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ABSTRACT Capability of 3D printing for developing wideband multilayered antenna systems packaged

with active RF circuit components remains relatively unexplored. To address this gap, this manuscript

demonstrates wideband patch antenna that is integrated with a polarization selection switch. Antenna band-

width is enhanced with customized substrate thicknesses and stacked patch layers. Switch is integrated

with 3D vertical transitions to achieve wide bandwidth, smaller packaging, and low-loss. To enable future

antenna array applications, a detailed investigation is also presented to maximize the performance of the

microstrip feed lines by adjusting the substrate thickness and deposition process. The antenna consists

of 13 dielectric and conductive layers. Specifically, the manuscript demonstrates the lowest attenuation

in the literature for a fully printed microstrip line with 0.25 dB/cm measured loss at 18 GHz. The

antenna operates with more than 80% radiation efficiency and 45% bandwidth. The polarization switch

is embedded within the antenna structure. The antenna retains a high cross-polarization ratio of ∼ 20 dB

due to 3D feed line transitions and symmetric location of the switch with respect to the antenna feeds.

INDEX TERMS 3D printing, 3D interconnect, additive manufacturing, dual-polarized antennas, microstrip

antennas, wideband.

I. INTRODUCTION

D IRECT digital manufacturing (DDM) is an additive

manufacturing (AM, three-dimensional (3D) printing)

technique that builds an object layer-by-layer based on 3D

geometry model. DDM has been established as a fabrication

technique for several end-use products and provides low-cost,

lightweight, conformal solutions [1]. Compared to conven-

tional fabrication methods, DDM does not require many fab-

rication steps and introduces capabilities that are suitable to

pursue innovative design solutions [2]. For RF applications,

DDM enables multilayered RF electronics with customized

material properties, thicknesses, shapes, metallization pat-

terns and structural packaging. The moderate dielectric

losses (tanδ∼0.0075) and conductivities (∼10
6 S/m) of

materials employed in the DDM processes have motivated

researches to pursue antenna and transmission line designs

operating at frequencies ranging from low GHz to mm-

wave bands. Recent literature has investigated DDM of

antennas and demonstrated that fully printed multilayered

antennas with high radiation efficiencies are achievable.

These demonstrations are at frequencies below X-band. For

example, [3] demonstrates the first known additively man-

ufactured multilayer phased antenna array at 2.45 GHz

by utilizing fused deposition modeling (FDM) of acryloni-

trile butadiene styrene (ABS) filaments and microdispensing

of CB028 silver conductive paste (aka DDM process),

where microdispensing refers to high precision deposition

of liquid materials. By using DDM and similar mate-

rial combinations, [4] present a 6 GHz half-wave dipole

antenna volumetrically embedded into a dielectric structure.

In [5], a multilayer low profile 2.6 GHz antenna utilizing

FDM of polycarbonate (PC) and microdispensing of sil-

ver ink is presented. Reference [6] demonstrates the effect

of infill percentage change on permittivity and loss tan-

gent of ABS fabricated with FDM. References [7], [8]

investigates low infill dielectrics for antenna substrates. On
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the other hand, antenna demonstrations with DDM operat-

ing at or above X-band are not reported. In these bands,

antenna demonstrations of additive manufacturing are so-

far limited to structures that are partially printed. This

is achieved by using an additional fabrication step (such

as copper cladding, spraying, etc.) for metallization over

a dielectric part that is realized with the additive manufactur-

ing technique. For instance, [9], [10] present Ku and Ka-band

horn antennas using stereolithography (SLA) of plastics

and copper cladding. SLA is not suitable for multilayer

antennas as material types are limited to liquid polymers

and resins. Selective laser sintering (SLS) provides wider

material selection including metals. Reference [11] presents

multilayer transmission lines and capacitors with SLS; how-

ever, each layer requires coating/spraying the surface with

dielectric/conductive inks and removing the unsintered mate-

rial. Reference [12] employs a liquid crystal polymer (LCP)

laminate as the host substrate for dielectric and metallic

ink layers. While some of the fabrication methods (SLA

and metal coating, SLS) are not suitable for multilayer

antennas such as microstrip antennas and embedded applica-

tions, others (inkjet printing, aerosol jet printing) commonly

require a support material as they are not practical for thick

substrates.

