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Radio Frequency Switches
Based on Emerging Resistive
Memory Technologies:

A Survey

This article surveys high-performance radio frequency (RF) switches based on resistive
memories, comparing them to mature RF switching technologies, and discusses future
prospects and research directions for this technology.
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ABSTRACT | High-performance radio frequency (RF) switches
play a critical role in allowing radio transceivers to provide
access to shared resources such as antennas. They are impor-
tant, especially in reconfigurable radios, where the connec-
tions within and between the different blocks (e.g., filters,
amplifiers, and mixers) can be changed to customize and
compose RF functions for distinct frequency bands. To realize
this potential, new concepts for RF switch devices that can
be integrated with standard transistor process, while provid-
ing better transmission performance, lower power consump-
tion, smaller area, and lower actuation voltage than current
RF switch technologies [e.g., field-effect transistors (FETSs)
and microelectromechanical systems (MEMSs)] are needed.
Recently, RF switches based on emerging memory technolo-
gies, such as conductive-bridge RAM (CBRAM), resistive RAM
(ReRAM), and phase-change memory (PCM), have been pro-
posed. These nanoscale switches present major advantages,
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for example, high cutoff frequency, nonvolatility, fast and
low-energy switching, small footprint, and compatibility with
back-end-of-line (BEOL) of the standard CMOS process, thus
placing them as possible contenders for high-performance RF
switches. This article surveys high-performance RF switches
based on resistive memories, comparing them with mature RF
switching technologies like RF MEMS, p-i-n diodes, and FETs.
We discuss the physical mechanisms, device structure, per-
formance characteristics, and applications of these novel RF
switches. Furthermore, we examine the prospects and future
research directions of these technologies that could lead to
their adoption at the industrial level.
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memory; inductors; monolithic wireless transceivers; multi-
band; phase-change memory (PCM); p-i-n diode; radio fre-
quency (RF); reconfigurable radios; resistive memory; resistive
RAM (ReRAM); RF microelectromechanical systems (MEMSs);
RF integrated circuits (RFIC); RF switches; switches; tunable
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I.INTRODUCTION

It has been predicted that by 2020 there will be more
than 50 billion mobile communication devices [1], fur-
ther increasing the heterogeneity of radio frequency (RF)
standards in the wireless communication ecosystem (see
Fig. 1). At the same time, there is a growing market
demand for multiband cellphones and wearable devices
that are spectrally efficient and can be used across the
world. Currently, multiband radio transceivers comprise
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Fig. 1. Mobile communication trends. Growth of mobile-connected

devices over the last three decades. Inset: the mobile
communication standards implemented during those years. Data
taken from [1].

multiple high-frequency RF chains for each band, includ-
ing filters, amplifiers, and mixers [2], [3]. For instance,
a six-band radio transceiver will have six RF paths and
state-of-the-art smartphones such as the iPhone X support
approximately 25 of the 66 LTE available bands [4].
Moreover, the requirement for backward compatibility
requires support of global system for mobile communica-
tions (GSM) and 3G standards. Clearly, this solution is not
scalable without improved integration and miniaturiza-
tion. The question is how to maintain the miniaturization
trend, low power consumption, and high performance as
the number of standards continues to increase. The answer
is through reconfigurable radios that can support multiple
frequency bands, and the coexistence of several wireless
communication standards (i.e., multistandard).

Software-defined radios (SDRs) are the digital approach
for reconfigurable RF systems. In these systems, many
components of the radio transceiver that are usually imple-
mented by hardware (e.g., filters, mixers, amplifiers, mod-
ulators) are implemented by software and performed on a
digital signal processor (DSP). Thus, the DSP must process
a huge amount of data, at high speeds (i.e., sampling
rate) and with high resolution, leading to a huge power
consumption, prohibitive for a portable device [5], [6].
Another concern is whether the radio sensitivity of SDRs
can be as high as that of a cellphone device since they
require wide bandwidth components.

An alternative approach is to use reconfigurable hard-
ware RF architectures, whose components can be tuned
among widely distributed frequency bands. In such archi-
tectures, the analog-to-digital converters (ADCs), mixers,
filters, and amplifiers can be adjusted by reconfiguring
them or by changing the connection differently, to adjust
the receiver and transmitter chains, thus reducing (or
even eliminating) the need for a separate RF chain for
each band. Blocks can be thus reutilized and redun-
dant components eliminated, enabling greater flexibility
and radically reducing the form factor and the complex-
ity of wireless front-ends. This in turn reduces system
costs and development time. Among the technologies that
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can enable hardware-reconfigurable multistandard radios
are all-digital receivers, digital phase-locked loop (PLL),
tunable filters, and high-performance RF switches [7].
Certainly, a mixed approach between software-defined and
hardware reconfiguration could be used, considering the
tradeoffs between flexibility, power budget, area, cost-
effectiveness, and performance.

In a reconfigurable architecture, the RF switch is a
fundamental component for controlling the flow of the RF
signal and providing tunable capabilities to filters, ampli-
fiers, and other components [8]. Solid-state and micro-
electromechanical systems (MEMSs) are the most common
integrated technologies for RF switches. MEMSs are supe-
rior to compound and silicon-based field-effect transistor
(FET) switches in terms of energy consumption and RF
transmission parameters. However, they suffer from sev-
eral performance and reliability issues such as dielectric
charging, low switching speed, contact interface degra-
dation, and large area overhead [9]. FET-based switches
provide fast switching but require a relatively large area
to achieve a low resistance in the ON-state, which results
in a large parasitic capacitance [10], [11]. p-i-n diodes
can achieve excellent transmission performance, but they
require a bias current to maintain the ON-state. Hence,
the search continues for RF switches that can be easily inte-
grated, have high transmission performance, low power
consumption, and high power handling.

Recently, resistive memory technologies, such as resis-
tive RAM (RRAM or ReRAM), conductive-bridge RAM
(CBRAM), and phase-change memory (PCM), have
emerged as promising candidates for high-performance
RF switches [12]-[14], thanks to their superb transmis-
sion properties, small footprint, short switching time,
low-energy consumption, scalability, and nonvolatility. Fur-
thermore, these devices can be fabricated in the back-
end-of-line (BEOL) of standard CMOS process, which can
reduce the need for routing signals from the top metal
layer to the transistor layer, hence reducing the power
losses and inherent area overhead. Therefore, these tech-
nologies can also add tunability to passive devices that
traditionally stand on the top metal layers (e.g., metal-
insulator-metal (MIM) capacitors, and spiral inductors),
providing the required reconfigurability to face the new
challenges in communications.

In this article, we present a focused survey of the dif-
ferent resistive memory-based RF switches and their appli-
cations in front-end RF systems. In Section II, we present
the switching dynamics, materials, and key performance
metrics of resistive memory technologies. In Section III,
we survey the high-performance RF switch technologies
and their critical performance parameters. We present
the device characteristics and performance of resistive
memory-based RF switches in Section IV, and their appli-
cation in front-end circuits in Section V. Finally, Section VI
concludes this article and discusses the prospects of
ReRAM, CBRAM, and PCM-based RF switches in reconfig-
urable RF systems.
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Fig. 2. Structure of (a) ReRAM, (b) CBRAM, and (c) PCM devices.

