
TECHNICAL PAPER

Simple and fast modelling of radio frequency passives in view
of beyond-5G and 6G applications: case study of an RF-MEMS multi-
state network described by an equivalent lumped element network

Jacopo Iannacci1 • Girolamo Tagliapietra1 • Zlatica Marinković2 • Koushik Guha3 • Srinivasa Rao Karumuri4 •
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Abstract
The utilization of RF-MEMS, which stands for Microsystem-based (MEMS) Radio Frequency (RF) passive components, is

garnering growing attention within the realm of Beyond-5G (B5G) and 6G technologies, despite its longstanding existence.

This trend is fueled by the impressive RF characteristics achievable through the judicious exploitation of this technology.

However, the complex interplay of various physical phenomena in RF-MEMS, spanning mechanical, electrical, and

electromagnetic domains, renders the design and optimization of new configurations challenging. In this study, a modeling

approach based on Lumped Element Networks (LEN) is employed to accurately predict the Scattering Parameters (S-

parameters) characteristics of multi-state and highly reconfigurable RF-MEMS devices. The device under scrutiny is a

multi-state RF step power attenuator, previously fabricated, tested, and documented in literature by the principal author.

Although these physical devices exhibit flat attenuation characteristics, they are subject to certain non-idealities inherent to

the technology. The refined LEN-based methodology presented herein aims to interpret and incorporate such undesirable

parasitic effects to provide precise predictions for real RF-MEMS devices. Two custom metrics, referred to as Percent

Magnitude Difference (PMD) and Percent Phase Difference (PPD), are utilized to evaluate the accuracy of the LEN model,

revealing differences consistently within 1 and 8%, respectively, across a frequency range spanning from 100 MHz to

13.5 GHz.

1 Introduction

The investigation and documentation of Microsystem-

based devices (MEMS) for fabricating miniaturized Radio

Frequency (RF) passive components have been ongoing for

a considerable period. This effort has led to the develop-

ment of RF-MEMS technology, which has been exten-

sively explored and documented (Yao 2000; Brown

1997, 1998; Goldsmith et al. 1998; Pillans et al. 1999;

Malczewski et al. 1999; Shen and Feng 1999). RF-MEMS

has been utilized in mass-market products for several years,

with smartphones being among the foremost adopters

(Iannacci 2015). Beyond this conventional application, the

remarkable RF performance of RF-MEMS, coupled with

their substantial reconfigurability and design flexibility, as

well as relatively low manufacturing costs, position such a

solution as a Key Enabling Technology (KET) for

advancing mobile communication beyond the 5th genera-

tion (B5G), into 6G and Future Networks (FN), particularly

targeting operation in the sub-THz range (100–300 GHz)

and beyond (Iannacci 2022; Oberhammer 2017; Shah et al.

2017, 2015).

A pivotal phase in the development of innovative RF-

MEMS devices involves modeling, as optimizing their

characteristics entails navigating a plethora of Degrees of
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Freedom (DoF), encompassing both technological and

geometrical aspects. This turns into addressing numerous

trade-offs, often spanning across different physical

domains. Indeed, the multi-physical nature of MEMS-

based RF passive components steps across mechanical,

electromechanical, and electromagnetic characteristics

(Uttamchandani 2013; Gad-el-Hak 2001; Tilli et al. 2015),

which frequently interact with each other, complicating the

optimization process.

When analyzing the RF and electromagnetic properties

of RF-MEMS, a prevalent approach involves constructing

a Lumped Element Network (LEN), incorporating resis-

tors, capacitors, and inductors to accurately replicate

S-parameter characteristics over a defined frequency range

(Yammouch et al. 2008; Patrick Yue and Simon Wong

2000). While LEN-based models may offer less flexibility

compared to full 3D analyses based on the Finite Element

Method (FEM), they can achieve high levels of accuracy

with significantly lower computational demands. Targeting

this requires a foundation of robust physical principles

when structuring the network architecture and selecting

appropriate values for each lumped element (Marcelli et al.

2004; Iannacci et al. 2010a).

Within such context, this study focuses on refining a

LEN model describing the RF behavior of a complex RF-

MEMS device, specifically a multi-state reconfigurable

step power attenuator. The study is arranged according to

this structure: following the current introductory Sect. 1,

Sect. 2 elaborates on the design concept and operational

principles of the RF-MEMS power attenuator in question.

Section 3 delves into the specifics of the LEN model, while

Sect. 4 addresses the experimental behavior of the network

and verifies the accuracy of the LEN model. Finally,

Sect. 5 presents concluding remarks.

2 RF-MEMS step power attenuator design
concept

The reconfigurable MEMS-based RF step power attenuator

examined in this study was initially introduced in (Iannacci

et al. 2010b, 2011) and is manufactured using the RF-

MEMS surface micromachining technology platform doc-

umented in Giacomozzi et al. (2011). The fundamental

device is integrated within a Coplanar Waveguide (CPW)

structure, with the RF signal divided into two parallel

sections. Attenuation of the RF signal is achieved through

resistive loads positioned along the line, which are com-

posed of a polycrystalline silicon layer passivated with

oxide. RF-MEMS series ohmic switches actuated electro-

statically are employed to either select or short the resistors

loading the RF line, thus adjusting the resulting attenuation

level. A visual depiction of the physical sample is pre-

sented in Fig. 1.

The in-plane dimensions of the whole network in Fig. 1

are 1370 lm along the x-axis and 2200 lm along the

y-axis. Concerning the CPW structure, the RF ground

planes are 1020 lm, while the RF line and gap width are

both equal to 50 lm. Focusing on the RF-MEMS switches

employed in the design, each micro-relay is 90 lm (x-axis)

by 250 lm (y-axis).

