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Abstract: In this paper, the performance, advantages and challenges of polymer microwave
fibers (PMF) for sub-THz links are evaluated first. Then, a simple and elegant transceiver-
integrated circuit (IC) and PMF wireless coupling scheme is presented. The proposed
solution utilizes an advanced IC packaging technology to implement a Vivaldi antenna-in-
package (AiP). The antenna is designed to provide lateral radiation and excellent directivity,
so the proposed solution is very simple, compact, robust and cost-efficient: the IC readily
connects to the PMF and the coupling is merely achieved by the packaged IC, without the
need for any extra interface. The system operates at around 140 GHz, achieving a coupling
loss of just 3.5 dB.

Keywords: advanced IC packaging; antenna-in-package (AiP); high data rate; polymer
microwave fiber (PMF); Vivaldi antenna; embedded wafer level ball grid array (eWLB)

1. Introduction

Modern communication concepts such as those required for IoT and fully autonomous
vehicles demand high volumes of data transmission. The ever-improving semiconductor
technology offers the opportunity for high-data-rate wireless and non-wireless systems
utilizing higher carrier frequencies in the sub-THz frequency domain [1-3]. For wireline
communication links, two major solutions exist: copper and optical. For very long-distance
and very high-speed links, expensive optical fiber solutions prevail. For medium-long-
range links and low to medium speeds, copper is the most cost-efficient solution.

On the other hand, when it comes to low/medium distances and high data rates, the
optical fiber becomes an expensive solution, whereas copper-based wired links are limited
due to the increased impact of the skin effect at high frequencies [4]. Figure 1 clearly shows
the limits of copper-based wired links, as a bit rate of 10 Gbps is impossible for a link longer
than 5 m. Active copper cables can overcome the speed limitations [5]. However, they are
hindered by energy efficiency limitations as the energy per bit rises over medium-distance
links. The dielectric fiber waveguides proposed in recent years [6-22] provide an attractive
and efficient solution, as shown in Figure 2.

Polymer fibers are very cheap and easy to produce, while they exhibit dielectric losses
that are significantly smaller than those of their copper counterparts for short- and medium-
range distances. Operation in the sub-THz frequency band (0.1-0.4 THz) is feasible and
efficient through the polymer waveguide, while the attenuation is in the 1-5 dB/m range [6].
The extremely high carrier frequency guarantees very broadband communication channels,
and this, in combination with the low attenuation and dispersion properties of the polymer
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fibers, ensures high data rates (in the range of 10 Gbps and beyond). It is worth noting
that PMF links are applicable not just in the field of telecommunications but also in remote
sensing, as discussed in reference [20].
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Figure 1. Bit rate vs. maximum cable length of a single copper wireline [5].
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Figure 2. Bit energy per meter versus the maximum reach of commercial and research electrical links
(blue diamonds) and commercial optical links (red circles) [23].

A key issue in the implementation of a polymer fiber waveguide solution is the way
in which the fiber is coupled to the signal source/sink, i.e., the IC RF frontend. Various
solutions have been proposed for this, including a micromachined interface and a wireless
interface [8-11,18]. In all cases, the setup is either complex or suffers from mechanical
stability issues and /or poor electrical performance.

In this paper, an overview of the performance of various polymer microwave fiber
geometries is presented and evaluated first. Next, emphasis is placed on the wireless cou-
pling solutions between the transceiver IC and the PMF. To this end, a compact, robust and
very cost-efficient implementation is proposed, employing an antenna-in-package (AiP).

This paper is organized as follows. Section 1 presents a short introduction regarding
the need for polymer microwave fiber (PMF) links, as well as our proposed implementation.
In Section 2, an overview of polymer microwave fibers is presented, where we discuss
how the design factors of the PMF affect its performance. In Section 3, the design process
of the proposed coupling structure is shown, along with the results of EM simulations.
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In Section 4, we demonstrate the measurements of the implemented coupling structure
between the PMF and the IC. Lastly, Section 5 draws the conclusions.

2. PMF Overview

This section explores the materials and manufacturing processes used in PMFs, along
with their propagation characteristics and electrical performance. Additionally, simulation
results are presented to evaluate the PMF’s effectiveness in various applications.

