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Abstract 

Looking at 2030, the landscape of technology will be dominated by paradigms like 6G, Super-IoT (Internet 

of Things) and Tactile Internet (TI). From the perspective of Hardware (HW) components technologies, the 

turning into reality of such scenarios will demand for a radical reconceptualization of devices, sub-systems 

and systems, probably modifying the concept of HW itself. Driven by the target of taking initial steps in the 

direction of such future applications, this work discusses a 4 bit RF power step attenuator entirely realized in 

RF-MEMS technology. Physical samples are fabricated in a surface micromachining technology and rely on 

electrostatically actuated cantilevered MEMS ohmic switches to select or short resistive loads placed along 

the RF line. Fabricated devices are tested and validated up to 30 GHz, while simulations are discussed up to 

60 GHz for the full set of allowed configurations. Despite a few technology non-idealities, the network 

shows levels of attenuation with a flatness as good as 1 dB over 60 GHz frequency span. The measured and 

simulated data reported in this work offer important indications on how to improve the network concept, 

both at technology and design level. 
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1. Introduction 

Nowadays, key application scenarios like the Internet of Things (IoT) and the Internet of Everything (IoE) 

turned to be so widespread, that significant part of R&D in the fields of modern electronics and Hardware 

(HW) technologies falls under such umbrellas, especially if looking at the area of remote and distribute smart 

sensing. On a different plane of reference, the 5G covers a role similar to IoT/IoE for whatever involves 

telecommunications and transmission of data, taking up the challenge of becoming the enabler of pervasivity 

of the IoT and IoE [1]. To this end, just mentioning applications like Virtual/Augmented Reality (VR/AR) 

and Machine-To-Machine (M2M) interaction, frames unprecedented needs in terms of mobile broadband and 

reliability of communications [2]–[6]. Nonetheless, despite still in the early days of its deployment, the 5G is 

already predicted to fail the promise of enabling the so-called Super-IoT [7],[8] and Tactile Internet (TI) [9] 

paradigms, shifting the attention ahead on 6G [7],[10]. This is because the 5G, although its innovations, still 

relies on classical HW-SW (Software) co-design approaches [11]–[13]. From a different perspective, the 

future 6G. also in light of massive exploitation of Artificial Intelligence (AI), will demand for more 

separation and symmetry between HW and SW [14]–[17], probably pushing the reformulation of the HW 

concept itself, as hypnotized in [18]. 

In light of the just sketched future scenario, this work discusses a miniaturized 4 bit, 1.4 by 1.4 mm2 RF 

power step attenuator realized in RF-MEMS technology. Programmable attenuators, along with phase 

shifters, are key components to enable advanced beamforming of future 5G/6G antennas (e.g. massive-

MIMOs), and the device here reported is tested and validated up to 60 GHz, as discussed in the next sections. 
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2. II. RF-MEMS Attenuator design concept 

The multi-state RF power step attenuator design concept here at stake is implemented within an RF-MEMS 

technology platform based on a surface micromachining technology performed on 6 inch silicon wafers 

[19],[20]. In particular, a bank of resistive loads realized by a boron doped polycrystalline silicon layer 

(poly-si) is inserted on the RF line. Such resistors load the line or are selectively shorted, depending on the 

ON/OFF state of electrostatically driven MEMS ohmic switches. The whole RF-MEMS network is framed 

within the classical Coplanar Waveguide (CPW) configuration, as reported by the microphotograph in Fig. 

1a. 

  
(a) (b) 

Figure 1. (a) Microphotograph of a fabricated sample of the monolithic RF-MEMS step attenuator. The 

footprint of the whole network is 1.4 by 1.4 mm2. (b) Equivalent network of the intrinsic attenuator network. 

The resistive loads (RL1, RL2, RL3) are deployed on two parallel branches. The independent switches SBU and 

SBD select one or both branches (or none, when the network is OPEN), while the switches SL1, SL2 and SL3, 

when CLOSE, short the corresponding load/loads. 

