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Abstract—A substrate integrated coaxial line (SICL) tech-
nology implemented in standard printed circuit board (PCB)
technology is proposed to realize shielded miniaturized mil-
limeterwave (mmWave) components, eliminating spurious feed
network radiation that may influence the antenna array’s radi-
ation pattern. Additionally, coupling to neighboring signal lines
is avoided by the self-packaging characteristic of SICL lines,
thereby minimizing undesired crosstalk in the routing network. A
thorough comparison to more traditional transmission lines, such
as grounded co-planar waveguides (GCPWs), shows excellent
packaging behavior by minimizing radiation and increasing the
routing flexibility between the compact functional components.
Further validation of this technology is done by implement-
ing several essential components for beamforming networks:
a coaxial via transition, a packaged hybrid coupler and an
improved, miniaturized hybrid coupler with direct interfacing.
The proposed shielded coaxial via transition from SICL to SICL
exhibits a measured insertion loss smaller than 0.74 dB in a
broad operational frequency range from 23.75 GHz to 32.5 GHz
(31%), covering the n257, n258 and n261 5G bands. In this
frequency range, the (miniaturized) SICL hybrid coupler has a
measured amplitude imbalance below 1 dB (0.8 dB) and the phase
imbalance does not exceed 6° (3°). The proposed miniaturized
SICL hybrid coupler has a footprint of only 4 mm in diameter.

Index Terms—5G, grounded co-planar waveguide (GCPW),
hybrid coupler, millimeterwave (mmWave), packaged, standard
PCB manufacturing, substrate integrated coaxial line (SICL).

I. INTRODUCTION

NAVIGATING the landscape of ever-expanding wire-
less connectivity, where an explosion in data signals

dominates the spectral future, proper packaging becomes a
paramount aspect of system design. Careful spatial planning
of components and employing self-packaged implementation
techniques stand as pivotal challenges for unlocking the
full potential of the Internet of Everything (IoE) and future
joint-communication and sensing (JCAS) 6G applications [1].
Therefore, an increased focus on inter-component and intra-
component electromagnetic interference (EMI)/ electromag-
netic compatibility (EMC) considerations becomes essential
to ensure reliable functionality of all systems. When targeting
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higher datarates and finer resolutions, it becomes essential
to move up in the frequency spectrum, where the increased
path loss ushers the use of larger antenna arrays to obtain
more gain. In this respect, special care must be devoted to
minimizing spurious radiation from elaborate routing networks
to efficiently distribute broadband millimeterwave (mmWave)
signals to tens or even hundreds of antenna elements. Minimiz-
ing the inter-antenna element coupling to avoid scan blindness
[2], as well as maximizing the transmit (Tx)-to-receive (Rx)
isolation in full duplex systems [3], remain equally important.
Questions arise on how to compactly package this multitude
of subsystems.

Traditional coaxial lines and rectangular waveguides
(RWGs) yield most favorable shielding properties [4], but are
difficult to integrate with standard printed circuit board (PCB)
manufacturing. Substrate integrated waveguide (SIW) offers an
interesting solution, but remains a bulky alternative. Therefore,
grounded co-planar waveguide (GCPW) [5] or stripline [6],
[7] topologies are generally favored as compact solutions with
reduced spurious radiation. Furthermore, GCPW and stripline
technology can be combined to realize compact, low-loss
substrate integrated coaxial lines (SICLs) with good power
handling capabilities [8]. It presents an attractive solution
for packaged systems, owing to its thin profile and excellent
shielding, since it is a planar version of a coaxial line.
However, conventional SICL implementations employ more
elaborate multi-layered PCB technology [9]–[11].

Compact passive multi-beam networks have received a
significant amount of attention as an energy-efficient and
low-complexity alternative for active beamforming integrated
circuits (ICs). To this end, Butler [12]–[14] and Nolen ma-
trices [15]–[17] have been proposed, among other solutions.
The implementation of beamsteering networks often relies
on a combination of fundamental building blocks, such as a
crossover and a hybrid coupler. Miniature crossovers often
consist of multi-layer designs [18]. Several miniaturization
techniques for hybrid couplers have been proposed in literature
below mmWave frequencies [19]–[24]. However, upscaling
these designs towards mmWave frequencies and beyond proves
cumbersome when aiming for PCB-compatible implementa-
tions, as a result of increasingly stringent fabrication limits
and tolerances.