2.1. PMF Materials and Processes

The polymer microwave fiber or PMF can provide a directional transmission channel
for mm-wave transmission and decrease the path loss significantly. It can be regarded
as a unique type of dielectric waveguide that is flexible, cheap and usually produced
from polymers such as polystyrene, polyethylene, polypropylene and Teflon (PTFE) [24].
These polymer materials have, as a common attribute, a low dielectric loss tangent in
the order of 10~* and a relatively low relative dielectric constant between 2 and 3, which
makes them a perfect candidate for sub-mm-wave applications. Lower or higher relative
dielectric constants lead to a larger or smaller PMF cross-section, respectively. Moreover,
polymer materials exhibit very low material dispersion, which enables the use of PMFs for
broadband links.

In conclusion, due to the aforementioned design process, the PMF allows a data link
with more relaxed mechanical tolerances, leading to a more robust, lower-cost product.

2.2. PMF Propagation Characteristics

The key measures of a PMF’s electrical performance are the attenuation and dispersion.
The attenuation reflects the power losses inside the dielectric, while the dispersion reflects
the phase distortion of the propagating modes.

2.2.1. Attenuation

The attenuation of a PMF is affected by multiple factors. For a given frequency
band, the attenuation constant depends on the geometry and the material of the PMF.
Consequently, a PMF is designed to operate in a specific frequency band. Moreover, for
a given geometry, the attenuation of the PMF is frequency-dependent. As the frequency
increases, the attenuation increases as well. Moreover, the attenuation is affected by the
dielectric loss tangent of the core and cladding materials, although the core material has a
higher impact on the attenuation, as most of the field is propagating inside the core.

To minimize the attenuation of the PMF, we must consider two key aspects of the
waveguide’s design. First, we must select a material with a low dielectric loss tangent.
Second, we need to find the ideal conditions of operation, where the attenuation is at
its lowest value, while, simultaneously, good field confinement is obtained. This can be
achieved by carefully adjusting the cross-sectional area of the PMF. In Equation (1), the
attenuation of a PMF is shown [25,26]:

0= nR%tan(S [W} )

where R is the geometric loss factor and shows how the field confinement affects the
attenuation. As the field is concentrated inside the core (the geometric loss factor becomes
higher), the attenuation increases. However, the waveguide is less prone to bending and
other mechanical strains, which is very important for practical applications. An example
with two rectangular PMFs of different cross-sectional areas at 140 GHz is shown in
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Figure 3a,b, respectively. The PMF with the larger cross-sectional area (Figure 3a) exhibits
stronger field confinement, as described earlier.
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9800
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7840
6860
5880
4900

Figure 3. E-field distribution of a rectangular cross-section core PMF: (a) 2 mm x 1 mm and
(b) 2 mm x 0.5 mm.

2.2.2. Dispersion

In PMFs, three types of dispersion are usually considered [13]: waveguide dispersion,
material dispersion and modal dispersion. Waveguide dispersion occurs when a nonlinear
change in the phase constant of the propagating wave is present. This is observed for
every propagating mode of the PMF near its cutoff frequency. To avoid this nonlinearity in
the dominant mode of propagation, the PMF must operate at a frequency band that is far
from the cutoff frequency of the dominant mode. To further reduce waveguide dispersion,
more complex methods can be implemented. Material dispersion is an intrinsic property of
the dielectric, where the dielectric constant of the material varies over the frequency. For
dielectric materials such as PTFE, polyethylene or ceramics, the dielectric characteristics—
the permittivity and the dielectric loss tangent—are relatively constant over a large band
of frequencies [25,26]. Finally, modal dispersion occurs when multiple modes exist in the
waveguide. This kind of dispersion is very important as it introduces a tradeoff between
multi-mode and single-mode operation. On one hand, by operating the PMF in a single
mode, we limit the effective bandwidth of the structure, and the system is more prone to
waveguide dispersion. On the other hand, by allowing multiple modes to propagate in the
PME, we achieve a higher bandwidth and lower waveguide dispersion for the dominant
mode, but we introduce modal dispersion due to the different group delays of each mode.