The major goal in this manuscript is to utilize design flex-

ibilities of DDM for realizing a fully printed dual-polarized

antenna with radiation efficiency and return loss perfor-

mances exceeding 80% and 10 dB, respectively, across the

Ku-band (12-18 GHz). The antenna should operate with

excellent polarization purity and > 25 dB isolation between

feed ports. In addition, the antenna must be suitable to be

employed as a unit cell within a half-wavelength spaced

phased antenna array. Based on the literature review outlined

above, meeting these performance metrics implies a sig-

nificant advancement over the recently reported antennas

realized with additive manufacturing. To address the wide

bandwidth and dual-polarization needs, an aperture stacked

patch antenna fed with microstrip lines is selected for the

design. As shown in [13], for antennas operating at lower

frequency bands, the antenna substrates are formed from

low-infill ratio ABS and their thicknesses are customized

to maximize radiation efficiency and bandwidth. However,

in contrast to existing literature, this manuscript also inves-

tigates the geometry of the microstrip feed lines for the

first time to further maximize the radiation efficiency and

minimize losses in potential phased array implementations.

This is achieved through a detailed investigation of sub-

strate thickness, infill ratio, and infill direction. As such,

this manuscript achieves the lowest attenuation (0.25 dB/cm)

at 18 GHz with respect to the microstrip lines reported in

recent works. Polarization purity is achieved by resorting

to the well-known dual-offset feed line excitation through

crossed apertures. For improved polarization purity and iso-

lation, the dual-offset microstrip feed lines belonging to the

different polarization excitations are located on separate sides

of the ground plane. The MMIC switch package (PQFN) is

FIGURE 1. Substrate stack-up of the DDM microstrip line.

embedded within the structure to make connections with

these feed lines using a ramped 3D interconnect approach.

Thanks to its shorter line lengths, this interconnect approach

is shown for the first time to support a higher return loss

(30 dB vs 20 dB) and loss performance over a traditional

via based interconnect. The packaging approach also enables

the antenna to be utilized within a half-wavelength spaced

array. Additional dielectric/conductor layers can be added

to the antenna structure to include a MMIC phase shifter

package as well, however, the extension to an operational

beam-steering phased array is beyond the scope of this arti-

cle. The fabricated antenna consists of a total of 13 dielectric

and conductive layers. As desired, a 45% S11 | < −10 dB

impedance bandwidth is achieved across the entire Ku-band

(12-18 GHz) with >80% radiation efficiency. The manuscript

is organized as follows: Section II presents the investiga-

tion of substrate thickness, infill ratio and infill direction to

minimize the loss of the microstrip feed lines utilized in

the antenna structure. Section III details the antenna design

and 3D printed interconnect performance utilized for MMIC

polarization switch inclusion. Experimental verification of

the antenna integrated with the MMIC switch is presented in

Section IV. Suitability of the antenna element in terms of size

and feed line losses for phased array development is demon-

strated in Section III. Concluding remarks are provided in

Section V.

II. MICROSTRIP LINE CHARACTERIZATION FOR

MINIMIZING FEED LINE LOSSES

A. SUBSTRATE STACK-UP

Fig. 1 shows the substrate stack-up of the microstrip lines

that are utilized for the antenna feed. ABS, a well-known

thermoplastic polymer, is utilized as the dielectric material.

The substrate is built up by melting the ABS filament and

depositing layer by layer on the printer platform. The goal

is to investigate if flexibilities available through the slic-

ing software (i.e., independent control on infill ratio, layer

thickness, and printing direction of each layer) can be opti-

mized to minimize the insertion loss (IL) of the microstrip

lines. Among these design flexibilities, infill ratio has already

been a heavily investigated design parameter for enhancing
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antenna performance or achieving control over transmis-

sion and reflection properties [14], [15]. Infill ratio refers

to the thermoplastic content inside the volume. Naturally,

low infill ratio substrates exhibit lower dielectric constants

and loss tangents due to the higher air content within the

volume. However, as the following section will demonstrate,

it is also equally important to consider the line geometry in

terms of overall substrate thickness and printing direction to

achieve the best possible performance – factors that have not

been demonstrated to date to our knowledge. Based on this

reasoning, we investigate microstrip lines constructed from

ABS with infill ratio down to 25%. In printing studies, we

could not go below 25% infill ratio while maintaining good

print quality in terms of surface roughness and uniformity.

