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RF-MEMS Technology for Future Mobile and
High-Frequency Applications: Reconfigurable
8-Bit Power Attenuator Tested up to 110 GHz

J. lannacci, M. Huhn, C. Tschoban, and H. Potter

Abstract—In this work, we present and test — to the best of our
knowledge, for the first time —, an 8-bit (256-state) reconfigurable
RF-MEMS attenuator, from 10 MHz up to 110 GHz, realized in
the CMM-FBK technology. Resistive loads, in series and shunt
configuration, are selectively inserted on the RF line by means of
electrostatic MEMS ohmic switches. The network exhibits several
attenuation levels in the range of -10/-45 dB that are rather flat
up to 50 GHz, and a certain number of configurations with
VSWR smaller than 4 from nearly-DC up to 110 GHz, and better
than 2 on a frequency span of about 80 GHz.

Index Terms—RF-MEMS, reconfigurable attenuators, tunable
passives, 5G applications, wideband operability, S-parameters,
low-loss, FEM modeling, 110 GHz.

I. INTRODUCTION

HE remarkable characteristics of RF-MEMS passives, i.e.
MicroElectroMechanical-Systems for Radio Frequency
applications, were demonstrated and are well-known since the
late ‘90s [1]. The superior performance figures in terms of
low-loss, high-isolation, high Q-factor, linearity of switches
(ohmic/capacitive), varactors, inductors, resonators, LC-tanks
in RF-MEMS technology were stared as a landmark for
modern radio and RF systems [2,3]. In fact, the large market
uptake of RF-MEMS, forecasted in the first years of 2000,
never took place. All in all, if on one hand reliability [4] and
packaging/integration [5] were still open issues, on the other
side, early generations of mobile devices were not demanding
for the boosted performance of MEMS-based passives [6].
More recently, RF-MEMS components commenced to be
adopted in 4G-LTE smartphones to improve the quality of
voice and data transmission (i.e. market-driven context) [7].
From a different perspective, 5G systems will demand for
higher operation frequencies and large reconfigurability to
cover different services, while reducing hardware redundancy
and power consumption [8]. Scoring such targets means
leveraging on passives with boosted features, and RF-MEMS
technology could be a viable solution, both for 5G RF Front
Ends (RFFESs) and base stations [9].
In this work, we test and simulate (Finite Element Method —
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FEM analysis) an 8-bit (256-state) reconfigurable RF-MEMS
power attenuator up to 110 GHz. Resistive loads, in series and
shunt configuration, are selectively inserted on the RF line,
depending on the state (ON/OFF) of electrostatic MEMS
ohmic switches. The network shows attenuation levels in the
range of -10/-45 dB with pronounced flatness up to 50 GHz.
Margins of improvement at design level are also discussed.

Il. RF-MEMS 8-BIT RECONFIGURABLE POWER ATTENUATOR

The reconfigurable 8-bit power attenuator is realized in the
RF-MEMS surface micromachining process available at the
Center for Materials and Microsystems (CMM) of Fondazione
Bruno Kessler (FBK), in Italy. It features 9 lithographic steps
and 2 buried conductive layers: doped polycrystalline Silicon
(poly-Si) and multi-metal stack based on Aluminum [10,11].

The photograph of an RF-MEMS attenuator sample and the
equivalent lumped-element schematic are shown in Fig. 1.
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Fig. 1. a) Photograph of an RF-MEMS attenuator physical sample. Eight
cascaded switching units are visible and labelled as B1 to B8. The whole
network dimensions are 3 mm by 1.95 mm. b) Equivalent (ideal) schematic of
the attenuator. Four shunt-to-RF ground resistors (Ry357) are alternated to
four series loads (Rz46s). They are selected/deselected by means of 8
independently controlled electrostatic MEMS ohmic switches (M1 to M8).