This paper proposes a novel, cost-effective manufacturing
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procedure for SICLs, based on the assembly of multiple cost-
effective single-layer PCBs, fabricated with standard manufac-
turing technology and compatible with assembly techniques as
presented in [25]. Signal lines are locally soldered to obtain
galvanic contact, significantly reducing the cost while not
compromising the shielding nor increasing undesired spurious
radiation. We have designed, fabricated and characterized
several fundamental components for beamsteering and routing
networks to validate our advocated solution. These include
a coaxial via transition interconnecting a pair of SICLs in-
tegrated on different layers, a packaged self-shielding hybrid
coupler, and an improved miniaturized hybrid coupler. The
coaxial via transition provides decoupling of the signal traces
with respect to the 3D-GCPW transition of [26]. Additionally,
our proposed SICL-to-SICL transition is suited for advanced
routing networks, whereas the GCPW-to-SICL transition is
preferred for chip interfacing.

This manuscript substantially expands the conference pa-
per [27] by investigating the loss mechanisms of GCPW and
SICL more into depth, considering several trace and gap
width combinations that are matched to 50Ω. Furthermore, the
extended manuscript showcases a novel packaged miniaturized
hybrid coupler, which leverages the compact SICL technology
to obtain a footprint of only 4mm in diameter. Owing to
its excellent component-to-routing isolation, the component
allows incoming feed lines from any direction.

The remainder of this paper is organized as follows. In
Section II, we introduce the proposed fabrication technology.
Section III first performs an elaborate comparison between
GCPW and SICL transmission line technology. Thereafter, a
transition from SICL to SICL is proposed. Our design is an-
alyzed and compared to measurements. Next, two quadrature
hybrid coupler implemented in SICL technology, including a
transition from SICL to GCPW for measurement purposes,
are presented. In Section IV, the conclusion summarizes the
measured performance of all aforementioned components.

II. SICL-BASED PACKAGING TECHNIQUE

To avoid EMI/EMC problems, the development of reliable
mmWave systems requires self-shielded packaging of com-
ponents that may generate undesired radiation, inter-antenna
element coupling or crosstalk in the routing network. In this
respect, this section describes a cost-effective manufacturing
procedure for compact and self-shielded mmWave components
implemented in SICL technology. Specifically, the analysis
focuses on the operating frequencies from 20GHz to 35GHz,
thus including several important mmWave 5G bands, being the
n257 band (26.5-29.5GHz), the n258 band (24.25-27.5GHz),
and the n261 band (27.5-28.35GHz).

We propose stacking multiple single-layer PCBs manufac-
tured through standard fabrication, as an alternative for the
multi-layer approach in [25]. As shown in Fig. 1, the proposed
manufacturing procedure implements the SICL technology
by means of two single-layer PCBs, based on a 0.254mm-
thick RO4350B high-frequency laminate with 35µm-thick
conductor layers, including an electroless nickel immersion
gold (ENIG) surface finish. The bottom PCB (PCB 1) contains
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Fig. 1. (top) Layout with dimensions indicated in millimeter of two parallel
GCPW lines, consisting solely of PCB 1 and (bottom) two self-shielded SICL
lines by assembling PCB 1 and PCB 2.

a traditional GCPW signal line with adjacent ground planes at
both sides, connected to the bottom ground plane by rows of
vias, 0.25mm in diameter, and spaced by a center-to-center
distance of 0.5mm to suppress field leakage in the frequency
range under consideration [28]. Another PCB (PCB 2), with
identical grounding structures but without the signal conductor,
is then added on top of the GCPW-PCB (PCB 1). Both PCBs
are aligned and assembled by means of screws and bolts. As
proof of concept, the signal lines’ transitions to other layers
are locally manually soldered and reflowed to ensure galvanic
contact. The assembly of both PCBs results in a total thickness
of 0.648mm for the SICL line implementation.

