipulations (A6)-(A8) in the Appendix. Upon these
considerations, the final system of equations [eq. (A8)]
includes three equations with two unknown variables; the
modal amplitude ratio |hin20|/|hin10| [due to eq. (A9)] and the
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FIGURE 3. Parametric analysis for the progressive excitation of the modal amplitude
ratio |hin

20|/|hin
10| on the output of each of the four excitation waveguide parts.

phase difference �ϕin of the excitation waveguides. These
two quantities will occur from the design of the four input
tapered waveguide parts which present an overmoded output.
Therefore, eq. (A8) is an over-determined system and we are
interested in solutions that induce the least inconsistency.
Thereinafter, the orthomode excitation waveguide section

depicted in Fig. 1(c) was designed and optimized with
the mode-matching technique across the frequency band of
interest. Fig. 3 depicts the parametric analysis of the lateral
waveguide displacements, where the progressive excitation of
the mode TE20 can be identified. With reference to Fig. 1(c),
the optimized geometrical parameters are as follows.

• ai = {16.05, 21.8, 25.7, 28.3, 30.3, 31.5, 32.1} mm.
• di = {4.225, 1.95, 0.9, 0.8} mm.
• Lin = 20 mm and L = 4.75 mm.

Fig. 3 shows that the voltage amplitude ratio between hin10
and hin20 varies between 0.15 and 0.21. The amplitude of
the rest higher order modes presents values below 0.18 (≈
−15 dB) and the reflection coefficient remains below 0.1
(−20 dB) across the total frequency bandwidth. The total
profile of the waveguide structure excluding the input waveg-
uide’s length is about 1.1λ0. The length might be further
reduced for a narrower frequency bandwidth.
A last point to be added is the case where the radiating

element’s aperture size is smaller than 2λ0×2λ0. In this case,
the size of the four excitation waveguide sections would be
smaller than λ0×λ0, resulting in the cut-off of the mode
TE20. This in turn means that eq. (3) will degenerate to a
case where only the mode TE10 could be utilized. This fact
sets a fundamental lower bound to the range of this method
with respect to the aperture size of the radiating element. As
a result, realistic implementations of this method relate to
radiating elements that employ apertures with a size larger
than at least 2.3λ0×2.3λ0.

D. DESIGN OF THE 4-PORT RADIATING ELEMENT WITH
A COMMON WAVEGUIDE REGION
The last part for the finalization of the total 4-port radiat-
ing element’s design relates to the inclusion of the top part.
This is essentially the region where the correction of the out-
put modal phase of the weighted modes that were formed
right after the quad-furcated waveguide surface discontinuity

FIGURE 4. The results of the optimized 4-port radiating element [Fig. 1(c)]:
(a) aperture and ideal modal voltage amplitude of the modes TE10, TE30, TE50 and
reflection coefficient at the input, (b) output modal phase of the modes TE10, TE30,
TE50 and their relative phase difference.

will be attained. This upper part ends up to the final com-
mon radiating aperture of the total 4-port radiating element.
Substantially, the phase of every propagating mode is depen-
dent only by its propagation constant and its length [32],
ϕ
F
hm0
1

= γ
F
hm0
1
l, where γ

F
hm0
1

= a
F
hm0
1

+ jβ
F
hm0
1

, m = 1, 3, 5.

For the lossless case, the modal phase is ϕ
F
hm0
1

= β
F
hm0
1
l,

with β
F
hm0
1

= 2π/λg
F
hm0
1

and λg
F
hm0
1

the phase constant and

the guided wavelength of each propagating mode with the
corresponding index m, respectively.
Finally, the upper common square waveguide section was

designed with two slight supplementary discontinuities as
it was observed that the phase of the mode TE50 can be
adjusted better. With reference to Fig. 1(c), the optimized
geometrical parameters of the common aperture are:

• a8 = 65.4 mm, a9 = 66.2 mm, a10 = 67 mm.
• L = 4.75 mm and Lout = 3.8 mm.