In ReRAM, the switching occurs in the metal-oxide layer, while in
CBRAM the switching is ruled by the movement of metal ions from
the active electrode. In PCM, the switching occurs in the
programmable region as a phase change between crystalline and
amorphous in chalcogenide. (d) Typical |-V curve of ReRAM and
CBRAM devices (taken from [27]). (e) Typical PCM programming
pulses (taken from [19]).

II. RESISTIVE MEMORY
TECHNOLOGIES
Nonvolatile resistive memories are a group of emerging
memory technologies that store information as different
resistive states. They are typically two-terminal (though
three- and four-terminal devices exist) passive devices
with varying resistance, where the resistive state can be
electrically controlled. This heterogeneous conglomerate
of devices includes ReRAM, CBRAM, PCM, and magnetore-
sistive RAM (MRAM). The physical actuation varies among
the different technologies, but they are usually controlled
by electrical field, current, and/or heat (as in PCM).
These devices can be used as switches with discrete
states, as they exhibit nonlinear switching behavior asso-
ciated with electric field and/or temperature-accelerated
atom or ion movement [15]. The time required to switch
the devices varies dramatically (exponentially or even
superexponentially) with the applied voltage. The high
resistive state (HRS, Ropr) is achieved after a “reset”
programming and the low resistive state (LRS, Roy) is
achieved after a “set” operation [see Fig. 2(e)]. Further-
more, some devices exhibit intermediate resistive lev-
els [15], which allows for their use as multilevel cells in
memory arrays [16] and as artificial synapses in neuromor-
phic applications [17], [18]. For RF switching applications,
their use is focused on the binary states (Ron, Ropr)-
Their nonvolatility implies that no bias voltage or current
is required to maintain a particular state, eliminating
the static power consumption, and hence potentially
reducing the overall energy consumption. Furthermore,
they can potentially achieve high endurance, exhibit

fast switching, low switching energy, and have a small
footprint [19]-[21].

Since BEOL compatibility is crucial for integration of
these devices with CMOS technology, extensive work has
been done to identify not only devices that perform well,
but can also be fabricated via low-temperature processes
and with materials compatible with CMOS. Moreover,
these can be stacked in a 3-D fashion in a crossbar archi-
tecture with a memory cell area of 4F2/n, where F is
the feature size of the technology and n is the number
of stacked layers [20], [22], [23]. These characteristics
make them promising candidates for memory [19], [20],
[23], [24], logic within memory [25], and neuromorphic
computing [26].

A. Resistive RAM

ReRAM or valence-change memory (VCM) consists of
a metal oxide sandwiched between two metal electrodes
in an MIM structure [20] [see Fig. 2(a)]. Upon external
stimuli, oxygen anions are prone to move in the oxide
lattice, leaving “oxygen vacancies,” which cause changes in
the oxide resistance [28]. Virgin devices typically require
an electroforming process [20], which requires higher
voltages than the set voltage, to prompt the future resis-
tive switching process. After electroforming, a conductive
filament is formed and the LRS is achieved. Subsequent
set-reset cycles will only partially change this filament.
The reset process is governed basically by Joule heating
and ion migration. Oxygen ions migrate back to the oxygen
vacancies or oxidize the conductive filament increasing the
resistance to HRS.

Another subcategory of ReRAM is the binary nonfila-
mentary metal-oxide memory. Its uniqueness relies in that
it is completely based on an interfacial effect. Hence,
the OFF- and ON-currents depend linearly on the device
area and not on a metallic filament, and thus there is no
need for an electroforming step [29], [30]. The device
consists of a conductive metal oxide with a thin insulating
metal oxide tunneling layer sandwiched between two inert
electrodes. The switch relies on changes on the poten-
tial barrier owing to field-dependent oxygen exchange
between the two layers [29], [30].

A broad variety of oxides have been proposed for these
devices, for example, hafnium oxide (HfO,), tantalum
oxide (TaO,), and titanium oxide (TiO,), and many metals
have been proposed for the electrodes, such as titanium
(Ti), titanium nitride (TiN), platinum (Pt), and aluminum
(AD) [22]. Particularly, HfO, is already being used as a
high-k dielectric in several CMOS processes. Therefore,
devices that use HfO, can readily be integrated with stan-
dard CMOS processes [20].

The very many possible combinations of electrode
materials and metal oxides result in a wide variety of
devices, differing in performance in terms of Rop—Ron
ratio, endurance, switching time, switching energy, and
switching mode (unipolar or bipolar). The switching direc-
tion in unipolar devices depends on the amplitude of
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the applied voltage/current regardless of the polarity.
On the contrary, bipolar devices require voltage/current
of opposite polarity to set/reset. The switching time in
ReRAM devices has been shown to be in the order of
nanoseconds, though subnanosecond switching has also
been observed [31], [32]. Furthermore, ReRAM devices
can achieve low power—energy consumption, with low set—
reset currents (<100 nA), high endurance (> 1012 cycles)
[33]-[35], and data retention >10 years [20]. ReRAM
presents some reliability issues such as anomalous reset
called negative set, where large currents are obtained after
a reset operation owing to defect generation and injection
from the bottom electrode (BE), which is positively biased
during reset [36]. ReRAM can also present cycle-to-cycle
resistance variation because of the stochastic number and
position of defects in the filament and in the depleted
gap. Furthermore, data retention is strongly dependent on
the size of the conductive filament and the electroforming
voltage [36]. The LRS resistance increases with time due
to a gradual dissolution of the conductive filament. This
phenomenon is accelerated in higher temperatures.

B. Conductive-Bridge RAM

CBRAM, also known as electrochemical metallization

(ECM) memory, consists of a pair of electrochemically
asymmetric metal electrodes (i.e., an active electrode and
an inert electrode) separated by a small-scale gap or an
insulator [21] as shown in Fig. 2(b). The switching mech-
anism relies on a redox process where a metallic filament
is formed or ruptured between the two electrodes due to
electrochemical reactions, ion migration, and Joule heat-
ing [24]. Hence, when an external electric field is applied
between the electrodes, ions from the active electrode
migrate to the inert electrode building up the filament.
A field with opposite polarity reverses the process, that
is, some of the metal ions from the filament dissolve and
migrate back toward the active electrode, recombining
with the bulk metal.
The active electrode can be silver (Ag), copper (Cu),
or nickel (Ni), with Ag being the most popular. The inert
electrode can be platinum (Pt), tungsten (W), or gold
(Au), among others. As for the insulating material,
it serves as a solid electrolyte; amorphous chalcogenides
(compounds including Ge, S, Se, and Te) and oxides
have been explored for this purpose [21]. For CMOS
integration, diffusion barriers are required to prevent
Ag or Cu contamination of the underlying transistors.
Conversely, W is used for the inert electrode because it
is prevalent in CMOS interconnects. For instance, in [37]
SiO,-based CBRAM devices are reviewed. Particularly,
Cu-SiO,-W CBRAM devices show promising perfor-
mance and are fully compatible with current CMOS
BEOL process.