It is also important to note that microdispensing conduc-

tive paste over low infill ratio materials is impossible due

to paste leakage into the structure. Hence, substrate layers

with infill ratios of 100% are necessary under the conduc-

tors. In the printing process, it is possible to make trade-offs

between the nozzle size of the printing tip and overall print-

ing time. However, thicker layers that can be printed with

large nozzle sizes tend to exhibit larger surface roughness.

It is already known from other transmission line geometries

(such as stripline) that losses due to conductors increase sig-

nificantly with surface roughness at higher frequencies [16].

Due to these reasons, 100% infill ratio layers that are directly

under the microstrip conductor are printed using the mini-

mum available thickness of 15 µm. The total thickness of

the 100% infill ratio substrate under the microstrip conduc-

tor is taken as 75 µm (i.e., 5 × 15 µm) since no significant

improvement in surface roughness is observed beyond this

thickness. In this substrate stack-up, the overall thickness of

the 25% infill ratio substrate does not seem to affect the sur-

face roughness of the 100% infill substrate that is directly

under the microstrip line conductor. This allows forming

the 25% infill ratio substrate in thicker layers to achieve

faster printing speed. For the substrate stack-up, the major-

ity of the 25% infill ratio substrate is therefore formed with

printing of 50 µm thick ABS layers. The ground plane is

microdispensed over a 50 µm thick 100% ABS substrate.

Microdispensing of CB028, a silver nanoparticle paste from

DuPont, is the technique used in this manuscript to form the

conductive traces.

B. DESIGN

Thermoplastic materials have lower loss tangent compared

to dielectric inks such as SU-8 (εr = 2.85 and tanδ =

0.04) [17]. However, losses are still higher than standard

materials such as hydrocarbon or PTFE ceramic compos-

ites, and this increased loss can be challenging for high

frequency DDM devices. For high frequency antenna arrays,

feed network losses degrade the RF performance, and heating

caused by these losses restricts the power handling capabil-

ities. These are the main motivators for investigating the

design flexibilities of the DDM process as a whole, not

FIGURE 2. Measured dielectric constant and loss tangent for ABS exhibiting

different infill ratios. Measurements are averaged across the 4.3 GHz – 17 GHz band.

only being based on infill ratio as in references [7], [8], but

also based on geometry and printing directions.

The dielectric property of the ABS can vary with supplier,

color, and frequency [6]. Therefore, before proceeding with

microstrip line designs, ABS filament available within our

lab has been characterized for dielectric constant and loss

tangent values by printing 0.4 × 3 × 6 cm3 sheets and using

a Damaskos 125HC thin sheet tester. Fig. 2. depicts the

measurements within the 4.3 GHz – 17 GHz band. Since

frequency dependency of dielectric constant and loss tangent

is not significant (<0.1%) over this band, Fig. 2 presents the

averaged values of the material properties. ABS with 25%

infill ratio exhibits a dielectric constant and loss tangent

of 1.28 and 0.0027, respectively. As expected, it exhibits

the lowest loss tangent justifying the choice of this infill

ratio ABS for forming the majority of the microstrip line

substrate. On the other hand, ABS with 100% infill ratio

exhibits dielectric constant and loss tangent of 2.39 and

0.0075, respectively.

Following the characterization of the ABS material prop-

erties, we proceed with the design of the microstrip line

geometry. In general, conductor loss decreases with increas-

ing substrate thickness while radiation loss increases. To

investigate this, insertion losses of 10 mm long 50 �

microstrip lines for different substrate thicknesses and infill

ratios are simulated using Ansys HFSS. To achieve 50 �

characteristic impedance for the microstrip line over the

substrate stack-up, line width is parametrically swept to

achieve a return loss value exceeding 30 dB. In these sim-

ulations, conductivity of CB028 silver paste is taken as

1.65 MS/m [13]. Fig. 3 shows the attenuation of these

microstrip lines per unit length at 18 GHz – the highest

frequency of interest for the antenna designs presented in

the following sections. As expected, microstrip lines real-

ized with 25% infill ratio ABS performs the best while at

very thin and thick substrates attenuation becomes almost

equal with the lines realized over 50% infill ratio sub-

strates due to the dominance of conductive and radiation

losses, respectively. Note that microstrip lines are wider

on low infill ratio substrates in order to maintain 50 �
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FIGURE 3. Attenuation of microstrip lines for different substrate thicknesses and

infill ratios at 18 GHz.