Packaging passive components by using our advocated SICL
transmission line technology avoids EMI/EMC problems by
eliminating radiation and undesired coupling, while maintain-
ing all the advantages of GCPW technology. The technology
exhibits good power handling capabilities [8], while keeping
the footprint small. Since the fields are concentrated around
the signal conductor, radiation and crosstalk between adjacent
lines are minimized, as shown in the next section. Compared
to their GCPW variants, an additional advantage of the SICL
technology, introduced by the increased effective relative per-
mittivity, is the miniaturization of all components.

III. FUNCTIONAL COMPONENTS

This sections starts with a thorough comparison between
two routing technologies: GCPW and SICL. Additionally, as
essential building blocks for beamsteering networks [12]–[14],
two important passive mmWave components are implemented
in SICL technology, being a multi-layer transition for routing
and a hybrid coupler to obtain correct phase shifts. Finally,
a miniaturized hybrid coupler with improved component-to-
routing isolation is presented with a footprint smaller than
4mm in diameter. All simulations are carried out using the fre-
quency domain solver of full-wave simulator CST Microwave
Studio.

A. GCPW Compared to SICL

The advantages of the proposed packaging solution are high-
lighted by comparing the performance of traditional GCPW
interconnects with the proposed SICL transmission lines. To
this end, two adjacent 1 cm-long lines are spaced 2mm apart.
The GCPW is matched to 50Ω by employing a trace width
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(Tw) of 0.416mm, while the SICL requires a trace width of
only Tw = 0.285mm for matching, owing to its increased
effective relative permittivity. Both lines have a fixed gap width
of Gw = 0.2mm between the signal conductor and the ground
planes next to it. All ground patterns are connected to the
bottom ground plane by vias of diameter 0.25mm, spaced
at 0.25mm from each other and located at 0.15mm from
the copper edge. The simulation model of Fig. 1, including
a surface roughness of Ra = 300 nm (based on surface
roughness measurements of prototypes), yields the scattering
parameters shown in Fig. 2.
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Fig. 2. Comparison of NEXT and FEXT crosstalk in parallel GCPW (solid)
and SICL (dashed) lines of 10mm long with 2mm separation.

The SICL exhibits a significant overall improved perfor-
mance in terms of NEXT and FEXT by more than 80 dB.
Furthermore, the reflection coefficient of the GCPW remains
below −30 dB, while the SICL’s reflection coefficient remains
below −40 dB. This results in transmission line losses between
0.15 dB at 15GHz and 0.45 dB at 35GHz for the GCPW
lines, while this is reduced in case of SICL technology:
0.15 dB at 15GHz to 0.3 dB at 35GHz.

0.15 0.20 0.25 0.30 0.35 0.40

Gw (mm)

0.0

0.2

0.4

T
w

(m
m

)

0.381

0.263

0.416

0.285

0.449

0.303

0.462

0.308

GCPW SICL

Fig. 3. Trace width (Tw) required to match GCPW and SICL transmission
lines to 50Ω as a function of the gap width (Gw), illustrating the miniatur-
ization effect.

As illustrated in Fig. 3, several trace width (Tw) and
gap width (Gw) combinations lead to a 50Ω characteristic
impedance for the GCPW and SICL, with each combination
offering a different trade-off in terms of footprint and ro-
bustness against fabrication tolerances. It can be concluded
that, for each considered gap width, the SICL is slightly
miniaturized with respect to the GCPW as a result of the
increased effective relative permittivity. The trace and gap
widths considered in Fig. 3 are used to perform the loss
analysis in Fig. 4, which report the percentage of conductor
loss, dielectric loss and radiation loss of both the GCPW and
SICL configurations introduced in Fig. 1. For both the GCPW
and SICL, a larger gap width requires a slightly larger trace
width to maintain a 50Ω characteristic impedance, leading to
a decrease in conductor loss and a minor increase in dielec-
tric loss. The most prominent influence is observed for the
radiation loss in case of GCPW. Decoupling of the trace and
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Fig. 4. Comparison of simulated (top) conductor, dielectric and radiation loss
and (bottom) total loss for GCPW (blue) and SICL (red) in simulation, for
several combinations of trace widths and gaps, all matched to 50Ω.