2.3. PMF Electrical Performance Simulation Results

By utilizing one of the aforementioned polymer materials, the attenuation of an ap-
propriately designed PMF is less dependent on its structure selection, as the inherently
low dielectric tangent of such materials guarantees low-loss propagation. However, the
dispersion and field confinement of the PMF are strongly influenced by the PMF’s ge-
ometry. To demonstrate this, we present an investigation of the performance of various
PMF structures.

The four examples that we choose to present are based on common dielectric waveg-
uide geometries, such as the cylindrical dielectric rod [4] and the rectangular cross-section
dielectric [27]. More specifically, the following geometries are considered: (1) a hollow-core
cylindrical PMF; (2) a hollow-core rectangular PMF; (3) a solid-core rectangular PMF; and
(4) a ribbon PME. These four PMF geometries are depicted in Figure 4.
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Figure 4. PMF cores evaluated.

All four PMF structures consist of a polyethylene core (¢, = 2.35 and tané = 8 x 107°)
and foam polyethylene cladding (e, = 1.36 and tand = 5 x 10~°) and are designed for
single-mode operation in the 110-170 GHz band. In Table 1, the PMFs’ core dimensions
are shown, while each PMF has cladding with a 6.8 mm diameter. All simulations were
executed in the ANSYS HFSS 3D EM simulator.

Table 1. Dimensions of the PMF geometries.

PMF Structure Dimensions

Rin = 0.5 mm

Hollow-core cylindrical PMF Rout =1 mm

h=0.6 mm
Hollow-core rectangular PMF w=24mm
wall thickness = 150 pm
Solid-core rectangular PMF i =05 mm
w=2mm

w = 3.2 mm

Ribbon PMF h=0.32mm

In Figure 5, the attenuation and the group delay of the four structures are shown,
in TE11 mode for the three rectangular cross-sections and HE11 mode for the circular
cross-section. In the single-mode region of operation, weaker field confinement, as shown
for the hollow-core rectangular PMF, leads to lower attenuation and group velocity disper-
sion (GVD), as most of the guided wave’s power is propagating in free space. However,
a strongly confined field offers much better coupling in terms of insertion loss, which
overpowers the small increase in attenuation and dispersion.

It is important to note that the rectangular cross-section PMF supports two families
of modes. For this analysis, only the TE-like mode family was investigated, for two main
reasons: (1) the TM-like modes are suppressed due to the coupling mechanism (as will
be shown later in this paper) and (2) the two mode families are orthogonal to each other,
meaning that the TM-like modes do not affect the performance of the TE-like modes, and
vice versa, in terms of dispersion. This is based on Marcatili’s assumption [27], which states
that the Ex component of the TE-like modes is greater than the Ey component, which is
approximately zero, and vice versa for the TM-like modes. This causes the orthogonality of
the two mode families and, as a result, allows for full duplex links in rectangular PMFs [15].
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Figure 5. Simulation results in terms of the PMF attenuation and group delay, including the delta of
the group delay (group delay variation or GDV).

All four PMF structures exhibit similar attenuation, but the field confinement of each
structure introduces a tradeoff between the group delay variation and coupling robustness.
As we will see later in this paper, the solid-core PMF indeed presents lower coupling losses,
and this makes it the most suitable solution for short-to-medium-distance links. Note that
the constant coupling losses of the link have a greater impact than the group delay variation
and attenuation.

To facilitate feasible communication connections, the PMF should possess the ca-
pability to create bends with a minimal curvature radius. The nonlinearity in how the
propagation constant changes with the frequency leads to waveguide dispersion. Waves
that propagate with a propagation constant similar to that of the cladding material have
a field distribution mainly confined to the covering. Any disturbance in this field can
cause the mode to transform locally into a radiating one, resulting in additional losses.
An important scenario where these radiation losses occur is during bending, especially
at lower frequencies (modes with lower propagation constants), as illustrated in Figure 6.
Increasing the frequency enhances the guiding behavior of the PMF. In instances where
small radii are involved in an application, the losses incurred during bending should be
accounted for in the communication system’s link budget.