An interesting property of these devices is the lin-
ear dependence of Ry on the compliance current [13],
[21]; the higher the compliance current, the lower the
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achieved Roy. It has been demonstrated [38], [39] that
this technology can achieve fast switching time (<10 ns),
good endurance (>10°), low power switching (<nW),
scalability to sub-20 nm, good retention (>10 years),
and high Rops/Rox ratio (>10°). Reliability issues in
CBRAM include electrode oxidation and filament instabil-
ity since the filament formation is intrinsically a stochastic
process. Therefore, the LRS is prone to exhibit cycle-to-
cycle variations. Furthermore, filament overgrowth can
result in negative-SET behavior, which can result in reset
failure [36]. These issues can be solved with process
enhancements as shown in [40]. Also in CBRAM, the LRS is
reported to increase with time and high temperatures [21].
It has been shown that lower LRS improves the retention,
possibly due to thicker filaments.

C. Phase-Change Memory

PCM relies on the large ratio between the high resistance
of the amorphous phase and the low resistance of the
crystalline phase in phase-change materials [19]. Typical
phase-change materials are chalcogenide compounds such
as Ge,Sb,Tes (GST). Fig. 2(c) shows a typical “mushroom-
type” cell, which consists of a phase-change material
placed between two electrodes and heated from below by
a refractory metal (heater). To reset the PCM, the lattice
of the programming region must be rearranged in an
amorphous manner (i.e., amorphization). Thus, the local
temperature of the GST must rise above the melting tem-
perature Ty, (typically above 600 °C), melting part of the
phase-change material (i.e., programmable region), and
must quickly be quenched to low temperature (below the
crystallization temperature Teys ~ 200 °C) so that the
material does not have time to recrystallize. To achieve this
temperature change, a large amplitude, short width pulse
is applied [see Fig. 2(e)]. On the contrary, to crystallize
(i.e., set) the cell, a small amplitude, long width pulse is
applied. With this stimulus, the temperature of the phase-
change material rises beyond T7.ys allowing the lattice
to recrystallize [41]. Thus, PCMs are unipolar since the
switching dynamics do not depend on the polarity of the
pulses.

PCM stands as a viable candidate for storage-class
memory because of its inherent CMOS friendliness of the
PCM cell materials [15], [23]. Stoichiometric variations
of the GST achieve different Ropr/Ron ratio, endurance,
set time and energy, reset time and energy, and reten-
tion. For instance, in [42], a device with 80-ns set time,
endurance of over 10° cycles, and retention time of ten
years was demonstrated. Although the crystalline state is
almost constant, PCMs present state drift in the amorphous
phase [15], [19]. The origin of the resistance drift is
still debated, but it is a serious concern in multilevel
cells and for their use as artificial synapses. Certainly,
when using the PCM as an RF switch, the variability
of the HRS is irrelevant since the OFF-state performance
is further related to the OFF-state parasitic capacitance
than Rops.

Authorized licensed use limited to: Technion Israel Institute of Technology. Downloaded on December 21,2020 at 12:05:45 UTC from IEEE Xplore. Restrictions apply.



Wainstein et al.: RF Switches Based on Emerging Resistive Memory Technologies

Receiver Mixers

R
(a) . & (b) Reconfigurable
Antennas  Filters “ S 69 m Antennas
; ®
e YJY
Y . Mixers (
DA 02y
Y { . e ) E3 Switch
Switch ‘ 02
Transmitter
Fig. 3. (a) Intercircuit reconfiguration. The connection between

the different front-end blocks can be changed using
high-performance RF switches. (b) Example of intracircuit
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antenna (e.g., the resonance frequency).

IIIl. RF SWITCHES

RF switches are fundamental components in radio trans-
ceivers for the control of signal flow and to multiplex the
access to shared resources or blocks (e.g., antennas, ampli-
fiers, and filters). Particularly in reconfigurable systems,
the RF switch provides tunability by changing the con-
nection between different circuit blocks (i.e., intercircuit
connections), as shown in Fig. 3(a), and within functional
blocks (i.e., intracircuit connections) by changing the char-
acteristics of the circuit block, as shown in Fig. 3(b).
As depicted in Fig. 4, the basic model of an RF switch con-
sists of a parallel RC circuit, with a varying resistance and
a parasitic capacitor. The insertion loss (IL) (i.e., the signal
loss in the ON-state) is determined by the ON-resistance
(Ron) of the switch, while the isolation (i.e., the unde-
sired signal leakage in the OFF-state) is determined by the
parasitic capacitance (Copr). The figure of merit (FOM)
of RF switches is the cutoff frequency, at which the OFF-
impedance equals the ON-impedance. Assuming the basic
RC model, the cutoff frequency is fco = (27 RoxCorr) .
Therefore, this FOM accounts for the main contributors to
the IL and isolation.

Other critical metrics of the RF switch are bandwidth,
return loss, maximum power handling, linearity, video
leakage, crosstalk, switching time and switching energy,
endurance, and footprint [43]. Power handling is deter-
mined as the maximum power that can be sustained by the
RF switch during regular operation. Linearity is character-
ized by the third-order intercept (IP3), that is, the power at
which the third harmonic equals that of the fundamental,
and the 1-dB compression point (Pq 4g), that is, the input
power at which the output power decreases 1 dB from the
input power.

RF switches can be categorized in two main groups:
solid-state and electromechanical. The former group
includes devices based on controlled electron flow through
semiconductors. The latter includes devices that rely on
mechanical movement of a relay or a cantilever, usually
controlled by voltage or current, to connect/disconnect an

ohmic or capacitive contact. In this section, we discuss
the main characteristics of solid-state (e.g., p-i-n diodes,
CMOS, compound FETs) and MEMS RF switches.

A. Solid-State RF Switches

FET, p-i-n diodes, and hybrid diodes (FET and p-i-n)
are the main solid-state switches. They are more reli-
able, exhibit higher endurance, have longer wear-out,
and faster switching than the electromechanical switches
since they operate without moving parts. However, they
exhibit a higher oN-resistance, which results in higher
signal power loss, that is, IL. Compound semiconductor
switches from group III-V, such as gallium arsenide (GaAs),
indium phosphide (InP), and aluminum arsenide (AlAs),
have shown better performance than the Si-based switches
because of higher electron mobility in these materials [44],
particularly in indium-gallium-arsenide (InGaAs)-based
high-electron-mobility transistors (HEMTs). However,
ITI-V compounds have their own, that is, special fabrication
process; thus, they require heterogeneous CMOS integra-
tion, which is still expensive and inefficient.

The p-i-n diode consists of an intrinsic (I) layer, sand-
wiched between a p-type region (P) and an n-type region
(N). The diode serves as a current-controlled variable
resistor, with an ON-resistance lower than 1 Q and OFF-
resistance greater than 10 kQ. These devices have high
switching speed and small footprint. However, the bias
current required to maintain the ON-state results in high
power consumption. On the contrary, FET switches are
controlled by the voltage applied between the gate and
the source. Since they are four-terminal devices, there
is an inherent isolation between the dc and RF paths.
Furthermore, they are the preferred option in applications
that require high endurance, reliability, and low switch-
ing time. The ON-resistance is inversely proportional to
the width of the transistor. Therefore, to achieve a low
resistance, the transistor width should be large enough
(>100 um) [45]. On the contrary, the parasitic (drain-
to-source) capacitance is directly proportional to the tran-
sistor width. Hence, FET switches achieve low IL at the
expense of a poor IS, and their FOM is lower than that
of the p-i-n diode. Due to their low IS, most applica-
tions require two FET switches to fulfill the minimum IS
requirements.