Fig. 4(a) shows the numerical results of the modal ampli-
tude and Fig. 4(b) of the phase at the aperture, as well
as the reflection coefficient at the input ports of the total
4-port radiating element represented as a 5-port network.
For the calculation of the aperture modal content, the
4 orthomode ports have been excited simultaneously and the
mode-matching technique was used to extract the radiating
element’s GSM. The results are identical for both polariza-
tions (both degenerate input modes TE10 and TE01) due to
the transversal symmetry of the structure [Fig. 1(e)].
Fig. 4 indicates that the designed radiating element materi-

alizes with a very good agreement the ideal aperture modal
voltage amplitude prescribed in eq. (2) for the frequency
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band of interest. The values of the aperture modal voltage
amplitudes are defined at the quad-furcated surface discon-
tinuity. The phase difference between the aperture modes
is low; a maximum value of 80◦ is observed at the high-
est frequency (12.75 GHz) between TE30 and TE50. This is
because the design has been focused to deliver a better gain
to the lower frequencies and therefore the upper common
waveguide part has been adjusted to give the worst phase
difference at the higher region of the frequency band. It is
finally mentioned that the modal amplitude of the rest higher
order modes maintains relatively low levels (below 0.13).

E. THE EXCITATION NETWORK: FOUR-WAY
DUAL-POLARIZED WAVEGUIDE ORTHOMODE POWER
DIVIDER
After the finalization of the 4-port radiating element, the
last point for the development of the total antenna relates
to its excitation. The requirement is a 4-way (2 single-mode
WR75 input accesses × 4 dual-mode square output accesses)
dual-polarized orthomode waveguide power divider. This
device needs to provide the two orthogonal modes (TE10 and
TE01) in equal amplitude and phase at each of the 4-ports
of the radiating element. It should also exhibit excellent RF
performance for the minimization of the total antenna feed’s
losses as well as a compact profile.
Among several possible candidate solutions [38]–[52], in

this work, a highly efficient 3D-printed 4-way orthomode
waveguide power divider with equiamplitude and equipha-
sic power division scheme was selected to be used as an
excitation network for the 4-port radiating element [53]. The
general layout is illustrated in Figs. 1(a) and 1(d) (in yellow,
blue and pink). This microwave device is a compact dual-
polarized feeding network for antenna arrays and multiport
radiating elements that exhibits low losses and is adapted to
SLM. Its characterized dissipated losses present values below
0.1 dB for both routed channels (the two required orthogonal
polarized components in a 4-way scheme), while its profile
is 4.3λ0 [Fig. 1(a)]. Operational principles and experimental
results can be found in [53]. It is worth mentioning that ini-
tial trials for the development of compact and highly efficient
GEO antenna feeds involved much more compact feeder
solutions [38], [39], [52]. However, various drawbacks of
these candidates such as limited bandwidth [38], as well
as mass, cost, complexity and additional losses [39], [52]
led this research to employ more advanced manufacturing
techniques for the development of such microwave networks.

IV. EXPERIMENTAL RESULTS
Fig. 5 depicts the measurement setup [Figs. 5(a) and 5(b)]
and the prototype [Fig. 5(c)] of the total additively manufac-
tured dual-polarized square aperture Q-FPHA. The precision
of the SLM process and hence the manufacturing tolerances
are of the order of ±50μm. The 3D-printed prototype has not
been subjected to further treatment (i.e., surface finishing) or
metallization (i.e., silver plating). Finer lattice structures can
be found at some parts of the antenna, while a less dense

FIGURE 5. Prototyping and measurement setup: a) AUT mounted on a metallic
plate, b) final setup with the absorber below the AUT and c) prototype of the AM
dual-polarized square aperture Q-FPHA (see Fig. 1 for axes orientation).