characteristic impedance. Microstrip line loss with the 25%

infill ratio substrate remains relatively flat within the range

of 300 to 400 µm substrate thicknesses, demonstrating the

importance of utilizing the best thickness for minimizing

losses. To reduce radiation losses that may occur at line dis-

continuities, we selected the substrate thickness as 300 µm

to implement the microstrip feed lines in the presented

antenna realizations. The lowest simulated loss at 18 GHz is

0.25 dB/cm with the 25% infill ratio substrate, a 0.11 dB/cm

improvement over the best achievable performance with

the optimized 100% infill substrate design. Replacing the

CB028 conductivity with copper’s conductivity of 58 MS/m

in the simulation model shows that the loss at 18 GHz comes

down to 0.08 dB/cm from 0.25 dB/cm. Due to this reason,

increasing conductivity of 3D printed pastes/inks continues

to be an active research area [18], [19].

Another factor that affects the microstrip line attenua-

tion at high frequency is the alignment between the micro

dispensed microstrip line and infill direction of the top

layer (the direction of the 100% infill ratio ABS filaments

deposited to form the top layer that is directly under the

signal line as depicted in Fig. 1). The edge roughness of the

microstrip line due to this misalignment may introduce addi-

tional conductive losses. Reference [20] has demonstrated

that surface roughness dependent on the infill direction

varies the ohmic losses of microstrip lines at microwave

frequencies up to 5 GHz. As frequency increases, it is

expected that the current on the microstrip line will be more

concentrated in the line edges and therefore the effect of

edge roughness will be even more pronounced. Our work

in [13], [21] demonstrates this issue through microstrip line

characterizations, however, microstrip lines were realized

from 100% infill ratio substrates without substrate thickness

vs. attenuation considerations. This manuscript demonstrates

this effect experimentally with microstrip lines that uti-

lize the 25% infill ratio substrate and optimized substrate

thicknesses. Specifically, parallel and perpendicular ABS

deposition directions with respect to the microstrip line direc-

tion are characterized as shown in Fig. 4. Based on this,

the antenna design in Section III utilizes controlled infill

FIGURE 4. Microscope image of (a) the printed microstrip line (b) close-up view of

the tilted surface and the microstrip.

directions within its structure to realize the best radiation

efficiency performance.

C. FABRICATION

High frequency device fabrication requires further precision

as the effect of surface roughness and dimensional varia-

tions are more pronounced than at lower frequencies. The

surface of substrates fabricated by FDM have waviness due

to under-extrusion of the filaments, and this topograph-

ical variation degrades the effective RF conductivity of

traces deposited on top of them. Reference [22] states that

fine-tuning of the extrusion multiplier can achieve smooth

surfaces while avoiding over extrusion. 0.97 is found to be

the best extrusion multiplier in terms of minimizing surface

roughness with the Slic3r slicing software. By incorporat-

ing alternating layer thicknesses and fine-tuning the extrusion

multiplier, 3 µm peak-to-valley height is achieved within rea-

sonable printing time. All presented devices are printed using

an nScrypt 3Dn-Tabletop system including both FDM for

dielectric materials and microdispensing for metallization.

Dimensional variations due to microdispensing are mini-

mized by decreasing single pass line width and printing

speed. For instance, sharper corners are achieved with slower

speeds. For a certain line width, air pressure and printing

speed are adjusted. Specifically, 100 µm wide single pass

lines are microdispensed with 3 psi air pressure at 5 mm/s.

Multilayer structures necessitate good adhesion between

silver paste and thermoplastic layers. First, a slurry of ABS

and acetone is applied to the surface of the 90◦C heated

printer bed to improve adhesion to the bed. This eliminates

the edge warping of ABS for thick structures. The slurry

is also applied on the dried CB028 layers prior to ABS

deposition to improve adhesion. CB028 layers are dried at

90◦C bed temperature for an hour before ABS deposition.

A high nozzle temperature (240◦C) for melting the filament

is also used for good adhesion.

D. CHARACTERIZATION

Microstrip lines are formed with 10 mm total length with

parallel and perpendicular FDM orientation with respect to

the line elongation. Fig. 4 shows the microscope images

for microstrip lines belonging to parallel FDM orien-

tations. A Keysight N5227A PNA Microwave Network

Analyzer is used for taking S-parameter measurements up

to 20 GHz. The line excitations are performed with 650 µm

VOLUME 2, 2021 41



KACAR et al.: 3D PRINTED WIDEBAND MULTILAYERED DUAL-POLARIZED STACKED PATCH ANTENNA WITH INTEGRATED MMIC SWITCH

FIGURE 5. Measured and simulated | S21 | (dB) of 10 mm long microstrip line with

parallel and perpendicular FDM directions.