PIN ; ; POUT :P

IL= Signal loss in ON-state
IS = Attenuation of undesired signal in OFF-state

Fig. 4.
determines the IL (i.e., the signal loss in the on-state). The
OFF-capacitance, Corf, is the parasitic capacitance which determines

First-order model of an RF switch. The on-resistance, Ron,

the isolation, namely the attenuation level of unwanted signal flow.
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Table 1 Comparison Between High-Performance RF Switch Technologies

Parameter RF MEMS PIN FET MIT ReRAM CBRAM PCM
Voltage 20-80 V -5V -5V 3-30 V 1-3V 1-3V 1-10 V
Switching Energy 50 pJ-10 pJ 50 fJ-10 nJ 50 fJ-10 pJ 0.1 nJ-40 p W 0.01-1 nJ 1-100 nJ 1-500 nJ
f:t(‘;‘:fu;‘;‘zz; ~0mW! 5100mW  0.05-001mW > 150 mW ow 0w 0w
Switching time 1-300 ps 1-100 ns 1-100 ns 2 ns—40 ps 1-100 ns 1-100 ns 100/1000 ns
FOM 20-50 THz 1-4 THz 0.5-2 THz 0.5-10 THz ~3 THz 3-70 THz 1-57 THz
Power handling <05W <10W < 10W <2W <1W <1W <10W
Area (um?) 102-104 50-103 10-103 103-106 ~1 ~1 1-103
Maturity sokokok seokskok ok sokskok ok seokosk * sk sekok

# of Terminals 3 2 4 2/4 2 2 2-4

! Includes voltage upconverter and driving circuitry to maintain the state.

Vanadium dioxide (VO;) is a phase-change material
that presents metal-to-insulator transition (MIT) [46],
[47]. This abrupt and reversible MIT occurs at a critical
temperature. Contrary to other phase-change materials,
the VO, MIT is volatile, that is, the temperature of
the material must be above the critical temperature
(68 °C) to maintain the conducting state, while at
room temperature the material behaves as an insula-
tor. Due to the high contrast between the insulating
and metallic phases (~10%) and the low resistivity
in the metal phase (p < 12 xQ - m), VO, stands
as an interesting material for RF switches [48]-[50].
Single-pole single-throw (SPST) devices based on VO,
have shown an IL below 0.4 dB and IS better than 30 dB
up to 20 GHz [51]. The switching time can be as low as
~15 ns [49]. However, the dc ON-voltages can be larger
than 3 V, with currents above 50 mA, thus incurring large
static power consumption. In terms of area, these devices
can be as small as 20 x 20 um?. MIT RF switches have
been used, among others, to implement broadband phase
shifters [52] and power limiters [53]. An extensive review
of RF switches and circuits based on MIT is presented
in [47].

B. MEMS RF Switches

MEMS switches are surface-micromachined devices that
can switch a transmission line based on the mechanical
movement of one (or more) movable parts [57]. The
RF MEMS switch consists of two parts: mechanical, for
actuation, and electrical for control. The MEMS switch
can be classified by the source of the physical phenom-
enon that controls the mechanical movement, which can
be thermal, electrostatic, magnetostatic, and piezoelectric.
Furthermore, they can be classified by the device orienta-
tion: vertical or horizontal, and according to the contact
type in capacitive or metal-to-metal (ohmic). In capacitive
contact switches, the transmission is changed owing to
a large capacitance ratio (>500) between the OFF- and
ON-states [58]-[61]. Electrostatic actuation is the most
popular and attractive method because of the low energy
consumption (10-100 nJ) per cycle. Developments in the
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past decade have made this technology an extremely
attractive option as an RF switch, since these RF MEMS
switches can achieve extremely low IL (<0.1-0.2 dB), low
Ron (0.5-2 Q for metal-contact devices, 0.1-0.2 Q for
capacitive devices), low Copr (2-16 fF), very high isola-
tion, and high linearity up to mm-wave frequencies [58].
However, most implementations of these devices require
high actuation voltages of 30-80 V [9]. Commercial MEMS
switches with 3-V operating voltages are nowadays avail-
able [62], where the MEMS switch is actuated by a charge
pump that creates the 80 V required to switch the device.
Furthermore, capacitive contact RF MEMSs are usually
used as shunt switches, which results in poor isolation at
low frequencies. Other drawbacks of these devices include
low switching speeds (2-40 us), low power handling
(~23 dBm), reliability issues due to contact degradation
and dielectric charging, costly or incompatible integra-
tion with CMOS, costly packaging, and high fabrication
costs [57]. RF MEMS switches find application in several
subsystems, for example, reconfigurable antennas [63],
[64], and tunable filters [58], [65]. A summary com-
parison between the different RF switch technologies is
listed in Table 1.

IV. HIGH-PERFORMANCE RESISTIVE
MEMORY-BASED RF SWITCHES

Resistive memory-based RF switches have emerged as
high-performance RF switches because of their state-of-
the-art FOM, low switching energy, nonvolatility, and
small area. Since their switching mechanism is an actual
change in the physical structure of the devices (with-
out moving mechanical parts), they could achieve better
endurance than MEMS. Endurance remains a critical issue
that requires further research and investment in terms of
material research and processing to move from a research-
grade device to industry-grade, reliable technology. Their
nonvolatility results in a lower energy consumption, as no
bias power is required to maintain the state as in FETs
and p-i-n diodes. Furthermore, they achieve a state-of-
the-art FOM requiring a much smaller area than their
contenders. A survey of the FOM achieved in published
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resistive memories.

works since 2008 is presented in Fig. 5. The difference
between these devices and their siblings for memory and
logic is in their low ON-resistance (<10 Q), and their
small parasitic or OFF-capacitance (<15 fF). In these
devices, the requirements for the Ropr/Ron ratio can be
relaxed since an Ropr greater than 10 kQ is sufficient to
achieve a decent isolation at low frequencies. To achieve
dc decoupling, three- and four-terminal devices have been
proposed. Since the dc path is isolated from the RF path,
the three- and four-terminal switches allow for a simpler
dc biasing, eliminating the need of expensive RF chokes
and enable the optimization of the dc and RF performance
separately. In this section, we present ReRAM, CBRAM, and
PCM-based RF switches. For each of these technologies,
we review the physical composition, performance, and
their pros and cons.

A. CBRAM-Based RF Switches

The concept of using CBRAM devices as RF switches
was first introduced by Nessel et al. [12], who presented
a 10-um gapless-type CBRAM switch with Ag and Ni elec-
trodes. The device was measured up to 6 GHz, achieving
below 0.5-dB IL and above 30-dB IS. Although Roy and
Corr are not reported, they can be approximated from
the reported IL and IS values, leading to Roy = 6 Q,
Corr = 9 fE and thus fco = 2.95 THz. The set and
reset voltages are, respectively, 1 and —1 V. The compliance
current, both for set and reset, is 10 mA.

