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Millimeter-Wave 3D-Printed Antenna Array based
on Gap-Waveguide Technology and Split E-plane

Waveguide
Ángel Palomares-Caballero, Antonio Alex-Amor, Juan Valenzuela-Valdés, and Pablo Padilla

Abstract—A multilayer aperture antenna array in millimeter-
wave band is presented in this article. The antenna array is based
on glide-symmetric holey gap-waveguide technology combined
with E-plane insertion gaps for a low-cost and low-loss design.
The radiating part of the antenna array is formed by an
array of sixteen aperture antennas, grouped in four sets of 2x2
antenna subarrays in E-plane configuration. The 2x2 subarrays
are fed by a one-to-four corporate feeding network in E-plane
with holey gap-waveguide technology. The antenna array has
been manufactured with high precision stereolithography (SLA)
and subsequent metal plating. This design procedure yields a
low-cost and low-weight manufacturing process for functional
prototypes. The complete array has been manufactured and
measured, comparing its performance with the simulation results.
Measurements show an input reflection coefficient below -10 dB
which ranges from 68 GHz to 74 GHz. The measured radiation
patterns suit adequately the defined ones in the design stage.
Moreover, gain above 19 dBi in the entire operating frequency
band is achieved with a 74.1% mean antenna efficiency.

Index Terms—Aperture antenna array, gap-waveguide tech-
nology, millimeter-wave, stereolithography (SLA).

I. INTRODUCTION

Millimeter-wave bands are promising frequency ranges for
future communication systems [1]. Antennas at these fre-
quencies provide high directivity to compensate free space
propagation losses. However, the manufacturing of millimeter-
wave antennas is challenging since high accuracy and perfect
assembly are needed. Recently, gap-waveguide technology has
arisen as a solution for accomplishing the latter conditions
with low-loss performance and low manufacturing cost [2].
Several slotted arrays based on gap-waveguide technology
have been reported [3]-[9]. In them, the use of pin lattice-
based metasurface structures is introduced to define the guid-
ing structures of the array [10], [11]. However, the increase
of frequency at the millimeter-wave bands forces the pin
structures to become smaller and hard to be manufactured.
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Fig. 1. Multilayer aperture antenna array in millimeter-wave band: (a) As-
sembled array view, and (b) The different layers that conform it. Dimensions:
La1 = 60 mm, La2 = 30 mm, wa1 = 30 mm, wa2 = 6.9 mm, wa3 = 3.49 mm,
ha1 = 11.25 mm, ha2 = 6.35 mm, ha3 = 10 mm, ha4 = 6.37 mm.

Gap-waveguide technology based on glide-symmetric holes
presents an advantage in regard to pin structure manufacturing
at such frequencies [12]. A variety of guiding, filtering and
phase shifting structures have been designed using this type
of gap waveguide technology [13]- [16] with high performance
in terms of propagation losses and cost-effective fabrication.
However, only [17] presents an antenna design based on this
novel gap-waveguide technology.

All the previous works have been manufactured with metal-
lic milling, which leads to a higher cost compared to incoming
3D printing techniques. Specifically, the 3D printing technique
based on stereolithography (SLA) is an adequate candidate
for manufacturing high-precision and low-weight prototypes
at millimeter-wave bands [18], [19]. Some works make use of
this manufacturing technique to design high-frequency arrays
[20]- [22]. A subsequent metallic plating stage is needed after
SLA manufacturing. Another attractive 3D printing technique
is direct metal laser sintering (DMLS). Antenna arrays in
[23]- [25] apply this manufacturing technique. The principal
disadvantage of DMLS is the surface roughness that is not
negligible and produces high losses at upper bands of the
millimeter-wave frequency range.

In this document, we present an aperture antenna array
based on glide-symmetric gap-waveguide technology centered
at 70 GHz. The operating frequency band ranges from 66 to 74
GHz. This range covers both access and backhaul millimeter-
wave applications for 5G [26]. It is included in a band of
interest for 5G above the WiGig (Wireless Gigabit Alliance)
frequency band targets to high speed indoor applications. This
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wide 5G frequency band for millimeter-wave is composed
by two bands. The first frequency band, ranging from 66
to 71 GHz, is addressed to the radio access network for 5G
connections since the propagation losses at this frequency band
is lower than its adjacent band (57-66 GHz). The second band,
ranging from 71-76 GHz, is intended to support fixed high-
speed connection for different applications such as macro or
micro cell backhaul links, and front haul connection between
a base station and theirs remote radio heads to extend the
coverage area.