the adjacent ground planes by making the dimensions larger,
results in significantly more radiation since we evolve more
towards microstrip line technology, especially above 30GHz.
Similar dielectric losses are found for the SICL and GCPW
lines. Nevertheless, an increased conductor loss is expected
with respect to GCPW lines, since the SICL transmission line
is encapsulated by additional conducting walls and given the
smaller central conductor cross-section due to the increase
in effective relative permittivity. Yet, most importantly, the
radiation losses were eliminated, which is especially critical
at higher frequencies. Therefore, shielded transmission lines,
such as SICL, become increasingly important for mmWave fre-
quencies and beyond, as shown in Fig. 4 (bottom). Moreover,
SICL implementations allow stacking multiple routing layers
on top of each other without EMI issues. Simulations with a
shared wall of vias between two parallel lines in the advo-
cated SICL technology show no degradation in performance,
enabling further miniaturization of the routing networks. The
simulated isolation between minimally spaced parallel SICL
lines remains larger than 100 dB and the total width in Fig. 1
is reduced by 0.765mm, corresponding to a reduction of 22%
in this case.

As shown in Fig. 5, the measured average insertion loss of
0.075 dB/mm in case of SICL is only slightly higher than
the average 0.065 dB/mm obtained for GCPW. The slight
deviation can be attributed to the ENIG surface finish, which
is not included in simulation. Comparable insertion loss is
demonstrated for GCPW and SICL lines. However, the SICL
line shows a more compact footprint and exhibits a self-
shielding property, avoiding undesired radiation or crosstalk.
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Fig. 5. Comparison of the measured losses per millimeter as a function of
frequency for GCPW and SICL lines, matched to 50Ω with Gw = 0.2mm,
integrated on a 10mil RO4350B substrate with ENIG surface finish.

B. Coaxial Via Transition

First of all, being a fundamental component, a 50Ω coaxial
via transition is designed for minimal insertion loss. Fig. 6
shows the layout of this transition including a 1mm-long
SICL line. A photo of the four single-layer PCBs, employed
to assemble the prototype, is shown on the right of Fig.
7. To enable characterization by means of a vector network
analyzer (VNA, Rohde & Schwarz ZNA67), the two SICLs
are interfaced by GCPW sections through coaxial transitions,
integrated on PCB 1 and PCB 4. The entire test fixture, which
includes the VNA’s measurement cables, the 2.40mm coaxial
end-launch connectors (Southwest Microwave) mounted on
PCB 1 and PCB 4, the GCPW sections and the coaxial
transitions towards the short SICLs, is de-embedded by means
of thru-reflect-line (TRL) calibration. As shown in Fig. 7, the
TRL procedure moves the VNA’s calibration planes as close
as 1mm to the actual coaxial SICL-to-SICL via transition’s
center, allowing accurate comparison to the simulation model,
shown in Fig. 6. The resulting simulated and measured S-
parameters are displayed in Fig. 8.
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Fig. 6. Coaxial via transition from SICL to SICL with annotated dimensions
in millimeter, with Tw the trace width and Gw the gap width of the SICL.
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Fig. 7. Fabricated prototype parts before assembly of the coaxial via transition
from SICL to SICL with annotated calibration planes in red.

The measured insertion loss remains within the range
0.55±0.15 dB from 24GHz to 30GHz, while the reflection
coefficient stays below −13 dB. This is a slight increase
compared to the simulated 0.3±0.1 dB insertion loss, caused
by the surface finish, whose effect is absent in the simulation
model. The proposed coaxial transition is highly suitable to
realize compact routing networks, since the signal conductors
on different layers may be rotated in any direction, without
performance loss. To this end, the ground plane between the
signal conductors on both layers and the 50Ω-match of the
coaxial via transition are crucial.
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Fig. 8. SICL-to-SICL coaxial via transition: simulated (dashed-dotted) and
measured (dashed) reflection coefficient; simulated (dotted) and measured
(solid) transmission coefficient.