TABLE 1. Attenuation of transmission lines using additive manufacturing.

pitch ground-signal-ground (GSG) probes. Probe effects are

removed from the measurements by utilizing thru-reflect-

line (TRL) calibration kits that are designed and printed

on the identical substrate stack-up. Fig. 5 depicts the loss

performance of the microstrip line samples. It clearly shows

that FDM orientation with respect to the line length is an

important factor for minimizing the attenuation even though

the line geometry in terms of substrate thickness and infill

ratio is designed to attain the best performance. Specifically,

at the highest end of the Ku-band (i.e., 18 GHz), the loss of

the microstrip line increases by 0.08 dB/cm. An RF circuit

simulator can be employed to show that such increase in

attenuation implies a 60% decrease in the effective RF con-

ductivity. On the other hand, parallel FDM direction with

respect to the microstrip line provides the lowest attenuation.

Curve fitting as shown in Fig. 5 demonstrates that the mea-

sured | S21 | performance corresponds to that of a microstrip

line exhibiting an effective conductivity of 1.75 MS/m at Ku-

band. It is important to note that all characterized microstrip

lines exhibit | S11 | < −25 dB, implying a good impedance

match with 50 � as they are designed.

Table 1 compares the attenuation of the fully

printed microstrip lines reported in this manuscript with

data reported in the literature. Microstrip lines fabricated

by inkjet and aerosol jet printing of dielectric and sil-

ver inks have been characterized in [23], [24] with losses

around 2.8-6 dB/cm at 20 GHz. These jet printed microstrip

lines demonstrate significantly higher attenuation due to high

loss tangent of the dielectric inks utilized in the printing

process. References [25], [26] demonstrate loss improve-

ments with suspended microstrip line geometries that employ

air substrates. Although [25] demonstrates a slightly lower

attenuation than the microstrip lines reported in this work,

the suspended line approach requires more than one printing

platform and is less practical for implementing multilay-

ered antennas, arrays, and feed networks. Microstrip lines

realized over 100% infill ratio ABS have been reported to

perform with 0.19 dB/cm and 0.52 dB/cm attenuation at 3

and 18 GHz, respectively [3], [13]. The microstrip line losses

reported in this work is 0.07 dB/cm and 0.25 dB/cm at 3

and 18 GHz, respectively. At 18 GHz, this is a 0.27 dB/cm

reduction in loss and constitutes the minimum attenuation

reported in the literature for microstrip lines that are fully

printed using a single manufacturing platform.

III. DUAL-POLARIZED STACKED PATCH ANTENNA

Having established the microstrip line geometry for the

antenna feed network, we proceed with the design of the

dual-polarized stacked patch antenna to meet the goals indi-

cated in the introduction section, i.e., impedance matching

bandwidth across entire Ku-band, compact footprint enabling

extension into antenna arrays, dual-polarization and polariza-

tion selection capability. Achieving a good cross-polarization

level and meeting the compact footprint requirement while

employing a cost effective commercial-off-the-shelf SPDT

PQFN switch package (MACOM MASW-008322 DC-

20 GHz SPDT) necessitates embedding the switch within

the antenna structure. Structural embedding of active and

control components is generally costly and challenging with

multilayered PCB technology. On the other hand, DDM may

provide a cost effective approach to realize such embedded

RF electronics. The design of the presented antenna with

the embedded switch is carried out in two major steps

to be able to focus on individual performance aspects:

1) Substrate stack-up and antenna design to maximize

antenna performance without considering the switch pack-

aging (Sections III-A and III-B); 2) Switch packaging

(Section III-C). Experimental verification is provided in

Section IV.

A. SUBSTRATE STACK-UP

Fig. 6(a) shows the substrate stack-up of the antenna.

To achieve a low level of cross-polarization, dual offset

feed lines are utilized over the crossed coupling apertures.