The schematic in Fig. 1b summarizes how the attenuation is implemented. The RF line is split in two parallel 

branches, individually selected by the MEMS switches SBU and SBD (Switch Branch Up/Down). Then, each 

branch is loaded by three resistors in series, i.e. RL1, RL2 and RL3. Given that the nominal sheet resistance of 

the poly-si layer is 100 Ω/sq, the resistors are shaped to be 10 Ω, 40 Ω and 200 Ω, respectively. 

The three resistors can be selectively shorted on both branches, when the switches SL1, SL2 and SL3 are 

actuated. Given the just discussed configuration, the RF-MEMS step attenuator realizes 15 different levels of 
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attenuation, plus the THRU and OPEN configurations, when the all the switches are ON, or SBU and SBD are 

OFF, respectively. Details of the MEMS switch used in the attenuator are reported in Fig. 2. 

  
(a) (b) 

Figure 2. (a) Experimental 3D profile of a cantilever-based MEMS series ohmic switch, measured with a 

white light interferometer. The color scale is related to the height along the vertical direction. (b) 

Experimental pull-in/pull-out characteristic of the MEMS switch. 

Fig. 2a shows the 3D profile of a cantilever-based RF-MEMS series ohmic switch, like those visible in Fig. 

1a. The electrostatically actuated gold membrane is hinged on one end, while it is suspended on the other. 

Two fingers, visible in the righthand side of Fig. 2a, short the input/out terminations of the RF line when the 

switch is ON. The color scale represents the vertical quote of the sample, observed with a white light 

interferometer. Fig. 2b reports the experimental pull-in/pull-out characteristic of the switch, in response to a 

triangular biasing waveform. The curve is acquired with a dynamic profiling system, and the switch exhibits 

an actuation and release voltages of 27 V and 21 V, respectively. 

3. Experimental RF Validation and Simulations 

This section focuses on the experimental characterization of the step attenuator Scattering parameters (S-

parameters), as well as on the validation and simulation of a Finite Element Method (FEM) model of the 

device. The S-parameters are measured by means of a Vector Network Analyzer (VNA) and micro-probes 

on a probe station, up to 30 GHz. The VNA is calibrated with the SOLT (Short-Open-Load-Thru) method. 

Then, FEM simulations are performed within Ansys HFSS, relying on a full-3D model of the network in Fig. 

1a. 
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3.1. A. Experimental Validation up to 30 GHz 

Before discussing the validation, it has to be stressed that the RF-MEMS samples available for testing come 

from a fabricated batch exhibiting two relevant non-idealities. In the first place, the boron implanted dose 

was smaller than nominal. Then, the poly-si is more resistive than expected, exhibiting 250 Ω/sq instead of 

100 Ω/sq, thus yielding loading resistor of 25 Ω, 100 Ω and 500 Ω. 

More relevantly, an unwanted oxidation of the aluminum based underpass layer occurred in correspondence 

with vias openings. This leads to the presence of a thin oxide layer wherever there is a vertical transition 

between gold (CPW level) and the underneath aluminum (underpass). The oxide behaves as a parasitic 

capacitor affecting the low frequency range, and as a parasitic resistor as the frequency increases, as already 

observed in [19]. 

The HFSS 3D model is defined to account for the poly-si sheet resistance of 250 Ω/sq, however neglecting 

the presence of the parasitic thin-oxide where vertical vias are opened. In light of these considerations, the 

comparison of the measured and simulated attenuation (S21) is plotted in Fig. 3. 

 

Figure 3. Comparison of the measured and simulated attenuation (S21) up to 30 GHz of the RF-MEMS in 

five configurations, including the THRU state (none of the resistor inserted) and the maximum attenuation 

(RL1, RL2, RL3 inserted and a single branch selected). 

The five measured configurations include the no attenuation state (i.e. THRU), when all the switches are 

actuated, the maximum attenuation, when just SBU is ON, plus three intermediate levels of attenuation. 

From a qualitative point of view, a disagreement between the measured and simulated traces is visible below 

5 GHz, with the experiments showing larger attenuation, highlighting a decreasing trend as the frequency 
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gets higher. This is due to the parasitic capacitive behavior of the residual oxide layer of vertical vias. As the 

frequency increases and the parasitic capacitors start to conduct (short), the parasitic resistive contribution of 

such an unwanted layer kicks in, yielding additional loss over the whole range. This brings to the quantitative 

disagreement visible in Fig. 3, with simulations overestimating the transmission (S21), especially in the 

THRU state, with a constant difference of 2 dB over the whole frequency range. In light of these 

considerations, the HFSS model is able to produce accurate predictions of the RF-MEMS network S-

parameters behavior, as emerging from the other network configurations in Fig. 3, as well. 