C. Hybrid Coupler

Next, we demonstrate a packaged hybrid coupler based on
SICL-technology, including a transition towards GCPW for
measurement purposes, as presented in Fig. 9. The component
is fed by a 2.2mm-long GCPW section, remaining after TRL
calibration, which in turn transitions into a 3.5mm-long SICL
line at all four ports, before connecting to the actual hybrid
coupler design. The corresponding unassembled fabricated
prototype is displayed in Fig. 10.

Similar to the design procedure of a classic square branch
line coupler, the impedances Z0 of the transmission lines are
initially (denoted by i) set to Z0,i1 = 50Ω and Z0,i2 =
Z0,i1/

√
2 = 35.4Ω [29]. During optimization, a constraint

is imposed on the trace width (Tw) and gap width (Gw)
combinations, by fixing the total width of the trace and twice
the gap for both impedances : Tw1 +2·Gw1 = Tw2 +2·Gw2.
After optimization for minimal amplitude and phase imbalance
(indicated by opt), we obtain a trace width of Tw = 0.3mm
and a gap width of Gw = 0.395mm for the high-impedance
lines of Z0,opt1 = 50.7Ω, and we get Tw = 0.28mm and
Gw = 0.53mm for the low-impedance lines of Z0,opt2 =
35.4Ω. The core layout of the optimized quadrature hybrid
coupler with dimensions indicated in millimeter is shown in
the middle of Fig. 9 on the bottom conductor of PCB1. The
total design, including transition lines towards GCPW for
measurement purposes, fits within a footprint of 13.6mm x
13.6mm x 0.648mm, which corresponds to 1.27λ0,28GHz x
1.27λ0,28GHz x 0.06λ0,28GHz expressed as a fraction of the
free space wavelength at 28GHz, denoted as λ0,28GHz .

Again, a TRL procedure is followed during the measure-
ments to de-embed the test fixture, which includes the coaxial
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Fig. 10. Fabricated prototype parts before assembly of the proposed SICL-
based hybrid coupler with GCPW transition.

end launch connectors and the extended GCPW interconnects,
such that the VNA’s calibration planes are located close to the
device-under-test (DUT), as annotated in Fig. 10. The resulting
measured S-parameters (top), amplitude imbalance and phase
difference (bottom) are presented in Fig. 12. The measure-
ments correspond very well to the simulation, with a measured
excess insertion loss of 1.2±0.25 dB in the frequency band
ranging from 26.5GHz to 29.5GHz (n257), on top of the
intrinsic 3 dB power split loss, which is slightly higher than
the simulated value of 0.7±0.4 dB due to the employed surface
finish.

Fig. 11. Measurement setup of the assembled hybrid coupler prototype.
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Fig. 12. (top) The measured S-parameters, (bottom) the measured (solid) and
simulated (dashed) amplitude imbalance (AI) and phase difference (PD) of
the hybrid coupler in SICL technology with transition to GCPW.

Simulations indicate that the influence of an air gap between
the individual PCBs is negligible, since a 5µm-gap between
both PCBs amounts to a maximal additional loss of 0.1 dB
over the entire frequency range. The measured amplitude
imbalance between both output ports remains smaller than
0.5 dB from 26.5GHz to 29.5GHz (n257), while the phase
imbalance stays below 6°.