Placement of the feed lines on different sides of the cou-

pling aperture further minimizes the feed line asymmetry

within the vicinity of the coupling apertures. Our recent

work in [13] already demonstrated an aperture coupled single

patch antenna, which can provide 25% impedance matching

bandwidth within the Ku-band when implemented with low
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FIGURE 6. (a) Substrate stack-up under the antenna (switch integration is shown in

Fig. 10). Dashed arrows show the direction of FDM. (b) 2D view of the feed layout (all

dimensions are in millimeters).

infill ratio ABS substrate. An attempt was made to pro-

vide dual polarization capability to this earlier antenna by

resorting to a square patch geometry. However, inclusion of

the crossed coupling apertures and square patch geometry

caused a bandwidth reduction that could not be alleviated by

adjusting the antenna substrate thickness. Consequently, the

antenna was redesigned with the substrate stack-up shown in

Fig. 6(a) to exhibit a stacked patch geometry to provide fur-

ther bandwidth enhancement. The feed substrate thicknesses

are selected as 0.3 mm based on the microstrip line loss stud-

ies presented in the previous section. Antenna manufacturing

is performed from top to bottom starting with the printing

of a 200 µm-thick 100% ABS layer and microdispensing

of the upper square patch. 25% infill ratio ABS layers with

varying thicknesses are utilized as the antenna substrates.

The microstrip feed line at the bottom of the stack-up (i.e.,

1st feed line in Fig. 6(a)) remains exposed to facilitate the

attachment of an edge connector for experiments. 1st feed

line is on the same layer of RF signal input to the SPDT

switch. Its substrate stack-up is based on Section II-A since

FIGURE 7. Simulated reflection coefficients of polarization 1 and 2 and | S21 | (dB).

it may be used to implement long RF feed lines in a full

antenna array implementation. The 2nd feed line is embed-

ded within the structure. Due to the layer printing sequence,

the substrate of 2nd line is printed after microdispensing

of the line conductor. This minimizes the loss by reducing

the substrate material under the line. Therefore, a triangular

prism-shaped void (200 µm wide and 225 µm deep) is cre-

ated under the 100 � lines. The line widths of 2nd feedline

are designed within the full substrate stack-up by perform-

ing two-port S-parameter analysis of 10 mm long lines and

minimizing the return losses. The antenna has 8 dielectric

and 5 conductor layers.

B. ANTENNA DESIGN

First, a single-polarized center-fed aperture coupled square

patch antenna is designed to operate at 15 GHz similar to the

antenna presented in [13]. The antenna substrate thickness of

this design is relatively thick at 2 mm (i.e., λ0/10, where λ0

denotes the free space wavelength at 15 GHz) and it does not

meet the impedance bandwidth criteria. Consequently, the

substrate stack-up is expanded as shown in Fig. 6 to accom-

modate a second square patch element. For this stacked

aperture-patch geometry and initial dimensions, the design

approach reported in [27] is followed to achieve the desired

performance goals. Specifically, mutual coupling between

the two patches and mutual coupling between the aperture

and first patch generate two S11 loci in the Smith chart.

Adjusting the size of the loci results in 45% | S11 | < −10 dB

bandwidth to cover the Ku-band (12-18 GHz). After the

completion of the design for the single-polarized case, the

antenna geometry is modified to incorporate dual offset feed

lines and a crossed slot aperture to provide dual- polariza-

tion capability. Dual-offset feed lines are selected for their

low level of cross-polarization performance [28], [29]. To

improve the impedance matching performance of the second

feed line, the length of the first patch along the second feed

line is also slightly increased.

Fig. 7 presents the simulated | S11 |, | S22 |, and | S21 |

performance of the antenna with feed lines extended to

the switch. It is observed that, for both polarizations, the

antenna operates with more than 45% | S11 | < −10 dB
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FIGURE 8. Simulated realized gain of the dual-polarized aperture-stacked patch

antenna without the switch for both polarizations.

FIGURE 9. (a) Expanded and (b) top view of the switch integration (all dimensions

are in millimeters).

FIGURE 10. Simulated S-parameters of the interconnects.

bandwidth around 15 GHz. The isolation between the polar-

ization feed lines is larger than 28 dB. Fig. 8 presents the

simulated broadside-realized gain as a function of frequency

for both polarizations. Realized gain attains a peak value of

8.6 dBi and 8.4 dBi at 15 GHz. Realized gain is larger

than 6.8 dBi across the impedance matching bandwidth.

Simulated radiation efficiency is 87% and 81% at 15 GHz.