FIGURE 6. Measured (solid lines) and simulated (dashed lines) reflection
coefficients and coupling for the two input ports of the antenna.

lattice was designed at the upper part. These were added
for the enhancement of the mechanical stability during the
printing process. The thickness of the waveguide walls is
1 mm and the body of the antenna was produced mono-
lithically by a laser fiber that solidifies layer-by-layer the
aluminum powder (AlSi10Mg). The printer that was used is
the DMP Flex 350 from 3D systems. The antenna design is
self-supported while few supplementary metallic parts were
employed. On one hand, this prevents the increase of the
total mass, while on the other hand no further milling is
required to remove multiple additional supporting parts.
In order to validate the radiation performance of the addi-

tively manufactured dual-polarized square aperture Q-FPHA,
measurements in anechoic environment were performed. The
antenna under test (AUT) was mounted on a metallic plate
where it was centred and clamped with two extra metal-
lic pieces [Fig. 5(a)]. Finally, an absorber was inserted so
that the effect of the metallic plate lying below could be
eliminated [Fig. 5(b)].
Fig. 6 depicts the measured and simulated S-parameters

of the AM dual-polarized square aperture Q-FPHA. A close
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FIGURE 7. Measured (solid lines) and simulated (dashed lines) broadside directivity
across frequency for excitation of each input port.

FIGURE 8. Measured (solid lines) and simulated (dashed lines) aperture efficiency
of the AM dual-polarized square aperture Q-FPHA.

agreement between numerical and experimental results is
observed. The measured reflection coefficients and particu-
larly S22 exhibits a worst case of −19 dB at some frequencies
within the Ku-Tx band. The slight deviations are attributed
to the standard mechanical tolerances of the printing pro-
cess. The port-to-port isolation is above 56 dB, a value that
denotes an excellent decoupling between the two input ports.
Fig. 7 depicts the measured and numerically predicted

broadside directivity across the frequency range of interest
(10.5-13 GHz). Slight deviations (maximum of ±0.15 dB)
owing to the manufacturing tolerances as well as the uncer-
tainty of the simulation tools and the measurement system
are observed. The directivity values correspond to aperture
efficiency levels above 92% for the 10.7-12.75 GHz band
(Fig. 8). The aperture efficiency is defined as:

nAp.Eff. = λ2D0

4πA
(5)

where λ the wavelength, D0 the broadside directivity and
A = 0.067 × 0.067 m2, the aperture area of the antenna. In
A, the aperture’s flange thickness has not been taken into
account. This thickness, by simulations has been evaluated
to increase the directivity by 0.1∼0.14 dB (depending on the
frequency) which is translated to 2∼3% (average of 2.5%)
of aperture efficiency increase. Eq. (1) gives the theoretically

FIGURE 9. Normalized measured radiation pattern at the central frequency
f0 = 11.7 GHz and comparison with the ideal case of a 2.6λ0 × 2.6λ0 aperture with a
uniform e-field distribution: (a) co-polar e-plane cut, (b) co-polar h-plane cut,
(c) co-polar d-plane cut, (d) cross-polar d-plane cut. Solid line: ideal (100% aperture
efficiency) case. Dashed line: measured results.

maximum achievable aperture efficiency when mismatch and
mode coupling at the aperture is small; a fact that occurs in
electrically moderate or large apertures. Therefore, eq. (1)
denotes that when m = 1, 3, 5, which corresponds to our
case, this upper bound is 93.3%.
To further illustrate and better understand the radia-