Another type of CBRAM RF switch is a gap-type
switch [13], where the Ag and Au electrodes (active and
inert, respectively) are separated by a 35-nm air gap,
as shown in Fig. 6(a). The device is fabricated over a SiO;
surface in a high resistivity silicon substrate (HRSi), in-line
with a coplanar waveguide transmission line. The reported
device presents an IL of approximately 0.3 dB and an IS of
over 30 dB at 40 GHz. The reported Roy is 2.6 Q, Ropr is
approximately 1 TQ, and Coyr is on average 1.41 fE leading
to a typical cutoff frequency of 35 THz. In this device,
Vser = 3 V and Vrgs = —0.4 V. The reported power-
handling capabilities of this switch is 50 mW, at which

the device starts to self-switch. The IP3 of this CBRAM RF
switch is beyond 45 dBm.

To accurately predict the steady-state behavior of this
device, a scalable lumped model was presented [55], [56],
as shown in Fig. 6(c). The model is divided into analytic
and numerical submodels. The former consists of a set
of closed-form expressions from which the value of the
lumped components can be determined. The latter is used
to fit the model with measurement data. The model can
be used to design and simulate larger circuits comprising
these CBRAM-based RF switches, as will be presented in
Section V.

Recently, nonvolatile resistance has been observed in
multilayer 2-D materials based on conventional MIM
structures with varied transitional metal dichalcogenide
(TMD)-based hybrids [66]. In [67], atomristors were intro-
duced. This device has molybdenum disulfide (MoS;)
in the insulating layer. Due to their extremely low
ON-resistance, these devices can be wused as high-
performance RF switches. In these devices, MoS; is sand-
wiched between Au electrodes. When a positive voltage is
applied, Au oxidizes and Au™ ions fill the sulfur vacancies,
building a conductive path between the two electrodes,
thus reducing the resistance. In [68], atomristors with
extremely high FOM (70 THz) and very fast switching
(15 ns) are introduced. Another atomristor RF switch
was recently presented in [69]. This device uses a very
thin (~0.33 nm) hexagonal boron nitride (hBN) as the
insulating layer, and an FOM of 43 THz is shown.

Like MOSFET switches, CBRAM RF switches also trade-
off between Roy and Copr. A smaller gap reduces the fila-
ment length, lowering Roy and improving the IL. Reducing
the gap also reduces the switching time and switching
energy [70]. However, a smaller gap increases Copr Since
the distance between the electrodes is reduced. Hence,
the IS degrades considerably. The increased Copr can be
compensated for by reducing the section (area) of the
electrodes. Furthermore, two devices can be connected
in parallel to reduce Roy, and the section of the elec-
trodes can be engineered to avoid an increase in the Cogg.
Because the switching mechanism in CBRAM is voltage-
controlled [21], [71], the switching would not be affected
by the parallel connection. Nevertheless, the scaling of the
electrode is limited by the compliance current required to
achieve the desired Roy.

Another design tradeoff exists between the switching
energy and Roy. Since Roy is inversely proportional to the
compliance current, it must be increased to lower the Roy.
The larger the compliance current, the greater the switch-
ing energy and the lower the device endurance [72]. A big
challenge in the design of RF circuits using CBRAM RF
switches is to control the parasitic resistance surrounding
the device. Since these devices require a compliance cur-
rent circuit to prevent damage during set, some parasitic
resistance will always be in series with the two-terminal
CBRAM. Therefore, when the SET voltage is applied,
a voltage divider is formed with the parasitic resistance.
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Fig. 6.

(a) Schematic cross section of the CBRAM-based RFMS proposed in [13]. Two metal electrodes (Ag and Ti/Au/Ag) separated by a

35-nm air gap in-line with the transmission line. (b) Cross-sectional false-colored SEM image of the device (adapted from [54]). (c) Lumped

model proposed in [55] and [56], where R and Corr represent, respectively, the varying resistance and the gap capacitance (i.e.,

the capacitive coupling effect between the electrodes). Capacitor Cox represents the SiO, parasitic capacitance, Cs the Si substrate

capacitance, and C the fringe capacitance between the signal line and ground planes. The inductance of the filament and the electrodes are

also considered and are, respectively, Lg and Lg. The resistance Rg describes the losses in the electrodes.

As Roy is low, the voltage drop at the CBRAM can be lower
than the required to set/reset. Hence, the parasitic must be
kept as low as possible.

B. ReRAM-Based RF Switches

Oxide-based resistive switches have been extensively
explored for memory and neuromorphic computing
applications due to their analog switching properties.
However, their applicability for RF switching has been
limited since they typically have high ON-resistance states
leading to unacceptably high IL. A reconfigurable passive
planar absorber using ReRAM is theoretically proposed
in [73], requiring an LRS of 300 Q. These LRS val-
ues can be achieved by engineering TiO,-based ReRAM
devices [74]. However, more sophisticated RF circuitry
requires RF switches with a much lower low-resistance
state for reduced IL.

The first experimental results of an RF oxide ReRAM
switch for the X-band using heavily reduced TiO, 30 nm
thick as active material [see Fig. 7(a)] is presented in [74].
The device was fabricated using a coplanar waveguide
design with 100-um signal linewidth and 60-xm gaps to
ground to ensure 50-Q impedance matching. The device is
fabricated on an HRSi wafer substrate. Three photolithog-
raphy steps were performed using an MA6 Suss MicroTec
mask aligner and lift-off. To reduce the device dimensions
below the resolution limit and thus lower the capacitance,
the top electrode (TE) is misaligned from the BE, sacri-
ficing some of the yield. The smallest obtained working
device has a ~0.5-um? area [see Fig. 7(b)]. After the
lithography for the TE, a 30-nm TiO, film is deposited by e-
beam deposition in vacuum from TiO, pellets, followed by
electrode metal deposition. This method ensured a clean
interface between the TiO, layer and TE.

The as-fabricated devices show a highly conductive,
almost linear behavior, with resistances around 38 Q at
0.05 V. The devices have low switching voltages (1 V).
The maximum OFF-resistance is 35 kQ, while the minimum
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ON-resistance is measured as 28 Q. The switches could
be switched at least 20 times at room temperature in
air environment. Attempts to use higher set currents to
further reduce the oN-resistance lead to irreversible device
damage. The switch shows good IL (—2.1 dB) and isolation
(—32 dB) at 10 GHz [see Fig. 7(c)]. The nonvolatility of
these devices compares to similar devices, reported previ-
ously for other purposes [17]. The devices switch reliably
for tens of cycles, showing better endurance than previ-
ously reported CBRAM RF switches [13]. Through device
engineering, these devices might yield high endurance and
improved performance. Other types of oxides materials,
such as TaO, [75] or multimaterial stacks [76], have
exhibited smaller variability from switching cycle to cycle
and thus greater endurance than TiO, [77]. This opens
up the possibility for oxide ReRAM RF switches with
endurance higher than 10 cycles. Advanced nanolithogra-
phy techniques can be used to reduce the device area even
further to improve the isolation. Thinning the active layer
combined with material engineering can help decrease
further the ON-resistance and reduce the IL.