As previously outlined, the RF line undergoes a bifur-

cation into two parallel segments upon reaching the input

termination of the network, before being recombined at the

output. This division is facilitated by four RF-MEMS series

ohmic switches assigned to each branch. In the initial

segment, denoted as Section A in Fig. 1, two series micro-

relays provide independent control. In their default state

(OFF), these switches disconnect their corresponding

branches (OPEN), whereas upon activation (ON), the

branches are inserted (CLOSE). Specifically, the upper

branch is governed by the micro-relay Au, while the lower

branch is managed by Ad. Consequently, with neither relay

engaged, the entire network remains open. Conversely, the

activation of either relay loads one branch of the RF line,

Fig. 1 Microphotograph of the RF-MEMS multi-state attenuator

discussed in (Iannacci et al. 2010b, 2011) with the micro-switches-

operated reconfigurable stages highlighted
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while the simultaneous activation of both Au and Ad con-

nects the two lines in parallel.

Moving beyond Section A, the upper and lower switches

of Sections B, C, and D lack independent control, as their

biasing lines are interconnected. Within each of these

sections resides a polycrystalline silicon resistor of distinct

value. Activation of one or more switches within Sec-

tions B, C, or D results in the shorting of the corresponding

resistor(s), thereby diminishing the total attenuation

imposed by the network. These three sections collectively

offer eight distinct levels of attenuation, which, when

combined with the various configurations enabled by Au

and Ad, yield a total of 16 different operational states. A

detailed 3D close-up of Sections B, C, and D is depicted in

Fig. 2, providing insight into the intricate design and layout

of these components.

The three resistive loads are labelled as RLB, RLC, RLD,

and will be discussed with more details in the next section.

3 Lumped Element Network (LEN) model

The development of the Lumped Element Network (LEN)

architecture predicting the RF characteristics of the RF-

MEMS multi-state power attenuator builds upon research

conducted by the primary author, as documented in Ian-

nacci et al. 2010b; Iannacci et al. 2011; Iannacci et al.

2009). This innovative approach gathers methodologies

delineated in prior works, consolidating insights garnered

from studies conducted at the elemental device level to

construct a comprehensive model of the network. By syn-

thesizing concepts and techniques reported in the men-

tioned publications, the current study endeavors to provide

a holistic depiction of the complex behavior exhibited by

the RF-MEMS attenuator.

A pivotal aspect involves the incorporation of an

intrinsic attenuator endowed with switchable resistive

loads. Here, a shorting resistor operates in parallel to the

primary load, remaining deactivated (OPEN) when the load

is intended to be introduced onto the RF line. This con-

figuration enables dynamic management of the attenuator,

facilitating precise control over signal attenuation levels

while ensuring optimal performance across a spectrum of

operating conditions.

The overall network is sketched in the schematic

depiction of the complete LEN, showcased in Fig. 3. This

comprehensive illustration serves as a visual guide, eluci-

dating the interconnected components and pathways that

collectively govern the behavior of the RF-MEMS multi-

state power attenuator within the LEN framework. By

leveraging insights from prior research and pioneering

methodologies, the LEN architecture represents a signifi-

cant advancement in the realm of RF network modeling,

offering a versatile platform for exploring and optimizing

the performance of next-generation communication

systems.

The network architecture comprises distinct compo-

nents, including CPW (Coplanar Waveguide) and vertical

via sections, characterized by specular configurations at

both input and output terminations, alongside an intrinsic

attenuator segment. Detailed insights into the CPW and

vertical via sections are available in the close-up depiction

presented in Fig. 4, offering a comprehensive view of their

design and layout. These sections play a pivotal role in

facilitating signal propagation and ensuring impedance

matching within the network structure.

Additionally, the intrinsic attenuator section embodies a

critical aspect of the network, enabling dynamic control

over signal attenuation levels to accommodate varying

operational requirements. By integrating a combination of

lumped components, the attenuator section affords precise

management of signal attenuation while maintaining signal

integrity and fidelity.

Fig. 2 Measured 3D profile

(white-light interferometer) of

the B, C, D sections of the RF-

MEMS attenuator in Fig. 1
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Furthermore, the nomenclature, description, and optimal

extracted values of each lumped component incorporated

within the LEN framework are listed in Table 1. This

comprehensive tabulation serves as a reference, providing

essential insights into the constituent elements that col-

lectively contribute to the functionality and performance of

the network.

Fig. 3 Complete LEN schematic describing the RF characteristics of the attenuator in Fig. 1

Fig. 4 Close-up of the input

CPW section and vertical via

section, the latter modelling the

contact non-idealities due to

technology spreads. The output

CPW and vertical via sections

are identical and simply

mirrored

Table 1 List of the lumped elements included in the LEN shown in Figs. 3, 4, 5

Element [Section]—description Value

Rse-wg [CPW]—series resistance of the line 1 X

Lse-wg [CPW]—series inductance of the line 250 pH

Csh-wg [CPW]—shunt capacitive coupling of the line 10 fF

Rsh-wg [CPW]—shunt resistive loss of the line 1 GX

Cse-v [Vertical via]—series parasitic capacitance of the unwanted titanium oxide layer over vias 5 pF

Rse-lf-v [Vertical via]—series resistive loss of the unwanted titanium oxide layer over vias 25 X

Rse-hf-v [Vertical via]—series parasitic resistance of the unwanted titanium oxide layer over vias 5 X

Rse-sw-cl [Attenuator]—ON state series resistance of the RF-MEMS switch (CLOSE configuration) 1 X

Cse-sw-op [Attenuator]—OFF state series capacitance of the RF-MEMS switch (OPEN configuration) 10 fF

RLB [Attenuator]—resistive load of section B 29 X

RLC [Attenuator]—resistive load of section C 116 X

RLD [Attenuator]—resistive load of section D 580 X
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By leveraging these detailed specifications and design

considerations, engineers and researchers can gain a deeper

understanding of the network architecture and its under-

lying principles. Such insights are instrumental in opti-

mizing performance, refining design parameters, and

advancing the capabilities of RF-MEMS multi-state power

attenuators for diverse applications in communication

systems and beyond.