: 140GHz

E Field [V/im]
Max: 15675.896

16000
. 14400
12800

11200

9600
I
6400

4800

Y

Figure 6. Simulation results in terms of the field distribution of a 90 deg bent PMF at 100 GHz and
140 GHz.
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Attenuation [dB]

Following the investigation of the PMFs’ propagation performance, we conducted
additional simulations to investigate the effect of the metal coating or shielding of the PMF.
In this context, the metal coating could be used to enable the electromagnetic isolation of
the PMF from the surrounding environment, while keeping the propagating field confined
to the PMF. However, a metal coating provides no benefit in a foam-cladded PMF since the
cladding already shields the PMF core. On the other hand, if the foam cladding is bypassed
and the PMF core is directly coated with metal, then the resulting waveguide is no longer a
dielectric waveguide, as with the PMF, but a metallic waveguide with a polymer filling,
which leads to much higher attenuation, as illustrated in Figure 7. Here, we simulated the
hollow-core cylindrical PMF with a thin aluminum coating with a thickness of 700 nm,
which is greater than the skin effect depth in the D-band (110-170 GHz).

10

Without metal coating
— With metal coating

0
110

120 130 140 150 160 170
Freq [GHz]

Figure 7. Simulation results in terms of the attenuation of the rectangular cross-section PMF with and
without a metal coating.

3. PMF-AiP Coupling

RF-over polymer applications require coupling between the transceiver mm-wave IC
(MMIC) and the PMF. Multiple solutions have been proposed in [6-10], such as MMIC
couplers and on-chip antennas. A promising solution appears to be the antenna-in-package
(AiP) [16], which is further investigated in this work.

Our proposed design provides an in-package solution for the IC-to-PMF coupling
problem that does not suffer from electrical/mechanical performance issues, such as PMF
displacement, while it is simple and cost-effective. For the implementation of this solution,
the embedded wafer level ball grid array (eWLB) advanced packaging technology [28] is
employed: a variation of a two-dimensional Vivaldi antenna is designed in the fan-out area
of the eWLB, and the antenna is used to wirelessly couple the (packaged) IC to the PMF.
The antenna was selected and designed to provide lateral radiation, so, instead of using a
perpendicular configuration of the IC-PMF pair, a neat coplanar solution is provided. The
solution is very simple and highly integrated: the IC readily connects to the antenna, taking
advantage of the eWLB construction, so the coupling is merely achieved by the packaged
IC, without the need for any extra interface. The implementation of the IC-to-PMF coupling
is achieved without any extra cost and without compromising the performance.

The proposed structure implies the use of an antenna with high lateral directivity to
ensure minimal coupling loss between the IC and the PMF. Although the term “antenna”
implies a far-field analysis, it is important to mention that the proposed structure utilizes an
antenna in near-field operation. As a result, optimization with the presence of the PMF is
needed. The lateral antenna coupling offers low coupling losses and higher antenna-PMF
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alignment tolerance in comparison to perpendicular coupling. In addition, by utilizing a
lateral coupling PMF, bending losses are fully avoided as no bending is required to turn
the PMF to the correct direction for the application.

3.1. Packaging Technology Characterization

A key aspect of the coupling’s performance is the electromagnetic behavior of the
packaging technology. The packaging technology that was used for our design is the e WLB
package [28-30]. In Figure 8, a cross-section of the packaging is shown. The coupling
performance is mainly limited by the electromagnetic performance of the dielectric layers
and the mold compound (dielectric characteristics), as well as the redistribution metals
(conductivity and surface roughness).

Backside Protection Layer

Compound

Redistribution Layers Dielectric Layers

~ A
Solder Ball

Figure 8. Cross-section of eWLB package [28].

Both the dielectric parameters of the mold compound and the dielectric layers and the
surface roughness of the redistribution layer have a complex dependence on the frequency.
As a result, the implementation of a simulation model for the complex dielectric constants
and the surface roughness becomes a necessity.