C. PCM-Based RF Switches

Some alloys of GST chalcogenides, for example, germa-
nium telluride (GeTe) and antimony telluride (SbyTes),
exhibit low resistivity in the crystalline phase, a critical
requirement for RF switches. Their resistivity can be more
than an order of magnitude lower than that of FETs [14],
allowing for lower Roy with similar or smaller feature size.
The resistance in the amorphous state is sufficiently large
to achieve an Rorr/Rox ratio higher than 10%.

Two-, three-, and four-terminal PCM RF switches have
been proposed [14], [45], [78]. Two-terminal devices are
directly heated, that is, the thermal actuation is performed
through the same electrodes where the RF signal flows in a
similar operation as PCM. On the contrary, three- and four-
terminal devices can be either heated directly or indirectly.
In the latter, the thermal actuation path is isolated from
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Fig. 7. Oxide-resistive RF switch. (a) Schematic illustration showing a substoichiometric TiO, _, oxide layer sandwiched between two

metal electrodes (Pt). (b) Top view SEM photograph showing the low area ~0.5 umz due to intentional misalignment of optical features to

reduce effective area in a low-cost manner. (c) Characterization results showing a measured IL of —2.1 dB and an IS of —32 dB at 10 GHz.

Fitting is done using the model presented in [55] and [56].

the RF transmission path. Note that thermal actuation and
RF transmission requirements differ. For thermal actuation,
refractory metals or alloys (e.g., W, Ta, and NiCr) are
required because of their resistance to heat. However, these
metals have larger electrical resistance than Cu, Al, or Au,
which are the preferred choice for RF electrodes. Hence,
two-terminal devices have an intricate tradeoff between
thermal efficiency and RF performance. As in any RF
switch, the isolation is determined by the Cogr, which is
mainly set by the parallel plate capacitance between the RF
electrodes, and in the case of independent heaters, the cou-
pling capacitance also contributes to the OFF-capacitance.
Besides electrothermal actuation using voltage or cur-
rent pulses, optical switching of inline PCM RF switches
using short UV laser pulses (~30 ns) has been pro-
posed [79], [80]. To crystallize the PCM, a single laser
pulse with a fluence (pulse energy divided by the laser
surface spot) of 85-90 mJ/cm?. To amorphize back the
PCM, a second laser pulse having a much higher fluence
of 185 mJ/cm? is used. Here, we will focus on electrically
activated devices, which are those who can actually be
integrated to RF integrated circuits (RFIC) front-ends.

1) Two-Terminal PCM Switches: In [78], a 3 x 3 um?
two-terminal via switch [see Fig. 8(a) and (b)] with Rox =
1.8 Q and Coms >~ 15 fF is presented. The device is not a
typical mushroom cell as the GeTe is sandwiched between
two electrodes without the thin heater inside an insulation
layer [as in Fig. 2(c)]. The FOM of this device is 5.9 THz,
better than a large silicon-on-insulator (SOI) FET [81].
In this vertical device, Copr is determined by the parallel
plate capacitance between the two electrodes. Because of
the high relative permittivity (¢,) of the PCM, Cog is large,
which diminishes the IS of the device. To set this device,
a pulse of 1.2 V must be applied for 5 xs. On the contrary,
the reset pulse can be 500 ns wide with an amplitude
of 3.5 V. This device exhibits high linearity, with an IP3 of
33 dBm and a P 4g of 20 dBm.

Passivation SiO,

Si Substrate

(a)
(b)
Fig. 8. Directly heated two-terminal PCM-based RF switch.
(a) Schematic cross section and (b) SEM cross section (taken
from [78]).

In [82], a two-terminal in-line PCM RF switch is pre-
sented. The GeTe layer is backside contacted using AlCu
contacts. Thanks to the in-line configuration, a lower Cogr
(7 fF) is achieved, leading to an FOM of 22 THz. The key
feature of this device is that switching in both directions
is performed with short pulses (60 ns). Thus, reducing
the switching energy by at least one order of magnitude
compared to the indirect heating devices. This evidences
the inherent tradeoff between energy efficiency and dc-RF
isolation existing between the direct and indirect heating
schemes.

2) Three-Terminal PCM RF Switches: A three-terminal
PCM RF switch is presented in [45]. The switch is used to
shortcut the signal line and the ground planes in a coplanar
waveguide. The device consists of two vertical 1 x 1 um?
GeTe via stacks, where the BE is shared by both stacks and
the TE is connected to the ground plane [see Fig. 9(a) and
(b)]. Since the BE is shared and the TE is connected to
ground, the two PCM via stacks are in a parallel config-
uration. The achieved Roy is 0.8 Q, while Cogs is 6.5 {E
meaning an FOM of 30.6 THz. The fabrication process is as
follows: a blanket metal is deposited to build the BE. Then,
GeTe is sputtered and patterned to form two via stacks
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Fig. 9. Directly heated three-terminal PCM-based RF switch.
(a) Schematic cross section and (b) SEM cross section (taken
from [45]).

below the ground plane. Titanium tungsten (TiW) is used
as a heater layer on top of the PCM to assist the thermal
actuation, and the TE is deposited. Finally, the ground
plane and the signal line (S) are metalized.

Because of the parallel connection, the resistance is half
the resistance of the two-terminal device. In this case,
the capacitance is also lower since the electrode section of
each viais 1 x 1 um?. Nonetheless, the fringe capacitance
between the center electrode and the external electrode
increases the Copr in this device. Because the programming
is done simultaneously to both PCM via stacks, the three-
terminal device requires pulses of up to 9 V to amorphize
and 1.5 V to crystallize [83].

3) Four-Terminal PCM RF Switch: The four-terminal
PCM RF switch using an independent heater, as shown
in Fig. 10(a), was first introduced in [14]. The device is
fabricated in-line with the RF paths, where the two RF elec-
trodes are laterally connected to the phase-change mater-
ial. The programming path (heater) is routed underneath
the phase-change material and is isolated from the RF path
by a dielectric thermal barrier. Therefore, Copr is mainly
determined by the lateral gap between the RF terminals,
reducing considerably the capacitance. Furthermore, with
an independent heater, RF and thermal actuation paths can
be optimized separately. However, indirect heating poses
the problem of an increased energy to amorphize and crys-
tallize as some of the heat will be dissipated on the thermal
barrier. This device presents several advantages for RF
circuit designers since many transistor-based applications
rely on a control terminal, isolated from the RF signal.
Thus, this device can replace the FET RF switch with ease.

The first generation of in-line four-terminal PCM RF
switches with an independent heater achieved Roxy =
8.35 Q and Comr = 18 fF [14]. The relatively high
resistance is because of the large gap between the RF
terminals, high contact resistance, and high sheet resis-
tance of GeTe. Developments in the fabrication process, for
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example, layer planarization, damascene metal processes,
and improvements in etching process, have improved these
devices [84], [86]-[88], leading to Rox = 0.9 Q, Copr =
14.1 fE and FOM of 12.5 THz. The linearity of the device
has also improved, with an IP3 of 72 dBm. Furthermore,
Moon et al. [89] proposed the use of Sb;Tes instead of
GeTe, which drastically improves the device endurance and
reduces switching energy consumption, achieving more
than 107 switching cycles and less than 3 nJ/um? per
switch [90]. The transmission properties of such a device
are also state of the art, with an FOM of 6.3 THz.