The CPW (Coplanar Waveguide) section within the

network architecture serves to emulate the behavior of the

input and output lines of the RF-MEMS attenuator depicted

in Fig. 1. Employing a classical lumped-element approach,

this section incorporates series and shunt resistive and

reactive components to accurately capture the electrical

characteristics of the RF signal propagation. Such model-

ing techniques have been extensively discussed in prior

literature, providing a robust framework for characterizing

transmission line behavior.

Conversely, the vertical via section addresses non-ide-

alities inherent in the transition between vertically stacked

conductive layers, a phenomenon exacerbated by techno-

logical variations. Detailed analysis and modeling of these

effects have been presented in Iannacci et al. (2009),

wherein it is elucidated that the transition between layers is

hindered by the presence of titanium oxide films, leading to

increased resistance and loss. This non-ideal behavior is

aptly represented in Fig. 4, wherein a series capacitor (Cse-

v) and resistors (Rse-lf-v and Rse-hf-v) are incorporated to

account for the reactive loss and additional series resistance

induced by the oxide layer. The impact of these non-ide-

alities on the measured S-parameters characteristics will be

covered in subsequent sections, underscoring the signifi-

cance of accounting for such factors in accurate network

modeling.

Transitioning to the intrinsic attenuator sub-section

depicted in Fig. 5, a similar approach is adopted to model

the discrete components comprising the attenuator. As with

the CPW and vertical via sections, the specific details of

each component utilized in the attenuator model are listed

in Table 1, providing essential insights into their individual

contributions to the overall network behavior.

In summary, the comprehensive modeling approach

employed in delineating the CPW, vertical via, and

intrinsic attenuator sections underscores the complexity

and sophistication inherent in accurately capturing the

behavior of RF-MEMS attenuators. By integrating insights

from prior research and employing detailed modeling

techniques, researchers are better equipped to understand

and mitigate the impact of non-idealities, thereby enhanc-

ing the performance and reliability of RF communication

systems.

Adhering to the configuration delineated in the physical

device illustrated in Fig. 1, the intrinsic attenuator section

is delineated into four distinct subsections within Fig. 5.

Each block depicted in Fig. 5 comprises two parallel

components, with one component, named Rse-sw-cl, con-

sistent across all four subsections. This resistor serves to

model the resistance encountered in the ON state of the

corresponding RF-MEMS series ohmic switch, specifically

when the switch is actuated and in CLOSE configuration,

thereby facilitating signal conduction.

Fig. 5 Close-up of the intrinsic attenuator sections A (split into Au and Ad), B, C, D
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In the context of section A, Rse-sw-cl operates in parallel

with the capacitor Cse-sw-op, which characterizes the OFF

state series parasitic capacitive coupling inherent in the RF-

MEMS series switch when in OPEN configuration, i.e., not

actuated and in its default position. The activation state of

the switch dictates the electrical behavior of the subsec-

tions Au and Ad; for instance, when the upper branch is to

be inserted, the corresponding Cse-sw-op is deactivated,

while if the upper branch is intended to remain open, the

corresponding Rse-sw-cl is deactivated.

Turning attention to sections B, C, D, featuring diverse

resistive loads (RLB, RLC, RLD), Rse-sw-cl operates in par-

allel with these resistors. When the insertion of one or more

resistive loads along the RF line is required, the corre-

sponding Rse-sw-cl components are deactivated (OPEN).

Conversely, when a resistive load is intended not to affect

the line, it remains active and continues to parallel the

corresponding Rse-sw-cl. Notably, as the Rse-sw-cl resistor is

substantially smaller than the actual load (refer to Table 1),

it effectively shorts the contribution of the load under

consideration, optimizing signal transmission.

This configuration underscores the nuanced interplay

between various components within the intrinsic attenuator

section, facilitating precise control over signal attenuation

levels and ensuring optimal performance across diverse

operational scenarios.

The following section is going to cover the experimental

characterization of the RF-MEMS attenuator and the

comparison of the measured traces against the LEN sim-

ulated output.

4 Experiments and model analysis

This section delves into the examination of the measured

S-parameters behavior of the step power attenuator incor-

porating RF-MEMS technology, alongside a comparative

analysis of simulations versus experimental data. The dis-

cussion is organized into three subsections, each addressing

distinct aspects of the analysis.

The first subsection presents the measured data of the

network across various configurations, offering insights

into its performance under different operational scenarios.

This empirical data serves as a foundation for evaluating

the efficacy of the attenuator and identifying any discrep-

ancies between theoretical expectations and observed

behavior.

In the subsequent subsection, the response of the

Lumped Element Network (LEN) model depicted in

Figs. 3, 4, and 5 is juxtaposed against experimental results.

By comparing simulated outcomes with real-world obser-

vations, researchers can assess the accuracy and reliability

of the model in capturing the intricate dynamics of the RF-

MEMS attenuator. Discrepancies or deviations between

simulations and experiments may highlight areas for

refinement or further investigation.

Lastly, the final subsection delves into the simulated

results obtained when disregarding non-idealities associ-

ated with vertical vias, thereby assuming an idealized

scenario. By isolating and examining the impact of these

non-idealities, researchers can discern their influence on

the overall performance of the attenuator and ascertain the

extent to which they contribute to observed deviations from

theoretical expectations.

Through this comprehensive analysis, researchers aim to

gain a nuanced understanding of the operational behavior

of the RF-MEMS attenuator, elucidating the interplay

between theoretical models, simulations, and empirical

measurements. Such insights are invaluable for refining

design parameters, optimizing performance, and advancing

the capabilities of RF communication systems.