The most suitable model to describe the performance of the eWLB’s dielectrics is the
Djordjevic-Sarkar model, which assumes frequency-dependent complex relative permittiv-
ity [28]:

e(w) = (w) +je" (w)
= oo + ln(“}BHM) + = @

iy ") * R

where ¢4 is the high-frequency relative permittivity, Ae = epc — €« is the difference

between the high-frequency and DC relative permittivity, e is the free-space permittivity,
o is the bulk conductivity, w = 27 f is the angular frequency and w4 and wp are the lower
and higher transition frequencies, respectively. The loss tangent is calculated from complex
e(w) as [28]

¢’ (w)
(W)

After implementing this model in the EM simulator for the dielectric materials of the

tand(w) = (©)

packaging technology, we simulated a frequency sweep to determine the performance of
the packaging in the desired frequency band, i.e., 110 GHz to 170 GHz.

At high frequencies, the process imperfections of the redistribution layers (RDL) have
an impact on the performance. More specifically, the surface roughness of the metal layers
adds to the effective impedance of the passive components in the eWLB.

To illustrate the impact of the frequency dependence of the dielectric and metal layers,
three cases of coplanar strip lines were simulated. The first case was simulated with constant
dielectric parameters and no surface roughness; the second case used the Djordjevic—Sarkar
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model for the dielectric layers, but no surface roughness model; and the third case included
both the Djordjevic—Sarkar model for the dielectric layers and the Grouse model for the
surface roughness of the conductors. The 15211 for a 10-mm-long CPS line is shown in
Figure 9. As illustrated, the surface roughness has a significant impact on the CPS insertion
loss. Regarding the dielectric layers” modeling, the constant dielectric parameter layers
exhibit poor performance with the CPS line, which illustrates the importance of a realistic
model of the stackup’s electrical parameters.
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Figure 9. Simulation results in terms of the 15211 of a dual CPS for three eWLB modeling cases.

3.2. Coupler Design

The proposed solution for the coupling mechanism is based on the lateral coupling of
the signal from the MMIC to the PMFE. Multiple antenna structures are capable of lateral
radiation, such as the bowtie antenna, the dipole antenna and more [4]. However, the
application at hand requires high directivity in the lateral direction to minimize the coupling
losses. The Vivaldi antenna is an ideal solution for this application. In principle, a Vivaldi
antenna design requires multiple redistribution layers. However, in our work, a single-layer
Vivaldi antenna is proposed, achieving lower manufacturing costs and complexity.

More specifically, the proposed antenna is a variation of the antipodal Vivaldi an-
tenna [12,30], which utilizes three metal layers. However, the proposed design is imple-
mented in the single redistribution layer of the eWLB stack-up. This implementation
implies that the input of the antenna is differential (Figure 10), in contrast to a multiple-
metal-layer process, where the input of the antenna can be single-ended.

Our antenna can be decomposed into three parts, namely the differential coplanar
strip line (DCPS), the antenna body and the wave magnifier, which, in our proposed design,
is an elliptic metal layer (Figure 10), although alternative shapes are also possible.
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Antenna
Body

Wave
Magnifier

Figure 10. Single-layer antenna geometry.

The DCPS connects the Vivaldi slot to the IC and is matched at 100 Ohms differential
impedance to ensure maximum power transfer. The thickness of each trace is standard and
is predefined by the technology. The width of each trace, W, and the gap, W), between
the two traces affect the differential impedance of the strip line and its insertion losses.

The antenna body is composed of two RDL traces, as shown in Figure 10, with total
length L. The total width of the Vivaldi slot is W and the length of the edge is d. By defining
these three geometric parameters and taking into consideration that the gap between the
two traces of the Vivaldi slot must be the same as the DCPS at the point where they are
connected, we can define the curved edges of the two traces [4]:

Cy (t) = £0.5 Wgap xexp(ri t), 0 <t <L
Co (t) = £(0.5 % Wgap + Wy ) * exp(ry t) 4)
0<t<L—d,

where r1 and r; are defined by the conditions C1(L) = W and C;(L — d) = W. The role of
the Vivaldi slot is to guide the incident wave from the DCPS to radiate laterally with the
minimum possible scattering losses, which is not possible using a simple slot.