3.2. B. Simulations up to 60 GHz 

Starting from the discussion developed above, the FEM 3D model is now used to analyze the S-parameters 

characteristics of the RF-MEMS attenuator in all its configurations, accounting for the nominal poly-si 

resistivity of 100 Ω/sq. Simulations are performed up to 60 GHz, despite the validation in Fig. 3 was done 

just up to 30 GHz. This is a sensible choice as the same modelling approach was previously validated for 

similar RF-MEMS structures up to much higher frequencies [20], exhibiting accurate results. The plots in 

Fig. 4 report the S-parameters behavior of the attenuator in the eight resistive load configurations, when both 

branches are selected (SBU and SBD ON). 

  
(a) (b) 

Figure 4. Attenuation (S21) (a) and Voltage Standing Wave Ratio (VSWR) (b) simulated up to 60 GHz of 

the eight resistive loads combinations when both branches are selected (SBU and SBD ON). 

Fig. 4a shows the eight attenuation (S21) levels, including the THRU state (no loads). All the traces exhibit a 

rather flat behavior over the wide range of 60 GHz, with a variation of about 3 dB in the worst case, and of 
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about 1 dB in the best case. Also relevantly, the Voltage Standing Wave Ratio (VSWR) reported in Fig. 4b 

has to be analyzed, since it provides important indications in terms of fractions of reflected power. To this 

end, if a maximum VSWR acceptable threshold is set to 2.5, corresponding to around 20% of reflected 

power, not all the network configurations are to be considered useful to attenuate the RF signal. In this case, 

just the four configurations in Fig. 4a with less attenuation are viable over the whole range, while the other 

four are acceptable just above 40 GHz. The other eight network configurations (SBU ON and SBD OFF) are 

shown in Fig. 5. 

  
(a) (b) 

Figure 5. Attenuation (S21) (a) and VSWR (b) simulated up to 60 GHz of the eight resistive loads 

combinations when a single branch is selected (SBU ON, SBD OFF). 

The larger resistive loads, due to the involvement of a single branch, yield higher attenuation levels, up to 

around 12 dB, as visible in Fig. 5a. The two configurations with lower attenuation show a negative peak of 

the S21 in the 30-40 GHz range, very likely due to the parasitic behavior of the open lower branch. Such a 

characteristic is not visible in the other configurations, probably because hidden by the larger signal 

attenuation. However, the traces not affected by the mentioned peak confirm a marked flatness of attenuation 

up to 60 GHz. Eventually, similar considerations to the previous ones must be developed looking the VSWR 

in Fig. 5b, confirming that not all the configurations can be in fact exploited to attenuate the input RF signal. 

The reported results, despite preliminary, offer relevant sparks on how to improve this and other RF-MEMS-

based design concepts, in view of future Beyond-5G and 6G mm-Waves applications. To this end, resistive 

loads should be reshaped, in order to add lower and intermediated attenuation levels, thus improving the 



8 

 

VSWR. Also, the fact of having two branches in parallel should be perfected, in order to avoid unwanted 

negative resonances. 

4. Conclusion 

The future scenarios of Beyond-5G, 6G and Super-IoT, along with massive capitalization on Artificial 

Intelligence (AI), urge for radical paradigm shifts also at Hardware (HW) component level. Driven by the 

target of getting ready for such scenarios, this work discussed an RF-MEMS multi-state power attenuator, 

expected to be a key-component, together with phase shifters, for advanced beamforming capabilities. 

The RF behavior of the 4 bit programmable network was measured and validated up to 30 GHz, while Finite 

Element Method (FEM) simulations showed its full characteristics up to 60 GHz. Despite some non-

idealities of technology, the network exhibited good characteristics, with flatness of attenuation (S21) as 

good as 1 dB over 60 GHz frequency span. The reported design concept admits margins of improvement, 

both at technology and design level, confirmed by the data reported and discussed in this work. 
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