The design consists on a multilayer design composed by
means of stacking horizontal and vertical layers, as shown in
Fig. 1. The vertical and horizontal layer gaps are located in
the E-plane and the H-plane of the gap-waveguide elements,
respectively. Layers with the gap in the H-plane need the
gap-waveguide technology to avoid field leakage throughout
the gap in millimeter-wave frequencies. Four 2x2 aperture
antenna subarrays conform the radiating part that is fed by
a corporate feeding network. A fully-functional prototype has
been manufactured in SLA with subsequent copper plating,
and conveniently measured for its validation. The relevance
and novelty of our work is based on two main aspects.
First, we propose a novel design antenna array that uses
holey glide-symmetric gap-waveguide and E-plane waveguide
structure to reduce the propagation losses in a multilayer
array design. In our work, we propose a feasible multilayer
design array with a combination between the traditionally used
split H-plane waveguide structures with glide symmetric holes,
and split E-plane waveguide structures that does not require
such elements. Secondly, we demostrate the potential use of
SLA to fabricate multilayer array design at millimeter-wave
frequencies. Although multilayer array prototoypes based on
gap-waveguide technology are commonly manufactured in
CNC because of higher accuracy compared to traditional 3-D
printing techniques, with the appearance of SLA technique,
a high-precision and cost-efective fabrication is possible [19].
The document is organized as follows. Section II depicts the
principal elements that constitutes the antenna array design. In
this section gap-waveguide technology selected, the corporate
feeding network and the subarrays are conveniently described
and simulated. Section III provides the measurements of the
manufactured prototype and the discussion of the results.
Finally, the conclusions are detailed in Section IV.

II. ANTENNA ARRAY DESIGN

The antenna array design is formed by two horizontal layers
and five vertical layers. All of them are stacked and not welded
but assembled with mechanical pressure by screws. Thus, in
the array assembling, there are inevitably gaps between layers
of at least some tens of microns. Therefore, the gap-waveguide
technology and E-plane configurations are adopted to avoid
any field leakage due to the layer gaps. Note that gaps are
considered between all stacked layers in the design process.

A. Glide-symmetric Holey Gap-waveguide Technology

Gap-waveguide technology based on glide-symmetric holes
provides a wide stopband in a cost-effective way [13]. The

(a)

(b)

(c)

(d)

Fig. 2. Design of the corporate feeding network: (a) Bottom part (1st

horizontal layer), w1c = 1.4mm, h1c = 0.75 mm, w2c = 1mm, h2c = 0.2
mm; (b) Dispersion diagram of the employed EBG unit cell; (c) Upper part
(2nd horizontal layer), w1s = 0.85 mm, h1s = 1 mm, w2s = 0.25 mm, h2s =
0.2 mm; and, (d) Planar views of bottom and upper parts.

electromagnetic bandgap (EBG) unit cell is shown in Fig. 2(a).
The dimensions used for our simulated EBG structure are: a
= 2.26 mm, r = 0.88 mm, h = 2.2 mm and g = 0.03 mm.
The considered gap size is in the range of reported multi-
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layer antennas at millimeter-wave frequencies. The provided
stopband of the EBG unit cell ranges from 62 GHz to 118
GHz as it is shown in Fig. 2(b). The unit cell dimensions are
chosen in such a way that they fit inside the corporate feeding
network and at the same time the stopband is included in the
target operating frequency band (66-74 GHz). This is why the
lowest frequency limit of the stopband is close to the start
operating frequency.

B. 1-to-4 Corporate Feeding Network

Figs. 2(a), 2(c) and 2(d) show the two halves that form
the corporate feeding network both in 3D and planar views.
The waveguides that compose this design and the feeding port
(input port) have WR-10 waveguide dimensions. The input
port is located at the bottom of the first horizontal layer, as
shown in Fig. 2(a) and Fig. 2(d). Each horizontal layer of the
feeding network occupies half of the width of the waveguides.
When the layers are stacked, they form a feeding network
with split E-plane waveguides. The gap between layers is
preserved in the middle of the wider side of the waveguide
(E-plane) except in the H-plane divider located next the input
port and in the 90o bends before the output ports. Because
there are locations in the feeding network where the gap is not
kept in the E-plane, glide-symmetric holey gap-waveguide is
implemented between layers. The feeding network distributes
in-phase and equally the input power among the output ports
(highlighted in red). These ports connect the feeding network
with the four subarrays. The matching elements in the power
dividers and the 90o bends are shown in detail in Figs. 2(a),
2(c) and 2(d).