C. SWITCH INTEGRATION

A MACOM MASW-008322 DC-20 GHz SPDT switch in

PQFN package (4×4 mm2) is used to select the polarization

due to its high isolation performance. According to [30], the

FIGURE 11. Top view of the 4 × 4 antenna array.

switch has more than 40 dB isolation up to 20 GHz, and

this is higher than the isolation between antenna feed lines.

Fig. 9(a) shows the substrate stack-up around the switch

from 3D and 2D perspectives. The PQFN switch package

directly lands on the ground plane for minimizing the length

of the cross-layer electrical connections for the feed lines.

This eliminates the need for vias that would run from the

bottom of the PQFN package to the ground plane. The switch

package is also placed close to the antenna element to obtain

a total footprint of 9 × 9.5 mm2. The RF and control pads

of the package are isolated from the ground plane by intro-

ducing a 0.125 mm gap between the conductive traces. The

RF lines are taken to the feed layers #1 and #2 through

a ramped transition as illustrated in Fig. 9. The geometry of

the ramped transitions is parametrically adjusted to achieve

a high return loss. Since feed line #1 and #2 are different

(embedded within the stack-up vs. exposed), the transition

geometries are slightly different from each other. The tran-

sition geometry for the input RF signal line is identical with

Feed line #1 since both microstrip lines are on the same

layer of the substrate stack-up. As shown in Fig. 10, the

return loss is greater than 40 dB for the exposed transition

and greater than 33 dB for the embedded microstrip line

transitions. Insertion losses of the transitions are less than

0.12 dB.

As stated, the overall footprint size including the SPDT

switch makes the antenna element suitable for 2-D array

applications. Although a complete phased array manufac-

turing is beyond the scope of this article, in Fig. 11, we

present a potential layout/model for a 4 × 4 phased array

that can harness the designed antenna element. In this model,

the antenna elements are excited with lumped ports placed

at the switch outputs. In a practical realization, the signal

routing for the array can be carried out in a separate layer

by transitioning the RFIN signal line from each switch. The

design of the RF signal routing should be carried out accord-

ing to the guidelines (i.e., line width, layer thickness, FDM

direction, FDM infill ratio) described in Section II of this

manuscript for feed loss minimization. Fig. 12 depicts the

simulated impedance matching of antenna elements #1, #2
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FIGURE 12. Simulated reflection coefficient of the antenna elements #1, #2 and #3.

and #3. Simulated mutual coupling among the antenna ele-

ments is below 12.4 dB, while the highest coupling occurs

between 2nd feed line of antenna elements #2 and #3.

Simulated broadside realized gain of the array is 16.5 dBi

for polarization 1 and 15.6 dBi for polarization 2, implying

83% and 76% radiation efficiency. The half power beam

width (HPBW) of the array for polarization 1 is 22.4◦ in the

E-plane and 24.7◦ in the H-plane. The HPBW of the array

for polarization 2 is 22.1◦ in the E-plane and 24.8◦ in the

H-plane.

IV. EXPERIMENTAL VERIFICATION

Fig. 13 shows the fabricated antenna with SMA connector,

socket, and switch. Since the switch is not fully embed-

ded within the structure like in [31], a small droplet of

cyanoacrylate glue is used at the corners of the switch

package to prevent it from moving. Likewise, the SMA con-

nector and socket packages are mounted to the edge of the

substrate using glue instead of screws. Electrical connec-

tion from switch pads, SMA connector pin, SMA connector

ground, and socket pins to the microdispensed pads/lines

are made with H20E (a conductive silver epoxy from EPO-

TEK). The assembly is kept in oven at 80◦C for 3 hours

to cure the H20E. Return loss of the antenna is measured

from 10 to 18 GHz using a Keysight E5063A network ana-

lyzer. Fig. 14 shows the comparison of measured reflection

coefficient of the dual-polarized patch antenna for different

switch states. The antenna return loss is greater than 10 dB

between 10.8 GHz-18 GHz for polarization 1, and 11.1 GHz-

18 GHz for polarization 2; whereas, predicted bandwidth is

45% around 15 GHz. The bandwidth of the antenna ele-

ment covers the entire Ku-band as expected. There is a good

agreement between the simulated and measured results con-

sidering that simulated S11 | and S22 | in Fig. 7 do not

include the effect of the switch, connector launch and

connector.