4.1 Measured S-parameters characteristics

The experimental characterization of the RF-MEMS

attenuator, focusing on its S-parameters, was conducted on-

wafer utilizing a Vector Network Analyzer (VNA) span-

ning the frequency range from 100 MHz up to 13.5 GHz.

The obtained data encompasses plots depicting the reflec-

tion (S11) and attenuation (S21) magnitudes, accompanied

by the phase of S11 and S21. These plots are organized

sequentially from the top-left to the bottom-right within

Fig. 6, providing insights into the attenuator’s performance

across six distinct configurations.

The legend, situated at the bottom of Fig. 6, marks the

activation states corresponding to each trace, thereby

facilitating interpretation of the plotted data. Specifically,

references to Au and/or Ad signify the insertion of one or

both branches of the attenuator. Conversely, mentions of

one or more resistive sections denote the shorting of these

components, indicating that their respective resistive loads

are not introduced along the RF line. For instance, the

designation Ad, B signifies the insertion of the sole lower

branch alongside the shorting of resistor RLB, while resis-

tors RLC and RLD remain active, attenuating the signal.

This comprehensive experimental dataset offers valu-

able insights into the operational behavior of the RF-

MEMS attenuator across diverse configurations, shedding

light on its efficacy in facilitating precise control over

signal attenuation levels and impedance matching within

the RF communication system.

Directing attention to the attenuation characteristic

depicted in the top-right plot, a notable attribute is the

pronounced flatness observed across the entire frequency

spectrum. Notably, there exists a discernible swing in

attenuation levels, ranging from approximately 16–19 dB
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when all resistive loads are inserted (Au) to a mere 1–2 dB

when these loads are shorted, and both RF branches are

inserted in parallel (Au, Ad, B, C, D). This variation

underscores the attenuator’s capacity for dynamic adjust-

ment, enabling precise control over signal attenuation

levels to accommodate diverse operational requirements.

However, it is essential to acknowledge the influence of

parasitic effects introduced by vertical vias, particularly

attributable to the presence of capacitor Cse-v. These effects

manifest in poorer S21 values within the low-frequency

range, extending up to approximately 4 GHz. Nonetheless,

as the capacitor transitions into a short, a noticeable trend

towards flatness emerges, indicative of improved attenua-

tion characteristics.

This analysis highlights the interplay between various

factors influencing the attenuation behavior of the RF-

MEMS attenuator, underscoring the importance of

accounting for parasitic effects and component interactions

in optimizing performance across different frequency

regimes.

4.2 LEN model behavior accounting for vias
parasitic effects

Before entering the discussion on how simulations compare

to measurements, a two quantitative metrics, previously

introduced in Iannacci (2023), must be recalled, as they

help in assessing the accuracy of the model in quantitative

terms.

The first is labelled as Percent Magnitude Difference

(PMD). Such an indicator refers to the error (in percents)

between the experimental and simulated magnitude at a

given frequency. The PMD for the S11 at the frequency f is

expressed as follows:

PMDS11 fð Þ ¼ mag S11M fð Þð Þ � mag S11S fð Þð Þ
2

� 100;

ð1Þ

where mag(S11M(f)) and mag(S11S(f)) are the measured

and simulated magnitude of S11 at the frequency f,

respectively. Similarly, the second metric is Percent Phase

Difference (PPD) is expressed as follows:

PPDS11 fð Þ ¼ deg S11M fð Þð Þ � deg S11S fð Þð Þ
360

� 100; ð2Þ

where deg(S11M(f)) and deg(S11S(f)) are the measured and

simulated phase of S11 at the frequency f, respectively. In

the following subsections, 7 different configurations of the

network are going to be discussed, referring to the LEN

model accounting for via parasitic effects, also exploiting

the just mentioned PMD and PPD to help elaborate quan-

titative considerations in the comparison of measurements

and simulations.

Fig. 6 Measured S-parameters

characteristics of the RF-MEMS

attenuator in Fig. 1, according

to different attenuation states of

the network. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation); Bottom-center,
legend

Microsystem Technologies

123



4.2.1 Configuration 1—section Au activated

The comparative analysis of the magnitude and phase of

S11 and S21, derived from both experimental measure-

ments and simulations, is showcased in Fig. 7. This com-

parison specifically focuses on the scenario wherein only

section Au of the RF-MEMS attenuator is activated, rep-

resenting maximum attenuation. The presentation of data

in Fig. 7 follows the same sequential order observed in

Fig. 6, facilitating a direct comparison between experi-

mental and simulated results across various configurations.

Through this juxtaposition, researchers aim to assess the

accuracy and reliability of the simulation model in repli-

cating the real-world behavior of the RF-MEMS attenuator

under optimal attenuation conditions. Discrepancies

between simulated and measured data may offer valuable

insights into the efficacy of the model and highlight areas

for refinement or further investigation.

Looking at the S21, an increasing disagreement of the

simulated curve with respect to the experimental one is

visible. However, for what concerns attenuation (S21),

which is the most important parameter to be observed, the

Fig. 7 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when section Au is ON.

Top-left, reflection (magnitude

of S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)

Fig. 8 Measured vs. simulated

offsets related to the plots in

Fig. 7 (when section Au is ON),

also including S12 and S22.

Top-left, PMD of S11 and S22;

Top-right, PMD of S12 and

S21; Bottom-left, PPD of S11

and S22; Bottom-right, PPD of

S12 and S21
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accuracy of the simulation trace is rather pronounced.

Looking at the phase, significant disagreement is visible

both concerning reflection and attenuation. Though, the

prediction of the phase is typically difficult to achieve in

conjunction with good accuracy of the magnitude.