The simulated performance of the feeding network design
is illustrated in Fig. 3. The reflection coefficient is maintained

(a)

(b)

Fig. 3. Performance of the corporate feeding network: (a) Amplitude of the
S-parameter simulated results, (b) Phase imbalance between the output ports.

below -10 dB from 66 GHz to 74 GHz, with an approxi-
mately balanced and in-phase transmission coefficients. The
maximum amplitude and phase variations are 1 dB and 1.8o,
respectively. Although the feeding network has E-plane power
dividers, the in-phase output fields are obtained due to the
presence of E-plane bends before the output ports.

C. 2x2 Aperture Antenna Subarray

The configuration of the 2x2 aperture antenna subarrays is
shown in Figs. 4(a) and 4(b). The power division from the
output ports of the corporate feeding network to the aperture
antennas is carried out by H-plane and E-plane power dividers
as they are illustrated in Fig. 4(c). The H-plane power divider
is located at the joint between the second horizontal layer
and the vertical layers and just above the output ports of
the feeding network. This fact is observed on the left part
of Fig. 4(c). E-plane power dividers are implemented before
the antenna apertures as it is illustrated on the right part of
Fig. 4(c). These power dividers design are formed by stacking
the vertical layers in the horizontal direction as it is shown
in Figs. 4(a) and 4(b). This stack of layers does not need
any gap-waveguide technology since the gap is preserved in
the E-plane location of the waveguide belonging to subarray
antenna design. Absence of leakage is only produced by split
E-plane waveguides because it does not exist disruption of
the surface currents. The array antennas are E-plane aperture
antennas with a separation between them of 0.87λ0 in x and y
directions, where λ0 is the free-space wavelength at 74 GHz.

(a) (b)

(c)

(d) (e)

Fig. 4. Subarray: (a) Assembled view, (b) Exploded view, (c) E-plane and
H-plane power dividers locations, (d) Simulated reflection coefficient and
directivity, and (e) Simulated isolation level between subarrays.
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The simulation results in periodic conditions for the subarray
design are illustrated in Fig. 4(d). An impedance matching
under -10 dB is obtained in the complete operating frequency
range with a stable directivity in frequency of 14 dBi.

Glide-symmetric EBG holes are also necessary between
the upper part of the second horizontal layer and the bottom
part of each vertical layer. This need is due to the existing
gap that surrounds the H-plane power dividers. However,
there are areas where holes cannot be placed, as Fig. 4(e)
shows highlighted. Despite that, more than 30 dB of isolation
level between subarrays is achieved in the entire frequency
range. Fig. 5 illustrates an E-field comparison between the
antenna array design with and without the implementation of
the gap-waveguide technology. The electric field at different
frequencies inside the gap between the first and the second
horizontal layers for both designs, with gap-waveguide and
without gap-waveguide technology, are shown in Figs. 5(c)
and 5(d), respectively. Gap size corresponding to the EBG
unit cell has been introduced between layers in both antenna
designs for a fair comparison. It is clearly seen the importance
of the glide-symmetric holes to not produce leakage and thus,
loss in antenna efficiency as illustrated in Fig. 5(e).

D. Details of the gap-waveguide performance and field con-
finement

For the sake of completeness, two cases of study have been
carried out for the selected EBG unit cell and waveguide
dimensions. They demonstrate the beneficial use of this gap-
waveguide technology when a split waveguide is designed. It
is important to note that the structures with and without gap-
waveguide have the same gap of 30 µm. The first comparison
is shown in Fig. 6 between a E-plane split waveguide with the
use of gap-waveguide technology (marked in red) and without
gap-waveguide technology (marked in blue). In this case the
gap is in the ZY plane and it is displaced from the center of
the wide side of the waveguide since if the gap is located at
the center, no leakage occurs. The S-parameters are illustrated
in Fig. 6(b). A drop of the transmission coefficient is observed
in the design without gap-waveguide. In Fig. 6(c) the electric
fields reveal the absence of leakage when holey EBG structures
are employed. Conversely, field resonances appear in the gap
region due to the leakage provoked by the absence of EBG
holes (case without gap waveguide). Note that the electric
field in this figure is represented in absolute value in order to
observe the electric field in the waveguide (oriented along z
direction) and in the gap (oriented along x direction since it is
a parallel-plate mode). The second comparison corresponds to
the H-plane bend implemented in the proposed array before the
outputs of the feeding network (Fig. 4(c)). The gap is in the ZY
plane as it is observed in Fig. 7(a). The transmission coefficient
for the case in which the gap-waveguide technology is not used
(Fig. 7(b)) suffers a drop in the transmission coefficient which
does not occur for the case with gap-waveguide technology. In
addition, Fig. 7(c) confirms these losses and the existence of
leakage when the gap-waveguide technology is not employed.
Since the proposed array has zones where the gap is not
located in the center of the wide side of the waveguide,