Fig. 15 presents the simulated and measured realized gain

versus frequency and validates the wideband performance.

For realized gain simulations, RFIN and feed line are con-

nected with a mitered bend for each polarization. Switch

FIGURE 13. (a) Top and (b) bottom view of the fabricated antenna (all dimensions

are in millimeters).

FIGURE 14. Measured reflection coefficient (dB) of the dual-polarized antenna for

both polarizations.

FIGURE 15. Simulated and measured broadside realized gain of the dual-polarized

antenna for both polarizations.

loss as a function of frequency obtained from manufac-

turer is subtracted from the simulated realized gain along

with 0.4 dB connector loss. When mounted in a 50 �

transmission line system, the switch exhibits ∼ 1 dB inser-

tion loss at 10 GHz with excellent impedance matching

and isolation characteristics (see data sheet [30] for typi-

cal frequency dependent characteristics). Simulated realized

gain is 6.8 dBi for polarization 1 and 6.4 dBi for polarization

2 at 15 GHz. There is a good agreement between the realized

gain results for both polarizations being within 0.7 dB of

each other.
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FIGURE 16. Simulated and measured (a) polarization 1 E-plane, (b) polarization

1 H-plane, (c) polarization 2 E-plane and (d) polarization 2 H-plane co-polarization and

cross-polarization normalized radiation patterns of antenna at 15 GHz.

Fig. 16 shows the simulated and measured normalized

radiation patterns of the antenna element at 15 GHz. Front-

to-back radiation ratio for polarization 1 is 18.7 dB for

the E-plane and 16.3 dB for the H-plane. For polariza-

tion 2, front-to-back ratios of the E-plane and the H-plane

are 15.6 dB and 14.9 dB, respectively. Aperture radia-

tion contributes to this front-to-back ratio. However, as

demonstrated in reference [31], substrate stack-up can be

further expanded by using DDM capabilities to incorpo-

rate an embedded cavity for minimizing the back radiation.

Cross-polarization gain is lower than the co-polarization

gain by 18.7-18.9 dB for the E-plane and 20.2-23.3 dB

for the H-plane. Due to the agreement between the sim-

ulation and measurement data in radiation patterns and

peak realized gains, radiation efficiencies for polarization

1 and 2 can be estimated to be close to the simulated 87%

and 81% values.

Table 2 provides a comparison between the

antenna presented in this manuscript and additively man-

ufactured antennas available in literature. References [8],

[26], [32] demonstrate a hybrid manufacturing approach

to realize patch antennas. This approach employs additive

manufacturing for antenna substrates, and a dama-

scene process or copper tape for metallization, which

require multiple platforms. Reference [7] demonstrates

a high radiation efficiency fully inkjet-printed patch

antenna utilizing a low infill antenna substrate. However,

this work is realized at lower microwave frequencies,

TABLE 2. Comparison of antennas using additive manufacturing.

where dielectric and conductor losses are not significant.

References [30], [31] present 3D-printed patch antennas

with high radiation efficiency. However, metallization

using ultrasonic wire- embedding requires additional

platforms, and thus is not practical for multilayer structures

and chip integration. References [3], [5] demonstrate

fully-printed dipole antennas on a single platform using

DDM. However, these antennas operate at lower microwave

frequencies.

V. CONCLUDING REMARKS

A fully printed multilayer Ku-band aperture-patch antenna is

presented. The antenna is fabricated with FDM of ABS and

microdispensing of CB028. Custom substrate compositions

are utilized to improve the bandwidth, gain and efficiency

performance of the antenna. A dual-polarized stacked patch

antenna is designed and experimentally characterized to

exhibit 6.3 dBi realized gain at 15 GHz, >80% radiation

efficiency, and operating with 45% | S11 | < −10 dB band-

width. Moreover, the antenna is integrated with a SPDT

switch to provide electronic polarization control. Microstrip

lines with different geometry and material arrangements are

also investigated to minimize line losses. Specifically, fully

printed microstrip lines with 0.25 dB/cm measured insertion

loss at 18 GHz are demonstrated. The line loss is better

than those reported to date in literature. The presented

studies shows that the fully printed Ku-band antennas and

antenna arrays packaged with control RF electronics (such as

switches and phase shifters) is feasible and promising to per-

form with high radiation efficiency and antenna performance

by harnessing the design flexibilities of additive

manufacturing.
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