In the indirect heating scheme, the amorphization
voltage can be as high as 10 V because of the high
energy required to indirectly heat the PCM layer. Thus,
the switching energy for crystallization and amorphization
are 500 and 100 nJ, respectively. Conversely, in the direct
heating scheme [see Fig. 10(b)], the energy required to
crystallize is 7.5 nJ, and to amorphize 40 nJ. As mentioned,
the direct heating scheme is more optimal for thermal
actuation, but achieves lower RF performance, with an
FOM of 4 THz.

D. Comparison Between Resistive Memory RF
Switches

Despite dissimilar physical operation, materials, and
structures, resistive memories achieve state-of-the-art FOM
of RF switches. The best transmission parameters are
achieved by the in-line four-terminal PCM RF switch with
GeTe [91] and the 2DM CBRAM-based [68]. In the PCM
RF switch, the resistivity of the phase-change material
(GeTe or SbyTes) can be as low as 3 x 107® Q - m
[86], thus allowing for a low Roy. The in-line struc-
ture reduces the parasitic OFF-capacitance because of a
smaller section. The CBRAM conducts through a metallic
filament, thus a low Roy is achieved. Again, the in-line
(or lateral) structure decreases the parasitic capacitance
of the device. Four-terminal devices are preferred in
terms of transmission performance but are less energy-
efficient. A comparison in terms of the FOM between
the different resistive memory-based RF switches is listed
in Table 2.

In terms of endurance, the in-line four-terminal PCM RF
switch presented in [89] exhibits, so far, the highest among
resistive RF switches for switching cycles (>107). This
device uses Sb;Tes as the phase-change material, which
seemingly provides better reliability and lower energy
consumption, thanks to lower melting temperature and
better thermal design [90]. As for area, the ReRAM-based
device and the CBRAM based on 2-D materials exhibit the
smallest footprint. The switching voltages vary among the
different technologies, from less than 1 V to over 10 V.
The ReRAM- and CBRAM-based devices require voltages
in the 1-V range, while the indirectly heated PCM RF
switches may require voltages as high as 10 V [86], [87].
Directly heated PCM RF switches require voltages in the
3-7-V range. The switching time also varies among the
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Fig. 10. Schematic illustration of in-line four-terminal PCM RF switch with (a) indirect heating [84] and (b) direct heating [85]. (c) SEM
image of an indirectly heated in-line four-terminal PCM RF switch with indirect heating (taken from [86]).

Table 2 Comparison of the FOM of Resistive Memory-Based RF Switches

Band. L Power
IL 1S ol Rony Corr FOM Area tion? . Endurance'
Ref. Technology (B) (dB) width ©) (fF) (THz) i) Voltage Handling (#cycles)
(GHz) o (W)

[91] 2*;2%“6‘1 <02 >30 DC-67 0.7 4 57 103 N/A 10 N/A
[45] Szt N/A N/A N/A 0.8 6.5 30.6 1 15 N/A 10

PCM
(82] 2"1‘3,2“;[“"‘1 <012 >I5 DC-65 1 7 2 45 N/A N/A N/A
(871 4't1‘§rcnf\}lna] <025  >10 DC-40 0.9 14.1 125 27 N/A N/A 100

4-terminal

(86] e 0.1 >20 DC-14 1.4 15.4 74 8 8.4 5 N/A
[92] 4*;2‘;[“&1 <03 >10 DC-40 1.2 18.1 73 27 N/A 3.15 > 105
[89] igunut <1 >20 DC-50 45 5.6 5 88 6.5 N/A > 107

PCM

2-terminal

(78] T <1 >18 DC-25 1.8 15 59 4 35 5 N/A
(85] 4*;2“;;[“1 <05 =20 DC-20 39 10 4.1 72 9 >1 200
[14] 4*;2‘;[“&1 <0.5 >10 DC-20 4.5 35 1.0 36 N/A 0.6 > 1500
[74] ReRAM <2 >32 DC-10 28 2 28 0.5 2 N/A N/A

2DM 5
[68] CBRAM <025  >29 DC-67 27 0.84 70 0.03 1 N/A > 10

2DM
[69] TN <02 >15 DC-110 1.6 23 43 0.25 15 0.1 N/A
[13] CBRAM <03 >30 DC-40 26 1.45 422 0.6 3 0.1 <108
[12] CBRAM <05 >35 DC-6 6 9 2.95 400 1 0.5 N/A

! Endurance reported in each work, not necessarily the maximum possible cycling of the technology.
2 The maximum actuation voltage is taken.

different technologies. ReRAM and CBRAM have faster
switching, theoretically below 10 ns. Conversely, indirectly
heated PCM switches require 100 ns for amorphization
and 1 us for crystallization. The main performance met-
rics of the resistive memory RF switches are summarized
in Table 1.

To be BEOL-compatible, the CBRAM switch would
require diffusion barriers to prevent Ag or Cu contamina-
tion to the transistors. More “fab-friendly” materials such
as W could be used instead of Au for the inert electrodes,
which would slightly increase Roy. The low deposition

temperature of GeTe and Sb;Te3 allows the PCM switch
to be compatible with the Cu-BEOL CMOS process, which
requires temperatures below 400 °C. However, the large
thickness of the interlayer dielectrics and their low thermal
conductivity may prevent the PCM switch from quenching
fast enough to prevent recrystallization. In [93], the prob-
lem is solved by adding AIN heating spreaders layer over
a thick oxide that emulates the conditions of a real CMOS
process. With this additional layer, the switch can be set
and reset properly, proving the CMOS compatibility of
these devices.
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Table 3 RF Performance of Different RF Switch Technologies

Technolo IL! 18! Bandwidth FOM Ref
8y (dB) (dB) (GHz) (THz) )

CMOS SO <3 >15 110-220 0.88 [98]

45 nm

CMOS SOL— p  NjA N/A 061 [81]

180 nm

CMOS SOL 0, WA DC-10 138 [99]

130 nm

GaAs

PHEMT 2 <0.5 >20 0.5-2.5 1.1 [100]

GaN

SLCFET ? <0.6 >25 DC-20 1.2 [101]

AlGaAsPIN o5 g0 0.05-50 24 [102)

diode

VO, MIT <04 >15 DC-15 2.1 [50]

Metal

Contact RF <1 >20 DC-40 3.8 [95]

MEMS

Capacitive

RE MEMS < 0.3 > 20 20-35 N/A [103]

ReRAM <2 >32 DC-10 2.8 [74]

CBRAM <0.3 > 30 DC-40 422 [13]

2DM

CBRAM <0.3 >15 DC-50 70 [68]

PCM <0.2 >30 DC-67 57 911

! Taken at the maximum frequency.