Finally, concerning the magnifier, its general shape is not important, although its
dimensions and its position with respect to the antenna body are. By appropriately ad-
justing the geometric parameters of the magnifier, we can boost the radiating field in the
desired direction. The magnetic field of the wave creates a secondary current source on
the magnifier, which acts as a secondary radiator. The superposition of the primary and
secondary waves increases the gain of the antenna. In Figure 11, the Poynting vector at the
edge of the antenna with and without the magnifier is shown, illustrating the amplification
of the electromagnetic field of the antenna with the magnifier. Figure 12 shows the 3D
electric field distribution of the antenna with and without the magnifier, where we can
clearly see the field intensity difference. The position and dimensions of the magnifier
have an impact on the antenna’s performance. We ran parametric simulations in HFSS
to determine the optimal Dy, and R parameters (Figure 10), while keeping the R/r ratio
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constant. The final decision for the magnifier was based on the result with the highest gain,
without the presence of the PMEF, since the results are transferable.

Poynting Vector Mag. (dB) @ ¢=0deg Poynting Vector Mag. (dB) @ 6=0deg
0

-180 -180

Figure 11. Simulation results for the Poynting vector magnitude pattern at 140 GHz.

dB(E Field)

Figure 12. Simulation results in terms of the E-field 3D distribution without (left) and with (right) a
magnifier at 140 GHz.

In Figure 13, the normalized E- and H-field patterns in dB are shown at 140 GHz. As
illustrated, the antenna directs the electromagnetic field in the desired lateral direction.

Normalized H- and (I)E—Field @ ¢=0deg Normalized H- and E-Field @ 6=90deg
0

-90

— E-Field
~~ H-Field

— E-Field
~~ H-Field

-180 180

Figure 13. Simulation results in terms of the normalized H- and E-field patterns and the Poynting
vector 3D graph without a PMF at 140 GHz (left to right).

Recall that the evaluation of the antenna’s near-field characteristics without the pres-
ence of the PMF is not sufficient. The verification of the correct operation of the structure
needs to be considered. For this purpose, the near-field characteristics in the presence of the
PMF are re-evaluated, as well as the correct behavior of the electromagnetic wave, meaning
that a propagating wave must be visible.

The PMF used for the evaluation of the antenna’s near-field characteristics is the
solid-core rectangular PMF that was discussed in the previous section. In Figure 14, the
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the antenna’s performance.

-90
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Figure 14. Simulation results in terms of the normalized H- and E-field patterns and the Poynting
vector 3D graph with a PMF at 140 GHz (left to right).

Although the field patterns of the coupler structure are valuable, the most important
performance metric of the coupler is the total coupling loss to the PMF. In Figure 15, the
coupling losses for the four different PMF geometries are illustrated. As was expected from
the analysis of the PMF characteristics, the solid-core rectangular PMF presents the lowest
coupling loss. It is important to mention that the simulation results represent only the
coupling losses of the structure. The antenna’s input network insertion loss is not included
and the PMF’s propagation loss is de-embedded.
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Figure 15. Coupling 1S211 for the four PMF cases.

As mentioned earlier in this paper, an advantage of the Vivaldi antenna is that the
input signal creates an electromagnetic field with a profile similar to the TE-like modes of
the rectangular PME. This effect is very beneficial for the overall performance, as it ensures
single-mode operation. In other words, the Vivaldi antenna effectively suppresses the
TM-like modes. This suppression is illustrated in Figure 16, where the TM-like modes are
below —60 dB and the TE21 mode is approximately at —18 dB. To achieve this suppression,
the proposed Vivaldi antenna requires only the differential mode of the dual coplanar strip
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line at the input network. The common mode not only does not suppress additional modes
but also reduces the directivity of the antenna, as illustrated in Figure 17.

Fundamental and Higher order modes Coupling

0.00

-40.00

enerrrma,,

521 (dB)
8
8
:
i

100.00

120.00 T ™ T T T
110.00 120.00 130.00 140.00 150.00 160.00 170.00

Frequency (GHz)

Figure 16. Coupling losses of the fundamental and higher-order modes of the solid rectangular PMF.

(a) (b)

Figure 17. Poynting vector magnitude for (a) common mode and (b) differential mode of the

differential coplanar strip line at 140 GHz.