tion performance of the AM dual-polarized square aperture
Q-FPHA, Figs. 9(a)-(d) show the measured normalized far-
field directivity pattern of the AM antenna feed at the central
operational frequency of 11.7 GHz (dashed lines). The co-
polarized pattern is shown for the case of the three principal
cuts [ϕ = 0◦, 45◦, 90◦ in Figs. 9(a)-(c), respectively] and
the cross-polarized pattern at the D-plane case [ϕ = 45◦
in Fig. 9(d)] where horn antennas exhibit maximum values
of cross-polarization. In the same figures [Figs. 9(a)–(d)],
the ideal case is superimposed (solid lines). This is the case
of an aperture with the same dimensions (67 mm × 67 mm)
illuminated by a totally uniform and unidirectional electric
field distribution. After applying the equivalence princi-
ple [1], we obtain the directivity patterns of an identical
aperture which produces the maximum far-field directiv-
ity radiation pattern (or ideally maximum directivity, i.e.,
100%). A very close agreement between the two cases is
observed, displaying the excellent radiation performance of
the developed antenna. The sidelobe level in the E- and
H-planes is close to the value of 13.26 dB below the
main lobe peak, which corresponds to a uniform aperture
distribution of a square aperture. The worst-case cross-
polarization level is 28 dB below the co-polarized peak
which denotes nearly identical E- and H-plane patterns due
to an almost uniform aperture excitation. The amplitude and
phase of the electric field on the aperture have been calcu-
lated with CST and are depicted in Figs. 10(a) and 10(b),
respectively.
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FIGURE 10. Simulated distribution of the e-field on the aperture of the AM
dual-polarized square aperture Q-FPHA: (a) amplitude and (b) phase.

Figs. 11(a)–(c) illustrate the measured and numerically
predicted directivity patterns (the co-polarized pattern is
shown for the ϕ = 0◦, 45◦, 90◦ cuts and the cross-polarized
pattern for the ϕ = 45◦ cut) at the lowest (10.7 GHz),
central (11.7 GHz) and highest (12.75 GHz) frequencies
of the transmit Ku-band, respectively. An excellent agree-
ment between measured and simulated values is observed.
The cross-polarization discrimination (XPD) for the three
directivity patterns is also depicted. The XPD is defined
as the ratio of the co-polar component compared to the
orthogonal cross-polar component over a specific beamwidth
solid angle. In our case, the antenna feed exhibits its min-
imum XPD (above 27 dB) over a solid angle sector of
±30◦ at the highest frequency of 12.75 GHz. The simu-
lated and measured maximum cross-polarization across the
frequency of the AM antenna feed are depicted in Fig. 12.
The cross-polarization [or cross-polarized isolation, (XPI)]
is the ratio of the maximum co-polar component to the max-
imum orthogonal cross-polar component over a solid angle
of ±90◦. High-efficiency square horns are typically used in
array configurations and specifications for cross-polarization
call usually for a solid angle range of ±10◦. In other words,

FIGURE 11. Measured (solid lines) and simulated (dashed lines) directivity patterns
at: (a) 10.7 GHz, (b) 11.7 GHz and (c) 12.75 GHz.

FIGURE 12. Measured (solid lines) and simulated (solid dotted lines)
cross-polarization of the AM dual-polarized Q-FPHA over a solid angle of ±90◦ .

what is practically more important, is the cross-polarization
performance within the scanning limit [2], [18]. For this
range (±10◦), the antenna exhibits experimental maximum
XPI values above 35 dB and XPD values above 30 dB,
which are excellent levels for almost all applications.
The last subject to be addressed relates to the evaluation

of the AM dual-polarized square aperture Q-FPH’s losses.
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FIGURE 13. Measured and simulated realized gain (solid lines) and aperture
efficiency (solid dotted lines) for excitation of: (a) port 1 and (b) port 2.