Standalone 1-bit basic attenuator modules were reported
in [12]. The network in Fig. 1a features 8 cascaded bits (B1 to
B8) that exploit poly-Si (140 Q/sq) resistors in shunt-to-RF
ground (Ry3s7in Fig. 1b) and series configuration (Rz468 in
Fig. 1b) to attenuate the signal, and 8 MEMS ohmic switches
(Myg in Fig. 1b) to select or deselect/short them. Details on
the network and electrical parameters are reported in Table I.

TABLE |
ELECTRICAL PARAMETERS OF THE RE-MEMS NETWORK IN FIG. 1.

Bit Load Loading the RF line when
B1 R1 =0 Q (shunt) M; 1s ON (B1 state = 1)
B2 R, =140 Q (series) M, is OFF (B2 state = 0)
B3 Rs =42 Q (shunt) M3 is ON (B3 state = 1)
B4 R4 =174 Q (series) M, is OFF (B4 state = 0)
B5 Rs = 42 Q (shunt) Ms is ON (B5 state = 1)
B6 Rg =256 Q (series) Mg is OFF (B6 state = 0)
B7 R7 =42 Q (shunt) My is ON (B7 state = 1)
B8 Rg =575 Q (series) Mg is OFF (B8 state = 0)
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Fig. 2. Measured attenuation (S21 parameter) (a-b) and Voltage Standing Wave Ratio (VSWR) (d-e) of the RF-MEMS network in Fig. 1, from 10 MHz to
110 GHz — (a) and (d), respectively — and from 10 MHz to 50 GHz — (b) and (e), respectively — for configurations with/without series resistances (15 different
traces), i.e. B1.B8 from 0.0.0.0.0.0.0.0 to 0.0.0.1.0.1.0.1 (see Fig. 1 and Table I). Measured S21 (c) and VSWR (f) from 10 MHz to 50 GHz for configurations
also involving shunt sections. The labels are as follows: A =0.0.0.1.0.1.0.1; B =0.0.0.0.0.1.1.1; C = 0.0.0.0.1.1.0.1; D = 0.1.1.0.0.0.0.1; E = 0.0.0.0.0.0.0.1;
F=0.0.1.1.0.0.0.1; G=0.0.0.1.1.0.0.1. More discussion on the dashed line in (b) (i.e. OFF attenuator configuration) is developed in the text and in Fig. 3.

The device is framed within a Coplanar Waveguide (CPW)
structure, designed to match 50 Q characteristic impedance.

I1l. EXPERIMENTAL TESTING AND FEM SIMULATIONS

S-parameters are tested on-wafer with a Programmable
Network Analyzer (PNA) and Ground Signal Ground (GSG)
probes, separately calibrated with Line-Reflect-Reflect-Match
(LRRM) method (0 dBm power; 50 Q impedance) in the
10 MHz to 67 GHz and 67 to 110 GHz ranges, to achieve
better accuracy [12].

In this letter, we focus on the 4 series resistive loads
(B2,4,6,8 in Fig. 1 and Table I) and on few configurations
involving shunt sections (B1,3,5,7). Fig. 2 reports the
measured attenuation (S21) (Fig. 2a-b) and the Voltage
Standing Wave Ratio (VSWR) (Fig. 2d-e) for the 15
configurations ranging from larger to smaller series resistance,
i.e. B1.B8 from 0.0.0.0.0.0.0.0 t0 0.0.0.1.0.1.0.1 (see Table I).
For completeness, we report the whole measured range from
10 MHz to 110 GHz (Fig. 2a,d) and a focused range up to
50 GHz (Fig. 2b,e). For shunt configurations, we focus for
brevity on the range from 10 MHz to 50 GHz (Fig. 2c,f).

The network shows attenuation (S21) levels in the range of
-10/-45 dB from 10 MHz to 110 GHz (Fig. 2a). They exhibit a
flatness over frequency of about 15 dB in the worst case
(larger resistance), to values as small as 5-6 dB for the
configurations with lower series resistance, in the sub-range
up to 50 GHz (Fig. 2b). A clear dependence of the attenuation
on the amount of resistance loading the RF line is visible.