Still referring to the same RF-MEMS attenuator con-

figuration, the plots in Fig. 8 report the PMD and PPD for

the whole set of four S-parameters, i.e., reflection at port 1

and port 2 (S11 and S22, respectively), and transmission

(attenuation, in this case) to port 1 and to port 2 (S12 and

S12, respectively). In particular, starting from the top-left

and proceeding to the bottom-right, the plots are arranged

as follows: (a) PMD of S11 and S22, (b) PMD of S12 and

S21, (c) PPD of S11 and S22, (d) PPD of S12 and S21.

Looking at the PMD of reflection (to be referred to the

top-left plot in Fig. 7), the error is as large as -5% in the

worst case of S11. Differently, for what concerns attenu-

ation, the prediction accuracy of the simulated model is

always within ± 0.4%, for both S12 and S21, over the

whole frequency range. In the case of PPD, the prediction

error becomes as large as -8%.

Fig. 9 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when section Au is ON,

and section D is shorted. Top-
left, reflection (magnitude of

S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)

Fig. 10 Measured vs. simulated

offsets related to the plots in

Fig. 9 (when section Au is ON,

and section D is shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21
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4.2.2 Configuration 2—section Au activated; section D
shorted

The following reported configuration is that with section

Au inserted and section D shorted. The comparison of

measured and simulated S11 and S21 parameters is shown

in Fig. 9, while the PMD and PPD for the complete set of

S-parameters (S11, S21, S12, S22) are collected in Fig. 10.

Starting from the attenuation (top-right plot in Fig. 9), a

good qualitative prediction is achieved by the simulation,

while a rather constant offset is visible. This yields a PMD

(for S12 and S21) that, in the worst case, reaches -1.3%

(top-right plot in Fig. 10). Concerning reflection, the

superposition of the measured and simulated trace looks

good up to around 6 GHz, while increasing divergence is

visible above. This brings to PMD values (for S11 and S22)

approaching -3% in the worst case. On the other hand, the

phase disagreement for all the set of S-parameters lead to

PPD values approaching -8% error, as in the previous

network configuration analyzed.

Fig. 11 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when section Ad is ON,

and section D is shorted. Top-
left, reflection (magnitude of

S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)

Fig. 12 Caption to be added.

Measured vs. simulated offsets

related to the plots in Fig. 11

(when section Ad is ON, and

section D is shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21
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4.2.3 Configuration 3—section Ad activated; section C
shorted

The following reported configuration is that with section

Ad inserted and section C shorted. The comparison of

measured and simulated S11 and S21 parameters is shown

in Fig. 11, while the PMD and PPD for the complete set of

S-parameters (S11, S21, S12, S22) are collected in Fig. 12.

Focusing on the attenuation (top-right plot in Fig. 11), a

good match between the experimental and simulated

curves is visible. In terms of PMD (top-right plot in

Fig. 12), the difference for the S21 parameter is within

0.2% up to 12 GHz, and within -0.3% up to 13.5 GHz,

while the PMD of the S12 parameter is always within

0.5%. Still referring to S21 and S12, PPD is within -8%

(bottom-right plot in Fig. 12). On the other hand, PMD of

reflection is within -3.5% for the S22 and within -6.5%

for the S11 (top-left plot in Fig. 12).

Fig. 13 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when section Ad is ON,

and section B is shorted. Top-
left, reflection (magnitude of

S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)

Fig. 14 Caption to be added.

Measured vs. simulated offsets

related to the plots in Fig. 13

(when section Ad is ON, and

section B is shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21
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4.2.4 Configuration 4—section Ad activated; section B
shorted

The following reported configuration is that with section

Ad inserted and section B shorted. The comparison of

measured and simulated S11 and S21 parameters is shown

in Fig. 13, while the PMD and PPD for the complete set of

S-parameters (S11, S21, S12, S22) are collected in Fig. 14.

Starting as before from looking at the attenuation (top-

right plot in Fig. 13), a good match between the simulated

and measured curves is visible. This brings to PMD better

than 0.5% for S12, and within ± 0.3% for S12 (top-right

plot in Fig. 14). The corresponding PPD is within -7 and

-9%, for S12 and S21, respectively (bottom-right plot in

Fig. 14). On the other hand, the PMD and PPD of reflection

(S22) is within -3 and -2%, respectively, as visible in the

top-left and bottom-left plots in Fig. 14.

4.2.5 Configuration 5—sections Au and Ad activated

The following reported configuration is that with section

Au and Ad inserted (in parallel). The comparison of

Fig. 15 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when sections Au and Au

are ON. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation)

Fig. 16 Measured vs. simulated

offsets related to the plots in

Fig. 15 (when sections Au and

Au are ON), also including S12

and S22. Top-left, PMD of S11

and S22; Top-right, PMD of

S12 and S21; Bottom-left, PPD
of S11 and S22; Bottom-right,
PPD of S12 and S21
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measured and simulated S11 and S21 parameters is shown

in Fig. 15, while the PMD and PPD for the complete set of

S-parameters (S11, S21, S12, S22) are collected in Fig. 16.

Focusing at first on attenuation, a good qualitative and

quantitative match is visible in the top-right plot in Fig. 15.

This configuration is the first to be observed with both

branches connected in parallel. This leads to a reduction in

the cumulative resistive load, which makes the non-ideal-

ities of vertical vias emerge more visible in the lower

portion of the frequency range. In terms of PMD, the error

is within 0.9% for S12, and within 0.6% for S21 (top-right

plot in Fig. 16). In particular, in the latter case, the PMD

within 0.3% from 4 GHz up to 13.5 GHz. The PPD of

attenuation is within -8% in the worst case, which is that

of S21, as reported in the bottom-right plot in Fig. 16.

Looking at reflection, the case of S22 shows a very-good

match, as PMD and PPD are within -1 and -2%,

respectively (see top-left and bottom-left plots in Fig. 16).

Diversely, the same indicators for the S11 are within -7

and -12%, respectively.