D. Miniaturized Hybrid Coupler

The quadrature hybrid coupler proposed in the previous
subsection, which transitions towards GCPW for measurement
purposes, is interesting when developing a circuit on a single
SICL layer, since the different SICL components can be
placed in close proximity. However, when only a single hybrid
coupler is required and the available surface area is limited,
which often occurs in beamsteering circuits, a more area-
efficient implementation can be devised. As shown in Fig.
13, a miniaturized hybrid coupler with direct interfacing to
another SICL or GCPW layer is implemented by leveraging
an additional isolation PCB layer (PCB 2).
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After optimization for minimal amplitude and phase imbal-
ance (denoted opt) of the proposed compact hybrid coupler
topology by means of the frequency solver of CST Microwave
Studio, we obtain a trace width of Tw = 0.27mm and a gap
width of Gw = 0.4mm for the high-impedance line Z0,opt1 =
53.7Ω, and we get Tw = 0.275mm and Gw = 0.52mm
for the low-impedance line Z0,opt2 = 35.8Ω. The prototype
single-layer PCBs before assembly are shown in Fig. 14.
After TRL de-embedding, with the port planes indicated in
Fig. 14, the calibrated measurements correspond very well
to the simulation results, as can be observed from Fig. 15.
The measured excess insertion loss amounts to 0.8±0.3 dB
from 26.5GHz to 29.5GHz, in addition to the intrinsic
3 dB power split. The measured reflection coefficients remain
below −15 dB in this frequency range, while the input and
output port isolation exceed 20 dB. The phase imbalance is
smaller than 3° and the deviation from the ideal 90° phase
difference between the output ports is less than 7° in all
considered 28GHz 5G bands (24.25GHz-29.5GHz). In this
frequency range, the measured amplitude imbalance remains
below 0.72 dB. The deviation is less than 2° for the n257
frequency band (26.5GHz-29.5GHz), where the measured
amplitude imbalance stays below 0.4 dB.

The main advantage of this topology remains the completely
packaged and self-shielded layout by using SICL technology,
thereby avoiding EMI/EMC issues. Additionally, the direct
interfacing not only minimizes the footprint to only 4mm
in diameter, but it also improves the routing flexibility sig-
nificantly. Since the feed lines are completely shielded from
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Fig. 14. Fabricated prototype parts before assembly of the proposed minia-
turized SICL-based hybrid coupler.
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Fig. 15. (top) The measured S-parameters, (bottom) the measured (solid) and
simulated (dashed) amplitude imbalance (AI) and phase difference (PD) of
the miniaturized hybrid coupler.

the quadrature hybrid coupler, they can be rotated, and they
can interface with the functional component from any possible
angle. Moreover, when striving for extremely compact designs,
the input and output signals are often routed on different
PCB layers. The proposed topology can be altered slightly,
such that the input lines connect from above and the output
lines interface from below, without modifying the component’s
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characteristics. Since the miniaturized hybrid coupler is on
another layer than the routing signals, an increased amount of
routing space is available, simplifying the final layout process.

IV. CONCLUSION

This paper presented a cost-effective fabrication process
to realize highly shielded substrate integrated coaxial lines
(SICLs), based on the assembly of single-layer standard
printed circuit boards (PCBs). Over a frequency range of
20GHz to 35GHz, the average measured insertion loss of
a SICL transmission line equals 0.075 dB/mm, where the
insertion loss is 0.065 dB/mm at 20GHz and 0.08 dB/mm
at 35GHz. The proposed SICL-to-SICL transition has a mea-
sured average insertion loss of 0.55 dB. More specifically, the
measured insertion loss amounts to 0.46 dB at 20GHz and
0.73 dB at 35GHz.

The proposed SICL-based quadrature hybrid coupler with
transition towards grounded co-planar waveguide (GCPW) for
measurement purposes fits within a footprint of 12.5mm x
12.5mm x 0.65mm. It works optimally for the n257 fre-
quency band (from 26.5GHz to 29.5GHz), where it exhibits
an excess insertion loss of 1.2 ± 0.3 dB, on top of the
3 dB power split, and a phase imbalance not exceeding 6°.
This design is further miniaturized into a completely shielded
hybrid coupler with direct feed interfacing, increasing the
routing flexibility. The miniaturized hybrid coupler fits within
a footprint of 4mm x 4mm x 0.97mm, while the measured
excess insertion loss remains below 1.2±0.6 dB and the phase
imbalance does not exceed 3° for a large frequency range from
23.75GHz to 32.5GHz. This makes our proposed miniatur-
ized hybrid coupler suitable for compact, broadband and cost-
effective integration into future communication systems.
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