(a)

(b)

(c)

(d)

(e)

Fig. 5. Simulated E-field distribution inside the antenna array and between
layers at 70 GHz: (a) With gap-waveguide and, (b) Without gap-waveguide.
Electric field at different frequencies in the gap between horizontal layers of
the antenna array for: (c) The design with gap-waveguide technology and, (d)
The design without gap-waveguide technology. (e) Total antenna efficiency
comparison.
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(a)

(b)

(c)

Fig. 6. Performance comparison between a E-plane split waveguide with
gap-waveguide and without gap-waveguide: (a) Design and forming layers,
(b) Simulated S-parameters and, (c) Electric field at different frequencies in
the gap.

the application of gap-waveguide technology is mandatory to
avoid leakage throughout the gap.

III. MANUFACTURING, MEASUREMENTS AND DISCUSSION

High-precision SLA with a posterior copper plating stage
was the selected manufacturing technique due to its low cost
compared to milling fabrication. The used plastic material and
type of plating for the fabrication are Accura Xtreme White
[27] and electroplating, respectively. Fig. 8 shows different
views of the fabricated antenna array. The antenna is composed
by 7 different forming layers to guarantee a proper metal
plating. Detail view on the manufactured parts of the antenna
array is shown in Fig. 8(c). Good geometry definitions are
observed under the microscope. An extension of the size of the
antenna array was needed to place the holes of the assembling
screws which in spite of their size do not affect the radiation
pattern measurements. Moreover, the first horizontal layer
was thicken in order to allow the screwed connection with
the waveguide flange. The dimensions of the antenna array
design without the assembling parts are 15.8 x 23.35 x 22.8

(a)

(b)

(c)

Fig. 7. Performance comparison between a H-plane bend waveguide with
gap-waveguide and without gap-waveguide: (a) Design and forming layers,
(b) Simulated S-parameters and, (c) Electric field at different frequencies in
the gap.

mm. The reflection coefficient was measured with R&S ZVA-
Z110E Converters from 65 GHz to 75 GHz. Fine sampling
has been applied to reveal any possible glitch caused by poor
contact between forming layers. The measurement is compared
to the simulation results in Fig. 9. The measured reflection
coefficient presents a shift in the lowest frequency of the
operating band, from 66 GHz to 68 GHz, preserving the rest
of the operating band below -10 dB. To determine the cause
of the |S11| modification with respect to the simulated one,
a variation analysis based on the manufacturing tolerances is
carried out. An assembly tolerance that taking into account the
misalignment between forming layers of the feeding network
is also introduced in the variation analysis. This tolerance
has been selected since it is the antenna array part where
there are more zones with the gap not placed in the E-
plane of the waveguide. The variation analysis shows that
the measurement result is included in the variability range.
The antenna simulation with tolerances which best fits the
measurement result is highlighted in Fig. 9. The tolerances
for this case are: tolXY = +30 µm, tolZ = +55 µm and ∆xy =
50 µm, which correspond to tolerance in XY plane, tolerance
in z direction and misalignment between layers, respectively.

Once the |S11| of the array is measured and discussed,
the radiation patterns of the antenna array are measured,
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(a) (b)

(c)

Fig. 8. Manufactured prototype: (a) Forming layers, (b) Stacked antenna
array, and (c) Details under microscope.

Fig. 9. Comparison of the simulated, simulated with manufacturing tolerances
and measured reflection coefficient of the fabricated antenna array. Black
line represents the nominal simulation and grey lines show the effect of
manufacturing tolerances over the nominal simulation.

for the lowest, center and highest frequency values of the
operating band. Those measurements have been carried out at
the millimeter-wave antenna measuring facilities of the Uni-
versity of Granada. Fig. 10 depicts the radiation measurement
setup. Laser alignment has been used in order to improve
the accuracy of the alignment between the probe antenna
and the antenna array. The E-plane and H-plane copolar
and crosspolar measurements are provided in Fig. 11. The
measured radiation patterns and their corresponding simulated
values are in good agreement, keeping the beamwidth of the
principal lobe and levels for the side lobes below -12 dB for
all radiation cuts. Crosspolar levels remain under -22 dB. Fig.

Fig. 10. Detail of the measurement setup at the millimeter-wave antenna
measuring facilities of the University of Granada.