Fig. 17 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when sections Au and Ad

are ON, and sections B, C and D

are shorted. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation)

Fig. 18 Measured vs. simulated

offsets related to the plots in

Fig. 7 (when sections Au and Ad

are ON, and sections B, C and D

are shorted), also including S12

and S22. Top-left, PMD of S11

and S22; Top-right, PMD of

S12 and S21; Bottom-left, PPD
of S11 and S22; Bottom-right,
PPD of S12 and S21
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4.2.6 Configuration 6—sections Au and Ad activated;
sections B, C and D shorted

The following reported configuration is that with section

Au and Ad inserted (in parallel), and sections B, C and D

shorted. The comparison of measured and simulated S11

and S21 parameters is shown in Fig. 17, while the PMD

and PPD for the complete set of S-parameters (S11, S21,

S12, S22) are collected in Fig. 18.

This configuration is the most interesting to see in order

to understand the effectiveness of the modelling approach

targeted to the technological non-idealities of vertical vias.

In fact, in this particular case, all the loading resistors are

shorted. Therefore, the signal attenuation is at its mini-

mum, and the vias parasitic effects, in turn, are most vis-

ible. Starting from the attenuation parameter, shown in the

top-right plot in Fig. 17, the influence of non-ideal vias is

very-large in the low-portion of the analyzed frequency

range, up to around 4 GHz. Such behavioral feature is

Fig. 19 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) when section Au is ON,

and sections B, C and D are

shorted. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation)

Fig. 20 Measured vs. simulated

offsets related to the plots in

Fig. 19 (when section Au is ON,

and sections B, C and D are

shorted), also including S12 and

S22. Top-left, PMD of S11 and

S22; Top-right, PMD of S12

and S21; Bottom-left, PPD of

S11 and S22; Bottom-right, PPD
of S12 and S21
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predicted rather accurately by the simulated trace, leading

to PMD for S12 ranging between -0.5 and 0.7% (top-right

plot in Fig. 18). Also relevantly, the phase characteristic of

the attenuation parameter is qualitatively predicted rather

well by the model, as visible in the bottom-right plot in

Fig. 17, corresponding to PPD within -7% (bottom-right

plot in Fig. 18). Focusing now on reflection, a good qual-

itative match between experiments and simulations is also

visible, both concerning magnitude and phase (top-left and

bottom-left plots in Fig. 17, respectively). This yields PMD

within -5% (top-left plot in Fig. 18) and PPD within -8%

(bottom-left plot in Fig. 18).

4.2.7 Configuration 7—section Au activated; sections B, C
and D shorted

The following reported configuration is that with section

Au inserted and sections B, C and D shorted. The com-

parison of measured and simulated S11 and S21 parameters

is shown in Fig. 19, while the PMD and PPD for the

complete set of S-parameters (S11, S21, S12, S22) are

collected in Fig. 20.

As in the previous configuration, also in the current case

the resistive load contribution is minimal, and the effects of

non-idealities more visible. With reference to attenuation,

once again the influence on the S21 parameter is large and

visible up to around 4–5 GHz. Similarly, the qualitative

and quantitative prediction of the simulated trace is rather

satisfactory, both for the magnitude and phase of the S21

(top-right and bottom-right plots in Fig. 19, respectively).

In particular, a certain disagreement is visible between the

measured and simulated S21 in the lower frequency range.

This brings to PMD starting from -6%, then reducing to

around -0.5% at about 5 GHz, to remain to such a limited

extent in the rest of the spectrum (top-right plot in Fig. 20).

Concerning the PPD in the bottom-right plot in Fig. 20, it

is within -9%. Stepping now to analyzing the reflection

behavior (S11), a good qualitative match is visible in the

top-left and bottom-left plots in Fig. 19, with reference to

the magnitude and phase of the S11, respectively. In par-

ticular, focusing on the magnitude of reflection, a mismatch

more pronounced in the low frequency range is visible,

similarly to what discussed above for attenuation. This

brings to PMD that starts from 6%, and then decreases to

about -1.5% (S22) and ± 1% (top-left plot in Fig. 20).

Finally, the PPD of reflection is within -6% (S11) and

-8% (S22), as reported in the bottom-left plot in Fig. 20.

4.3 LEN model behavior in the ideal case

The scope of this last section is to develop some insight

into the behavior of an ideal LEN model, i.e., without

accounting for the unwanted parasitic effects of vertical

vias transitions, previously discussed in this work. To do

so, in the schematic close-up in Fig. 4, the three elements

related to the vertical vias section are simply deactivated

and shorted. Therefore, simulations are performed with

reference to the two network configurations previously

discussed in Sect. 4.2.

4.3.1 Configuration 1—section Au activated

The reflection (S11) and attenuation (S21) when the Au

section is ON, are shown in Fig. 21.

Fig. 21 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when section Au is ON.

Top-left, reflection (magnitude

of S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)
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Looking at the attenuation (S21) plot, the qualitative

behavior of the simulated trace seems less accurate than in

the previous case reported in Fig. 7 (top-right plot). This

yield PMD values of S12 and S21 that approach, in the

worst case, -0.6% error (see top-right plot in Fig. 22), i.e.,

slightly worse than in the real case with vertical vias par-

asitic effects, shown in Fig. 8. On the other hand, the

characteristics and error of reflection, along with the phases

of all the parameters, are in line with what discussed before

in Figs. 7 and 8.

4.3.2 Configuration 2—section Au activated; section D
shorted

The context changes quite significantly when looking at the

configuration in which section Au is ON and section D is

shorted. The results related to the S-parameters and PMD/

PPD in the ideal case (no vias parasitic effects) are reported

in Figs. 23 and 24, respectively, and they must be com-

pared to previous Figs. 9 and 10 (vias parasitic effects

modelled).