Important indications on the device behavior come from the
VSWR. Looking only at the S21 is misleading, as high
attenuations can appear also when most part of the signal is
reflected at the input port (i.e. large S11) due to severe
impedance mismatch. For this reason, we consider in this
discussion as reasonable threshold for the VSWR the value of
4. Below such a limit, the reflected power is smaller than 36 %
and, therefore, the corresponding attenuation is mainly due to
the RF signal travelling across the RF-MEMS network.

In light of these considerations, when looking at the VSWR
in Fig. 2d-e, only about half of the analyzed configurations
can be regarded as exploitable to effectively attenuate RF
signals (i.e. VSWR below 4), and correspond to the network
configurations with smaller series resistance. However, it must
be kept in mind that all the resistive loads in Table I are
oversized with respect to design. The measured vs. nominal
poly-Si resistance value is 140 Q/sq instead of 100 Q/sq [12].
Moreover, wide margins to modify the form factor of resistors
and reduce, in turn, their load, are viable at design level.

Attenuation levels from 50 to 110 GHz (Fig. 2a,d) exhibit a
more complex behavior and much less pronounced flatness.
However, most part of them show a VSWR well-below 4
across the whole span. The non-linear S21 characteristics in
Fig. 2c-d can be significantly mitigated by redesigning the
network in Fig. 1 and the MEMS switches, in order to be more
compact, thus reducing parasitic effects [12].

Further insight of the network behavior is provided by the
hybrid configurations, involving both series and shunt
modules, reported in Fig. 2c,f. As visible in Fig. 2c, the
attenuation spans in the same range reported in Fig. 2b.
Nonetheless, interesting indications emerge from the VSWR
in Fig. 2e. Let us take as reference the configuration
A = 0.0.0.1.0.1.0.1, where 3 out of 4 series resistances are
shorted and no shunt paths are activated, and let us compare it
to B = 0.0.0.0.0.1.1.1 and C = 0.0.0.0.1.1.0.1, where the total
series resistance is lower than in case A and a shunt module is
also activated. Despite the A state shows the lowest
attenuation (-12/-20 dB), its VSWR is definitely worse than B
and C, up to around 40 GHz (Fig. 2f), the latter ones
presenting a VSWR better than 2.4 from 10 MHz to 50 GHz.
Moreover, looking at the traces B, C, D, F, G, rather flat
attenuation characteristics in the range of -20/-33 dB are
achieved, keeping the VSWR always below 4, from 10 GHz
and rising. This means that, as long as series resistors are
decreased, better performance will be achieved in improved
attenuator redesign, just combining series and shunt loads.
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We also measured the configuration with all the resistors
shorted (0.1.0.1.0.1.0.1), using 4 DC probes at the same time.
Due to the limited current compliance of the available DC
voltage source, MEMS switches were self-releasing during
measurements. Despite that, we managed to observe a rather
linear and limited loss (S21) in the range -1/-7 dB up to
40 GHz, shown in Fig. 3, and reported in Fig. 2b (dashed line)
for comparison with the other configurations.
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Fig. 3. Measured loss (S21) for B1.B8 = 0.1.0.1.0.1.0.1 (dashed lines). The
repeated switches’ releases (vertical transitions) are visible. The solid line is
obtained by cascading the measured S-parameter datasets of the series and
shunt basic attenuator modules, reported in [12].

In order to get precise indications of the typical network
loss when OFF, we built a schematic within the Quite
Universal Circuit Simulator (QUCS - qucs.sourceforge.net),
not shown here for brevity. We cascaded S-parameters
measured datasets (Touchstone format) of the basic shunt and
series attenuator modules, already reported in [12], in the OFF
state (for B1,3,5,7) and ON state (for B2,4,6,8), respectively,
thus miming the 0.1.0.1.0.1.0.1 configuration of the network
in Fig. 1. The result is reported in Fig. 3 (solid line) and well-
compares to the measurements of the whole network (dashed
lines) up to around 60 GHz. It must be kept in mind that
cascading 8 basic modules leads, in terms of loss (S21), to a
case worse than the whole network. In the former layouts,
indeed, there are more vertical layer transitions between the
Aluminum buried layer and the Gold metallizations [11-12],
not present in the latter device. This brings in additional series
parasitic resistance worsening the S21, especially above
60 GHz. Though, the rationale beneath cascading 8 single
modules is to prove that the partial results of the whole
network (dashed lines in Fig. 3) are consistent.