Figs. 13(a)–(b) depict the measured and simulated broadside
realized gain and aperture efficiency of the AM antenna feed
for the excitation of port 1 and 2, respectively. The aperture
efficiency has been calculated according to eq. (5) where in
this case, the broadside directivity (D0) is replaced by the
broadside realized gain. The aperture flange thickness has not
been taken into account in A. According to simulations, this
thickness results in an average gain increase of around 0.1 dB
(around 1.8% in terms of aperture efficiency). The average
value of the aperture efficiency is of the order of 91.2% over
a fractional bandwidth of 20% (i.e., 10.55-12.9 GHz). The
measurements have been performed with the NSI2000 near
field measurement system. The realized gain has been mea-
sured by post-processing the measured broadside directivity
after calibrating using a standard gain horn (SGH) on calcu-
lations based on the free space loss between this SGH and the
AUT. The uncertainty of the gain measurements as provided
by NSI is of the order of ±0.25 dB. This value translates
to about ±5% in terms of aperture efficiency. As observed,
the worst-case differences between simulated and measured
values are of the order of ±0.2 dB (which translates to about
±4% in terms of aperture efficiency). We note that devia-
tions of the order of ±0.2 dB owing to the uncertainty of the
gain measurements are commensurate with what is reported
in the literature [2], [23], [28]. These discrepancies are also
attributed to the standard manufacturing tolerances as well
as the uncertainty of the simulation tools and the effective
conductivity employed to consider the excessive losses from
the surface roughness produced by the printing process.
Fig. 14 depicts the estimated losses of the antenna, as

the simulated difference between broadside directivity and

FIGURE 14. Numerically estimated losses of the AM dual-polarized Q-FPHA:
simulated directivity/realized gain difference curves for both polarizations.

TABLE 2. Comparison of state-of-the-art square aperture high efficiency radiating
elements.

realized gain values. In this way the losses of the antenna
feed produced due to mismatch (reflection losses) and finite
conductivity (ohmic losses) were estimated. The average
estimated losses are around 0.12 dB, a level which is in
compliance with the experimentally characterized dissipated
losses of the excitation network (around 0.1 dB) [53], being
the main source of induced losses to the total antenna feed.
Table 2 includes the state-of-the-art high aperture effi-

ciency radiating elements with square apertures between
2.5λ0×2.5λ0 and 3λ0×3λ0. The aperture efficiency of all
antennas is calculated by eq. (5) based on the measured (or
simulated when not available) broadside directivity. In our
case, the aperture’s flange contribution has been calculated
numerically through simulations and has been de-embedded
from the initial measured values so that the comparison can
be fair. The aperture efficiency is of the order of the theoret-
ical limit (93.3%) over a bandwidth larger than 13% (10.7
– 12.2 GHz). The average aperture efficiency is 92.5% over
a bandwidth of 20%. It is last noted that the referred direc-
tivity values in Table 2, relate to the central frequency of
the operating bandwidth, where the aperture efficiency is
optimal for all references.
The main issues of the profiled single-access horns are the

capped aperture efficiency with the bandwidth as well as the
height (profile) which is as well associated with the band-
width. Therefore, for a bandwidth of 10%, profiled horns
with aperture efficiency levels around 88-90% present axial
profiles (without the OMT) above 7λ0 [18]. Otherwise, for
a double bandwidth (20%), the aperture efficiency level is
compromised down to 85%, while the height (without the
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OMT) is increased up to 9.8λ0 [19]. As a result, for spline
horns with square aperture of the order of 2.6λ0×2.6λ0, for
a bandwidth above 15% and a height (without the OMT) of
5λ0, a significant compromise with respect to the aperture
efficiency (80-85%) is required [25].