Fig. 22 Measured vs. simulated

offsets related to the plots in

Fig. 21 (when section Au is

ON), also including S12 and

S22. Top-left, PMD of S11 and

S22; Top-right, PMD of S12

and S21; Bottom-left, PPD of

S11 and S22; Bottom-right, PPD
of S12 and S21

Fig. 23 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when section Au is ON,

and section D is shorted. Top-
left, reflection (magnitude of

S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)
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Looking at the attenuation parameter in the top-right

plot in Fig. 23, the disagreement of the simulated trace

with respect to experiments is evident, both in qualitative

and quantitative terms, especially in the lower portion of

the frequency range. This yields PMD error for S12 and

S21 that starts from the worst value of 4.5%, and then

decreases to the 1–2% range for the two curves, at

13.5 GHz (see top-right plot in Fig. 24). This context is

quite different with respect to the 0.4–0.6% maximum error

reported in the case of the LEN that also models the par-

asitic effects of vias.

This is because the unwanted behavior of vias is dom-

inated by the series capacitance of the residual thin tita-

nium oxide. This affects mainly the RF characteristics in

the lower frequency range, as it is also evident when

looking at reflection (top-left plot in Fig. 23) and at the

corresponding PMD (top-left plot in Fig. 24). Also

importantly, this effects is less visible in the previous case

reported in Figs. 21 and 22, as the maximum resistive load

allowed by the network is involved. Given the resulting

large attenuation level, the effect of the parasitic series

Fig. 24 Measured vs. simulated

offsets related to the plots in

Fig. 23 (when section Au is ON,

and section D is shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21

Fig. 25 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when section Ad is ON,

and section C is shorted. Top-
left, reflection (magnitude of

S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)

Microsystem Technologies

123



capacitor is somehow ‘‘shadowed’’ in the S-parameters

plots.

Finally, the phase of S-parameters and the correspond-

ing PPD traces show values comparable to all the previous

cases reported in this work.

4.3.3 Configuration 3—section Ad activated; section C
shorted

This configuration features one single branch activated

(i.e., section Ad) and the intermediate resistive load shorted

(i.e., section C). This said, the simulated attenuation

without accounting for vias parasitic effect (top-right plot

in Fig. 25), must be compared to that related to the model

that accounts for such non-idealities (top-right plot in

Fig. 11). In the former case, larger disagreement with

respect to experiments is visible in the lower part of the

frequency range. Moreover, the nearly-linear behavior in

the rest of the spectrum is slightly more misaligned with

respect to the case reported in Fig. 11.

In terms of PMD for the attenuation parameter, the value

for S12 is within 0.4% in the case of vias effects included

Fig. 26 Measured vs. simulated

offsets related to the plots in

Fig. 25 (when section Ad is ON,

and section C is shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21

Fig. 27 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when section Ad is ON,

and section B is shorted. Top-
left, reflection (magnitude of

S11 parameter); Top-right,
attenuation (magnitude of S21

parameter); Bottom-left, phase
of S11 parameter (reflection);

Bottom-right, phase of S21

parameter (attenuation)
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(top-right plot in Fig. 12), while it ranges between -0.4

and 0.3% when vias are neglected (top-right plot in

Fig. 26). Concerning S21, the PMD is within -0.3 and

0.2% in the case of vias effects included (top-right plot in

Fig. 12), while it ranges between -0.5 and 0.1% when vias

are neglected (top-right plot in Fig. 26).

The other parameters, i.e., reflection magnitude and the

phase of attenuation and reflection, exhibit comparable

behavior in the case of vias modelling included and not

included. To this end, see all the plots in Figs. 11 and 12, to

be confronted to those in Figs. 25 and 26.

4.3.4 Configuration 4—section Ad activated; section B
shorted

This configuration features one single branch activated

(i.e., section Ad) and the intermediate resistive load shorted

(i.e., section B). Reasoning around the attenuation, the top-

right plot in Fig. 27 (LEN without vias parasitic effects)

should be compared to the top-right plot in Fig. 13 (LEN

with vias parasitic effects included). For the qualitative

point of view, the results in Fig. 13 are more accurate than

in Fig. 27.

Fig. 28 Measured vs. simulated

offsets related to the plots in

Fig. 27 (when section Ad is ON,

and section B is shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21

Fig. 29 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when sections Au and Ad

are ON. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation)
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For what concerns the corresponding PMD, the error is

comparable in the two cases, with just small differences.

To this end, refer to the top-right plot in Fig. 28 and the one

in Fig. 14. Similar considerations apply to the other

parameters, i.e., reflection, phase of attenuation and

reflection, as well as the corresponding PMD and PPD.

Further considerations related to the comparison of all the

subplots in Figs. 13 and 14, in relation to those in Figs. 27

and 28, are left to the reader.

4.3.5 Configuration 5—sections Au and Ad activated

In this configuration, all the resistive loads are included on

the RF line. At the same time, sections Au and Ad are

activated. This means that the current configuration is the

one with the smaller attenuation load observed to this

point. Recalling previous considerations on the impact of

vertical vias non-idealities on the S-parameters, in relation

to the resistive load extent on the RF line, a larger differ-

ence is expected between the LEN with modelled vias an

the other one without. To this end, starting as always from

Fig. 30 Measured vs. simulated

offsets related to the plots in

Fig. 29 (when sections Au and

Ad are ON), also including S12

and S22. Top-left, PMD of S11

and S22; Top-right, PMD of

S12 and S21; Bottom-left, PPD
of S11 and S22; Bottom-right,
PPD of S12 and S21

Fig. 31 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when sections Au and Ad

are ON, and sections B, C and D

are shorted. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation)
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the attenuation, it is worth comparing the top-right plot in

Fig. 15 (vias parasitic effects included) with the top-right

plot in Fig. 29 (via parasitic effects neglected—ideal case).