A very important aspect of a wireless coupling structure for a PMF is the robustness
of the coupling mechanism, i.e., the displacement tolerance of the PMF in front of the
antenna. Due to the relatively small size of the package and the PMF, the precise placement
of the PMF in front of the antenna is almost impossible. The proposed structure offers
high tolerance regarding the PMF displacement of approximately 0.02 dB per 10 um of
displacement, as shown in Figure 18.
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Figure 18. (a) Horizontal, (b) lateral and (c) vertical PMF displacement at 140 GHz.
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4. AiP Implementation and Measurements

In this section, we present the measurement results for the proposed coupling structure,
as well as the measurements of the sample PMF that was used.

For both measurements, a Keysight N5244B VNA with a WR8-based frequency ex-
tender up to 140 GHz was used (Keysight, Rosebery, NSW, Australia). Additionally, a
WR8-to-WR6.5 interface was used to connect the WR8 waveguide port of the extender with
the WR6.5-to-PMF adaptors, while the mismatch was calibrated with the corresponding
TRL calibration kit provided by Keysight. In Figure 19, the full measurement setup is illus-
trated. Due to the setup with the WR6.5 and the WR8 waveguides, only the overlapping
frequency region could be measured, i.e., 110 GHz to 140 GHz.

WR6.5-DWG adaptor
WR8-WR6.5 transition
\ WRS8 extender port

Figure 19. PMF measurement setup.

4.1. PMF Measurements

For measurement purposes, we used a solid-core cylindrical PMF with a 2.1-mm-
diameter PE core and 6.4-mm-diameter PE foam cladding. In Figure 20, the insertion
losses and group delays of three PMF samples are illustrated. The extrapolated insertion
loss for the 1 m PMF is illustrated in Figure 21 with the adaptor losses de-embedded.
The deviation between the measurements and simulation is due to additional factors that
influence the measurement results, such as the excitation of the propagating modes. More
specifically, in the measurement setup, the wave was excited directly in the core and the
cladding of the PMF, due to the adaptors’ shielding, thus neglecting the percentage of
power propagating outside the PMF, which was considered in the simulations. In terms of
the group delay, a GVD of approximately 2.1 ps per meter per GHz was calculated from all
three measurements, which demonstrates the consistency of the measurements.

Measured |S21| Measured Group Delay
) " 35
] 60cm
3.0
4 ]
@ 2.5
@ - £
° z ] 40cm
- EZ.Oj
o~ o ]
wn o % ]
- 1.5
c% ]
] 20cm
d 60cm 1.0
s+t ——t—r—tr—tr—r— 05—
10 131 12 13 14 1% 1% 137 138 139 140 1150 175 1200 1225 1250 1275 1300 1325 1350
Frequency (GHz) Frequency (GHz)

Figure 20. Measured 15211 and group delay of the PMF for different sample lengths.
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Figure 21. Simulated and measured 15211 at 1 m.

4.2. Coupler Measurement

To evaluate the antenna—coupler performance, a back-to-back antenna setup was
designed and fabricated in order to simplify the hardware needed for the measurements.
For the antenna’s integration in the eWLB packaging technology, large metal areas were
not allowed. For this reason, we introduced holes in the metal through cheesing. It is
noteworthy that cheesing did not affect the antenna’s performance. In Figure 22a, a photo
of the back-to-back antennas is illustrated. The two antennas are connected through a
6 mm dual coplanar strip line. The concept of this design is to utilize two PMFs, which are
connected to a VNA port each, and feed the antennas through their other side, as illustrated

in Figure 22b.

(b)

VNA Freq. Extender

L.

VNA Freq. Extender

]

_—--
Differential Coplanar Stripline (CPS)

Figure 22. (a) Microscopic view of the back-to-back antennas and (b) measurement setup model in
HFSS.

The coupling losses for a single antenna can then be easily calculated from the mea-
sured |S,;| of the structure as follows:

Cp.Loss = [|S ;| —(CPS Loss) — 2 * (PMF Loss)]/2 ®)

At this point, it is important to mention again that the Vivaldi antenna suppresses the
electromagnetic waves with electric fields perpendicular to its plane. However, such a field
is produced by the extenders and is guided along the PMF, as shown in Figure 23. For this
reason, the plane of the antenna needs to be parallel to the electric field of the extender and
perpendicular to the plane of the working bench, as shown in Figure 24 on the right.
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¥Ha® Sesasas

Test Port
with Vertical
E-Field
Polarization

Figure 24. Antenna placement for measurement at 90 deg (left) and 0 deg (right).