V. CONCLUSION
The work presented here validates the methodology and
design of an excellent candidate for the next generation GEO
satellite communications systems. The Q-FPHA includes the
feeding network and achieves a dual-polarization capabil-
ity, high aperture efficiency, broad bandwidth as well as
excellent cross-polarization and port-to-port isolation while
still maintaining a light weight and low height profile. The
unprecedented aperture efficiency levels demonstrate that
the Q-FPHA redefines the state-of-the-art high aperture effi-
ciency antennas used in GEO applications, which relates to
the more than 20-years old concept of the single-access pro-
filed horn antennas. The Q-FPHA exhibits average aperture
efficiency levels of the order of 92.5% over a 20% fractional
bandwidth and therefore provides an average enhancement of
about 10 percentage points against flight-qualified profiled
square horn antennas used in broadband GEO applica-
tions. This corresponds to a gain augmentation of around
0.5 dB. Moreover, the profile of the total antenna feed is
relatively compact (6.4λ0), as profiled horns with a feeder
employed in satellite missions present profiles of at least
7λ0. Design re-approximations of profiled horns that exhibit
aperture efficiency levels around 88% over a 20% fractional
bandwidth require a double profile (10λ0 without the feeder).
This occurs from the fact that by conventional profiling it is
hard to control the dispersion of the higher order modes on
the aperture over a broad bandwidth. As a result, for broad-
band operation, the profiled horn’s aperture modal content
starts to deviate from the ideal case when moving away from
the central frequency and therefore the aperture efficiency
is degraded. In contrast, the presented methodology based
on the quad-furcated profiling provides enhanced stability
of the aperture modal content owing to the low dispersion
of the quad-furcation’s modal transmission coefficients. This
results in a more efficient framework to control the aperture
modes and hence the aperture efficiency. During the antenna
design process, not only was the electromagnetic radiation
performance optimized, but the Q-FPHA was also simultane-
ously engineered to be 3D-printed. Additively manufactured
components exhibit lower Passive Intermodulation (PIM)
and Electrostatic Discharge (ESD) risk compared to com-
ponents built in traditional manufacturing (i.e., milling)
owing to the nature of the fabrication process to build
monolithic bodies. In addition, 3D-printed surfaces also
reduce the multipaction risk owing to the increased sur-
face roughness with respect to traditionally machined
components [54]–[57]. Therefore, the Q-FPHA was engi-
neered on the whole not only to provide high levels of aper-
ture efficiency but also to cope with the harsh environmental

conditions of space as well as to operate in high RF power
conditions.

APPENDIX
We derive from Figs. 2(b) and 2(c), the following phase
conditions:

∣∣∣ϕSc1u,hm0→h10
− ϕSc1v,hm0→h10

∣∣∣= 0◦ ⇒
e
jϕSc1u,hm0→h10 = e

jϕSc1v,hm0→h10 ,

u = 2, 4, v = 3, 5 & m = 1, 3, 5 (A.1)∣∣∣ϕSc1w,h50→h10
− ϕSc1w,hm′0→h10

∣∣∣= 180◦ ⇒

e
jϕSc1w,h50→h10 = −ejϕSc1w,hm′0→h10 ,

w = 2, 3, 4, 5 & m′ = 1, 3 (A.2)∣∣∣ϕSc1u,hm0→h20
− ϕSc1v,hm0→h20

∣∣∣= 180◦ ⇒
e
jϕSc1u,hm0→h20 = −ejϕSc1v,hm0→h20 ,

u = 2, 4, v = 3, 5 & m = 1, 3, 5 (A.3)∣∣∣ϕSc1u,h30→h10
− ϕSc1u,h30→h20

∣∣∣ = 180◦⇒
e
jϕSc1u,h30→h10 = −ejϕSc1u,h30→h20 , u = 2, 4 (A.4)∣∣∣ϕSc1v,h30→h10

− ϕSc1v,h30→h20

∣∣∣= 0◦⇒
e
jϕSc1v,h30→h10 = e

jϕSc1v,h30→h20 , v = 3, 5 (A.5)