It is evident that from the qualitative point of view, the

prediction is more accurate when non-idealities are counted

in the model.

In terms of PMD referred to the attenuation (S12), in the

case of vias modelled it ranges between 0.2 and 1% (top-

right plot in Fig. 16), while when vias non-idealities are

neglected, the same parameter ranges between ± 0.6%

(top-right plot in Fig. 30). Referring to S21, the PMD

ranges between 0.1 and 0.6% in the top-right plot in

Fig. 16, while it spans between -0.6 and 0.1% in the top-

right plot in Fig. 30. Further considerations related to the

comparison of all the subplots in Figs. 15 and 16, in rela-

tion to those in Figs. 29 and 30, are left to the reader.

4.3.6 Configuration 6—sections Au and Ad activated;
sections B, C and D shorted

This configuration is certainly the most interesting in the

comparison of the two LEN-based models, as it is the one

Fig. 32 Measured vs. simulated

offsets related to the plots in

Fig. 31 (when sections Au and

Ad are ON, and sections B, C

and D are shorted), also

including S12 and S22. Top-left,
PMD of S11 and S22; Top-
right, PMD of S12 and S21;

Bottom-left, PPD of S11 and

S22; Bottom-right, PPD of S12

and S21

Fig. 33 Measured S-parameters

characteristics of the RF-MEMS

attenuator vs. simulated

response (see circuit in Figs. 3,

4, 5) without modelling vertical

vias parasitic effects (ideal

case), when section Au is ON,

and sections B, C and D are

shorted. Top-left, reflection
(magnitude of S11 parameter);

Top-right, attenuation
(magnitude of S21 parameter);

Bottom-left, phase of S11

parameter (reflection); Bottom-
right, phase of S21 parameter

(attenuation)
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with the lowest resistance loading the RF line. The quali-

tative and quantitative prediction of the attenuation is

rather poor in the top-right plot in Fig. 31, while it looks

much better in the top-right plot in Fig. 17, when non-

idealities are accounted.

In terms of PMD for the attenuation, it ranges between

-18 and -3%, both for S12 and S21, in the top-right plot

in Fig. 32. Diversely, when vias parasitic effects are

modelled, the PMD ranges between -0.7% and around

0.7%, both for the S12 and S21, as visible in the top-right

plot in Fig. 18. Also the other parameters show better

values when the LEN models vias non-idealities. Further

considerations related to the comparison of all the subplots

in Figs. 17 and 18, in relation to those in Figs. 31 and 32,

are left to the reader.

4.3.7 Configuration 7—section Au activated; sections B, C
and D shorted

This last configuration is rather similar to the previous one,

as all the resistors are shorted, while here just one section is

activated. The difference is minimal in terms of residual

resistance on the RF line. Also in this case, when com-

paring the plots related to the LEN that models vias non-

idealities, in Figs. 19 and 20, with those that neglect the

parasitic effects, in Figs. 33 and 34, a large difference in

the accuracy of simulations is visible.

Eventually, a few collective considerations are due on

the results shown up to here. First, the network under

analysis here was intentionally chosen to be rather complex

in its geometry and, in turn, in the RF characteristics. This,

in fact, makes more challenging obtaining a trustable de-

scription based on LEN approach, and unavoidably pushes

towards making some ab-initio choices. In this case, being

the studied RF-MEMS a power attenuator, priority in terms

of accuracy was given to the attenuation magnitude, i.e., to

the S21 parameter. This means that lower error of simu-

lations concerned to the S21 is targeted, at the cost of

coarser results for what concerns reflection (S11 and S22)

and the corresponding phases.

This said, the goodness of the achieved results can be

easily measured comparing the S21 of the LEN accounting

for non-idealities of vias, reported from Figs. 7 to 20,

against the results for an ideal LEN topology (i.e.,

neglecting the parasitic effects of vias), reported from

Figs. 21 to 34, respectively. In the first group of plots, the

simulation S21 exhibits moderate quantitative deviation

with respect to measurements, while the qualitative char-

acteristic of the curves is always in good agreement with

experiments. On the other hand, in the ideal case, the

deviation of LEN simulated curves deviates significantly

from experiments, both in quantitative and qualitative

terms.

5 Conclusion

MicroElectroMechanical-Systems (MEMS) technology has

long been investigated for the production of high-perfor-

mance, extensively reconfigurable, and tunable Radio

Frequency (RF) passive components, commonly referred to

as RF-MEMS. Currently, this technology is unlocking new

Fig. 34 Measured vs. simulated

offsets related to the plots in

Fig. 33 (when section Au is ON,

and sections B, C and D are

shorted), also including S12 and

S22. Top-left, PMD of S11 and

S22; Top-right, PMD of S12

and S21; Bottom-left, PPD of

S11 and S22; Bottom-right, PPD
of S12 and S21
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avenues for exploitation in the emerging application

landscapes of Beyond-5th generation mobile communica-

tion (B5G) and Future Networks (FN).

This study delves into the technical intricacies sur-

rounding the modeling and simulation of RF characteristics

in complex RF-MEMS multi-state networks. Specifically, a

reconfigurable step power attenuator is scrutinized.

Utilizing experimental datasets obtained from physical

samples in various configurations, a Lumped Element

Network (LEN) model is developed and fine-tuned. The

schematic also incorporates considerations for the sur-

rounding Coplanar Waveguide (CPW) structure, which

frames the network and accounts for technology-related

non-idealities stemming from the presence of vertical vias.

Additionally, it includes the intrinsic bank of resistors

implementing a range of attenuation states.

Comparisons and discussions between simulations and

experiments are conducted across the frequency spectrum

from 100 MHz to 13.5 GHz. Various insights are drawn

regarding the accuracy of the LEN model configuration and

the impact of the non-idealities integrated into the sche-

matic, both qualitatively and quantitatively, in terms of the

behavior of the S-parameters.
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