IS21| (4B)

For the antenna coupling measurements, 20-cm-long PMFs were used and carefully
aligned with the antennas on the eWLB. As shown in Figure 25a, a good match between
the measurements and simulations was obtained. Using Equation (5), the antenna coupling
losses were calculated, as shown in Figure 25b.

90

1S21] of the back-to-back Antenna structure

S e e SRS S S S

T
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w
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Frequency (GHz)

(c)
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a5

1

503 vy
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1S21] of the back-to-back Antenna structure 90deg
] Measurement

Frequency (GHz)

Figure 25. (a) 15211 of the back-to-back antenna structure, (b) antenna coupling losses and (c) 15211
of the back-to-back antenna structure rotated by 90 degrees.

At lower frequencies, low coupling loss is observed. This is a result of the weaker field
confinement of the PMF, which leads to extra coupling between the two PMFs without the
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antenna. However, when rotating the antenna at 90 deg (Figure 24, left), the suppression of
the electromagnetic field is observed through the much lower 15211 of the structure, as
shown in Figure 25c. This proves that the coupling is mainly due to the antennas and not
to power transfer over the air around the two PMF sections.

In conclusion, the proposed structure offers a very cost-efficient and robust solution
with relatively low coupling loss (approximately 3.5 dB), while it presents high displace-
ment tolerance. Its mechanical stability and high level of integration will be beneficial for
many real-life applications.

A comparison between the state-of-the-art IC-PMF coupling solutions is shown in
Table 2.

Table 2. Proposed coupler’s performance against the literature.

Frequency

Ref. Coupling Type (GHz) Implementation Coupling Loss (dB)
[8] Wireless 60 On-Chip Antenna 6 (simulated)
[9] Wireless 120 On-Chip Antenna 11 (measured)
[11] Wireless 120 On-Chip Antenna 7.1 (simulated)
[10] MMIC interface 120 PCB 3.4 (measured)
[12] Wireless 140 PCB 3.5 (measured)
[16] Wireless 130 Antenna-In-Package 3 (measured)
This work Wireless 140 Antenna-In-Package 3.5 (measured)

5. Conclusions

PMF links offer a very good solution for medium-distance, high-data-rate links at
sub-THz. By utilizing low-loss polymer materials, attenuation as low as 1 dB/m is possible.
Additionally, the simulation results show that multimode operation not only does not
worsen the overall group delay and thus the performance of the link, but it benefits the
coupling, as a PMF with larger cross-section can be utilized, as long as the higher-order
modes are suppressed, as illustrated in this paper. The modal and waveguide dispersion
is optimized through the correct sizing of the PMF in the desired frequency of operation.
However, dispersion compensation can be further implemented in the digital domain of
the system [31] using our proposed design. In terms of the coupling mechanism, the link’s
flexibility offers a variety of coupling solutions that can be utilized. The less complex and
cost-efficient antenna-in-package that we propose achieves an average coupling loss of
3.5dB.

An important factor that is not covered in this paper is the temperature. Regarding
eWLB structures, the temperature will not reduce the links” performance as presented
in [29,30]. On the other hand, the PMF will be the bottleneck of the link in terms of the
temperature impact. However, there are polymer materials available that can support high
temperatures while presenting similar dielectric performance [24].

As a last remark, the eWLB technology enables the scalability of the proposed design
to lower frequencies, making it a viable solution for a wide range of applications. A notable
example is presented in [29], where the concept of an eWLB package-integrated circularly
polarized antennas in the 57 GHz to 64 GHz ISM band is introduced. Additionally, in [30],
various eWLB package-integrated antennas are introduced operating at 77 GHz, including
a similar Vivaldi antenna to that presented in this paper. This scalability not only facilitates
adaptation to different frequency bands but also enhances the potential for integration into
future radar and communication systems, driving further advancements in the field.
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