Eventually, we built a 3D model of the RF-MEMS network
in Fig. 1 and performed FEM simulations in Ansys HFSS.
Fig. 4 shows the close-up of the B2 switch in HFSS.

Fig. 4. Close-up of the HFSS 3D model, showmg the B2 switch (see Fig. 1).
The buried series resistor, contact areas for shorting the load (when the switch
is pulled-in), the RF line and DC biasing electrodes, are highlighted.

The vertical quote of each MEMS switch is parameterized
to easily reconfigure the attenuator state. The micro-relays are

clamped-clamped electrostatically controlled devices, it being
one of the most robust design solutions, in terms of
mechanical reliability and cycling, realized in the CMM-FBK
RF-MEMS technology [13-14]. Prior to RF testing, we
characterized the DC behavior of the switches, observing a
rather stable and repeatable actuation (pull-in) of the MEMS
micro-relays, in the range of 45/50 V. We did not encounter
any stiction condition (i.e. missed release of the switch when
the DC bias is zeroed [15]), possibly induced by charge
injection and/or micro-welding, in all of the tested samples.

Fig. 5 shows the measured vs. simulated attenuation (S21)
and reflection (S22) in a few different configurations.

ST 7] e B
»27i\ ': wﬁ]ﬂ 4+ \b\f”\/\\ﬂ
-33 6+ :

\ \! — o
-j: \—\// 0.0.0.0.0.0:0.0 _12 .—";ﬁi;auslt;:;sgent w\

0 20 40 60 80 100 0O 20 40 60 80 100
Frequency [GHz] Frequency [GHz]

S21[dB]
S22 [dB]

c)

$21dB]

P
o

$22[dB)

sy 1.0.0.0.0.0.0.0

0 20 40 60 80 100 0 20 40 60
Frequency [GHZz] Frequency [GHz

21 o] a 2\ 10 ]
N / L& e

-45+ ¥
sl 0.0.0.1.0.0.0.0] - &W‘\‘_
0 20 40 60 80 100 °0 20 40 60 80 100
Frequency [GHZ] Frequency [GHz]

Fig. 5. Comparison of the measured vs. simulated (HFSS) attenuation (S21)
and reflection (S22) for the following network configurations (see Fig. 1 and
Table I): 1) 0.0.0.0.0.0.0.0 — S21 (a), S22 (b); 2) 1.0.0.0.0.0.0.0 — S21 (c), S22
(d); 3) 0.0.0.1.0.0.0.0 — S21 (e), S22 (f).
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The HFSS predicts the S-parameters with good accuracy up
to 110 GHz, in all the studied configurations. The 3D model in
Fig. 4 will be an important tool in redesigning the discussed
RF-MEMS concept and optimize its characteristics, according
to the considerations previously developed in this work.

IV. CONCLUSIONS

In this letter, we presented, tested and discussed — to the
best of our knowledge, for the first time — an 8-bit (256-state)
reconfigurable RF power attenuator fabricated in RF-MEMS
technology, in the frequency range from 10 MHz to 110 GHz.

Our concept, manufactured in the RF-MEMS technology
available at Fondazione Bruno Kessler (CMM-FBK), in Italy,
features 8 resistive loads, 4 in series and 4 in shunt
configuration, that are selectively inserted on the RF line by
means of 8 electrostatic independent MEMS ohmic switches.
The whole network footprint is of just 3 mm by 1.95 mm.

We measured attenuations (S21) in the range of -10/-45 dB
with flatness as good as 5-6 dB up to 50 GHz, and VSWR
below 4. 3D FEM simulations were also reported and
validated against experiments. The shown accurate predictive
model will be the basis to implement several improvements at
design optimization level, also discussed in this work.
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