(a) (b)

(c) (d)

(e) (f)

Fig. 11. Simulated and measured E-plane radiation patterns of the proposed
antenna array at different frequencies: (a) 68 GHz, (c) 71 GHz, and (e) 74
GHz. Simulated and measured H-plane radiation patterns of the proposed
antenna array at different frequencies: (b) 68 GHz, (d) 71 GHz, and (f) 74
GHz. The simulations include the fastening screws.

12 shows the directivity, gain and antenna efficiency values
of the antenna array for its entire operating frequency range.
For a fair comparison, simulation results correspond to the
antenna array with tolerances that best fits the measurements.
The measured gain is approximately 20 dBi in the entire
frequency range, except above 73 GHz, where it drops. Also,
the antenna efficiency mean value is 74.1% that confirms the
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Fig. 12. Radiation performance of proposed antenna array over the operating
frequency bandwidth.

Fig. 13. Measured reflection coefficient when the aperture is short-circuited.
This value is twice (round trip) the sum of the ohmic and leakage losses.

correct consideration of the gap value for the EBG unit cell.
In order to verify the existence of leakage in the upper

frequency range of the antenna array two kind of measure-
ments are carried out. First one consists of measuring the
reflection coefficient of the antenna array when the antennas
are short-circuited [28]. This measurement contains twice the
insertion losses provided by the fabricated antenna array. Fig.
13 provides the measurement result when the antenna array
is short-circuited by a metallic sheet. It is observed that
in the high frequency zone part of the operating band, the
reflection coefficient value decreases. The estimated losses
of the frequency zone where the gain drops are caused by
leakage, since the antenna losses in the rest of the band are
mainly due to ohmic losses. A maximum of 1 dB of simulated
ohmic losses is obtained for non-ideal copper conductivities.
The second measurement to check the presence of leakage is
based on 2D far-field radiation patterns. The measurements are
illustrated in Fig. 14. They reveal the existence of unwanted
radiation from 73 GHz which coincides with the drop in the
measured gains. This decrease in gain may be provoked by the
imperfect alignment between horizontal layers (∆xy) in the
assembly procedure. This parameter is of great importance
in the performance of the glide-symmetric holey structures
because it affects the stopband of gap waveguide [15]. Since
there is a misalignment for the simulation which best fits the
measurement, the observed leakage can be explained.

The proposed antenna array is compared with other
millimeter-wave antenna arrays in Table I. Same level of
antenna gain and efficiency is achieved in this work compared
to the state-of-the-art works. The main advantages of our
antenna array design are its lower cost, weight and complexity

Fig. 14. 2-D far-field radiation pattern of the proposed antenna array at
different frequencies.

provided by SLA manufacturing with the combined used
of glide-symmetric holey gap-waveguide and split E-plane
waveguide structures in a multilayer array antenna. In compar-
ison, CNC milling designs suffer from higher manufacturing
complexity than the 3D-printing ones leading to increase the
prototype cost. Therefore, this prototype provides an insight of
a low-cost and robust solution for multilayer millimeter-wave
antenna array designs with gap-waveguide technology.

IV. CONCLUSIONS

In this work, we have proposed an aperture antenna array
design based on gap-waveguide technology and manufac-
tured with high-precision stereolithography process with latter
metallic plating. The novel gap-waveguide technology based
on glide-symmetric holey structures in combination with split
E-plane waveguide enables a multilayer antenna array design
for 3-D printed manufacturing. A prototype of the complete
4x4 aperture antenna array has been manufactured and mea-
sured. To best of the authors’ knowledge, the antenna array
proposed in this paper is the first multilayer gap-waveguide
array manufactured by SLA and metal plating with good
radiation performance at 70 GHz.
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TABLE I
COMPARISON BETWEEN PROPOSED AND REFERRED MILLIMETER-WAVE ANTENNA ARRAYS

Ref. Frequency Band (GHz) Bandwidth Fabrication Technique Max. Gain (dBi) Antenna Efficiency Scale Cost
[3] 57-65 13.1% CNC 26 60%-80% 8x8 Medium
[7] 50-67.8 30.2% CNC 27.5 80%-90% 8x8 Medium
[8] 56.5-67 17% CNC 27 70%-85% 8x8 Medium
[9] 55.5-67 18.8% CNC 32.5 80%-90% 16x16 Medium

[21] 78.5-79 0.6% SLA 22.5 n.a 10x10 Low
[24] 28-36 25% DMLS 27.5 90% 8x8 Low
[29] 72-85 16.5% CNC 19.91 n.a 4x4 Medium

This work 68-74 8.5% SLA 20.02 71%-89% 4x4 Low
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