A comprehensive explanation of (A1)-(A5) follows.
Eq. (A1) expresses that all modes of the common waveg-
uide (TE10, TE30 and TE50) couple, individually, in phase
with the mode TE10 of all the excitation waveguides [the
solid lines in both Figs. 2(b) and 2(c) present equal phases].
Secondly, the phase coupling between the common mode
TE50 and the excitation mode TE10 is 180◦ different com-
pared to the phase coupling between the common modes
TE10 and TE30 and the excitation mode TE10 for all the exci-
tation waveguides. This condition is expressed in eq. (A2)
and is depicted in Figs. 2(b) and 2(c) (the green solid lines
are 180◦ out of phase with respect to the red and blue solid
lines). Eq. (A3) states that the mode TE20 of the waveguides
2, 4 couples to the common waveguide’s modes 180◦ out
of phase with respect to the excitation waveguides 3, 5 [all
dashed lines in Fig. 2(b) present a phase shift of 180◦ in
relation to the dashed lines in Fig. 2(c)]. Finally, the cou-
pling phase between the mode TE10 of the waveguides u
and the common aperture mode TE30 differs by 180◦ com-
pared to the coupling phase between the mode TE20 for the
same waveguides (u) and the common aperture mode TE30
[the two blue lines in Fig. 2(b) present a phase difference of
180◦]. This is expressed in eq. (A4). Conversely, as dictated
by eq. (A5), the coupling phase between the mode TE10 of
the waveguides v and the common aperture mode TE30 is
the same (0◦) compared to the coupling phase between the
mode TE20 for the same waveguides (v) and the common
aperture mode TE30 [the two blue lines in Fig. 2(c) are in
phase].
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Due to eqs. (A1)-(A5) and (4), eq. (3) is simplified as:
⎡

⎢⎣
Fh10

1

Fh30
1

Fh50
1

⎤

⎥⎦

= 2

⎡

⎢⎢⎢⎣

∣∣hin10

∣∣ · ejϕ2,hin10 ·
∣∣∣Sc12,h10→h10

∣∣∣ + ∣∣hin20

∣∣ · ejϕ2,hin20 ·
∣∣∣Sc12,h10→h20

∣∣∣
∣∣hin10

∣∣ · ejϕ2,hin10 ·
∣∣∣Sc12,h30→h10

∣∣∣ − ∣∣hin20

∣∣ · ejϕ2,hin20 ·
∣∣∣Sc12,h30→h20

∣∣∣

−∣∣hin10

∣∣ · ejϕ2,hin10 ·
∣∣∣Sc12,h50→h10

∣∣∣ − ∣∣hin20

∣∣ · ejϕ2,hin20 ·
∣∣∣Sc12,h50→h20

∣∣∣

⎤

⎥⎥⎥⎦

(A.6)

The phase of the excitation mode TE20 is expressed as a
function of the phase of the first excitation mode TE10 as:

ϕ2,hin20
= ϕ2,hin10

− �ϕin⇒e
jϕ

2,hin20 = e
jϕ

2,hin10 · e−j�ϕin (A.7)

so that eq. (A6) can be written as below:
⎡

⎢⎣
Fh10

1

Fh30
1

Fh50
1

⎤

⎥⎦

= 2

⎡

⎢⎢⎢⎣

e
jϕ

2,hin10 ·
(∣∣hin10

∣∣ ·
∣∣∣Sc12,h10→h10

∣∣∣ + ∣∣hin20

∣∣ ·
∣∣∣Sc12,h10→h20

∣∣∣ · e−j�ϕin

)

e
jϕ

2,hin10 ·
(∣∣hin10

∣∣ ·
∣∣∣Sc12,h30→h10

∣∣∣ − ∣∣hin20

∣∣ ·
∣∣∣Sc12,h30→h20

∣∣∣ · e−j�ϕin

)

e
jϕ

2,hin10 ·
(
−∣∣hin10

∣∣ ·
∣∣∣Sc12,h50→h10

∣∣∣ − ∣∣hin20

∣∣ ·
∣∣∣Sc12,h50→h20

∣∣∣ · e−j�ϕin

)

⎤

⎥⎥⎥⎦

(A.8)

The phase of the excitation mode TE10, ϕ2,hin10
, appears in

each term of the common waveguide modes Fhm0
1 , m =

1, 3, 5, thus without loss of generality is considered zero
and can be eliminated.
Last, the total power (normalized to 1) of each excitation

waveguide is allocated to these modes as:
∣∣∣hin10

∣∣∣ =
√

1−∣∣hin20

∣∣2
. (A.9)
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