2 SP7T configuration.

3 Series-shunt SPDT configuration.

E. Comparison With Other RF Switch
Technologies

Resistive memory RF switches achieve better FOM than
FETs, and similar (or even better) FOM than MEMS, but
with smaller footprint. However, FET switches are still
faster and have higher endurance. The FOM of MOS
devices remains lower than 1 THz [94], while MEMSs
have achieved an FOM over 17 THz [95]. Compound semi-
conductor FETs (e.g., InB GaAs, and GaN) achieve higher
FOM, power handling, and faster switching than CMOS
[96], [97]; however, they are expensive and not very
suitable for logic circuits. This undermines the possibility
of implementing a monolithically integrated radio trans-
ceiver including the baseband digital blocks. Despite their
excellent FOM, the adoption of MEMS in the RF market has
been hindered by their high cost, high actuation voltages
(5-80 V), and reliability issues, for example, dielectric
charging and contact interface degradation [9], [58]. The
high FOM of p-i-n diodes contrasts with their high static
power, low power handling, and poor integration charac-
teristics. The FOMs of resistive memory-based RF switches
and other technologies are compared in Table 3.

Although CMOS and BiCMOS can provide intercir-
cuit reconfiguration (i.e., between different narrowband
blocks in the system), they cannot provide reconfigura-
tion in narrowband circuits because of their large para-
sitics. Wideband circuits are an alternative approach for
multiband front-ends. Still, narrowband circuits outper-
form their wideband counterparts. With a high FOM,
ease of integration, low footprint, low switching energy,
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Fig. 11. Qualitative metrics comparison of different technologies.
Resistive y-b. d RF switches exhibit high performance in

most metrics, except for endurance due to their current
immature/research-grade state.

and relatively high power handling, resistive memory RF
switches may emerge as the enabler and catalyst of recon-
figurable wireless communication systems. As a drawback,
the endurance of these nonvolatile switches is limited,
among others, by the volume expansion of the material
(in PCM RF switches) or contact degradation (in CBRAM
and ReRAM) due to oxidation of the electrode. Thus,
the final adoption by the industry depends on improve-
ments in their reliability and manufacturing costs. Ten
million cycles, as shown in [89], is an excellent start-
ing point. Nonetheless, these technologies require further
improvements both in material science and processing.
A summarizing comparison between the different tech-
nologies is shown in Fig. 11.

V. APPLICATIONS OF RESISTIVE
MEMORY-BASED RF SWITCHES
A reconfigurable radio will consist of adaptive or tunable
blocks (i.e., intracircuit reconfiguration), or of radio chains
where the connection between different blocks can be
changed (i.e., intercircuit reconfiguration), or a mix of
both schemes (intra—inter-circuit reconfiguration). Possi-
ble applications of high-performance RF switches based
on resistive memory devices are listed in Table 4. All
these application require high-performance, small foot-
print RF switches. As previously discussed, three- and
four-terminal devices present the advantages of built-in
isolation between the programming and RF paths. Two-
terminal CBRAM, ReRAM, and PCM-based RF switches
may be suitable for intracircuit reconfiguration (as shown
in Section V-B), but less effective for intercircuit reconfig-
uration since the control circuit must provide the dc-RF
decoupling. This may lead to large-area overheads, thus
reducing the advantages of their small footprint.

Certainly, endurance is a major concern to adopt
these technologies in RFIC. For instance, a reconfigurable
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Table 4 Applications of Resistive Memory-Based RF Switches

Fundamental Elements

Element Requirements

Tunable inductor

e Low RON,IOW COFF
o Endurance > 10°
e BEOL-compatible

Tunable capacitor

Multiplexers

Tunable antenna

RF Front-End Subsystems

Subsystem Requirements

Switching networks

Tunable attenuators
Tunable filters

e Low RON» low COFF

e Small footprint
o Endurance 10% — 10°
Low biasing circuit overhead

Switched antenna
Phase-shifters
Switched matching networks

Switched oscillators, amplifiers

RF Front-End Systems

System Requirements
Reconfigurable radio o High-performance RF switch
e Small footprint
e Multiple switching networks
Phased-array o Low-loss phase-shifters

e Small footprint switches

Constrained power/energy radio e Low-power switching

e Low static energy

wireless communication system would require between
0.01 and 4 billion cycles, while a phased-array radar
system would require more than 10 billion cycles [9].
These emerging nonvolatile devices used for digital mem-
ory applications have shown promise of high endurance in
research settings, with some devices exhibiting >1 billion
cycles—reported 10° for PCM-based devices [42] and 102
for ReRAM-based devices [35]. Currently, these results
seem to be for champion devices and resistive memory
RF switches still do not achieve that endurance. However,
device variability is a well-known issue for emerging tech-
nologies in general. It is expected that as the resistive RF
switches will move from research laboratories to industry-
level fabrication facilities, statistical characterization of
high volumes of devices will enable better understanding
of the failure modes while improved control of the material
and fabrication properties is expected to reduce the device
variability. While these emerging technologies have the
potential to achieve the required endurance, in the long
term, their currently limited endurance may be enough for
a system intended to be reconfigured only a few times.

In this section, we present examples of reconfig-
urable circuits using resistive memory-based RF switches.
We focus on intracircuit configuration, where the perfor-
mance of the block can be changed to suit the requirements
of widely separated frequency bands, such as tunable
inductors, antennas, and filters. We also present some
works on basic switching networks basic circuits, for exam-
ple, single-pole double-throw (SPDT), DPDT, omnidirec-
tional eight-port switch.
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Fig. 12.
switch matrix. (b) Performance of an SPST device in the matrix.
Taken from [106].

(a) SEM image of the eight-port omnidirectional IPCS

A. Switching Matrix Blocks

A series-shunt SPDT based on GeTe-IPCS is presented
in [104]. The SPDT exhibited IL < 1.1 dB and IS > 39 dB
in the dc-65-GHz bandwidth. Furthermore, 30 000 switch-
ing cycles were demonstrated with low variation in the IL
(<0.05 dB) and in the IS (<2 dB). The switch area is as
small as (0.33 x 0.61 mm2). In [105], an DPDT switch
with IL below 4 dB and IS better than 15 dB at 20 GHz is
presented.

Four-port and eight-port omnidirectional switches are
presented in [106]. The areas of the four- and eight-
port switches are 1.3 and 1.7 mm?, respectively. Several
of these switches are 3-D integrated with an SiGe radio
transceiver containing banks of amplifiers, IF downcon-
verters, bandpass filters, among others. With the omnidi-
rectional switches, the radio transceiver can be reconfig-
ured for an iridium system or a common data link (CDL)
receiver. An SEM image of the eight-port omnidirectional
IPCS switch is shown in Fig. 12(a), while the RF perfor-
mance of the SPST is shown in Fig. 12(b).

In [107], a dc-67-GHz monolithically integrated redun-
dancy switch matrix using T-type switches is presented.
The redundancy switch is implemented using two cascaded
4 x 6 IPCS T-type switches [see Fig. 13(a)], showing an
IL < 3dBandIS > 20 dB among dc-67 GHz [see Fig. 13(b)
and (c)]. This switch has a footprint of 0.88 x 1.1 mm?2.

B. Tunable Inductors

In a resistive memory array, the devices are built in a
crossbar manner (namely, in the junction between two
adjacent metal layers, perpendicularly routed). Since RF
inductors are fabricated using a wire loop with a cross-
under layer to provide access to the second electrode,
a resistive memory RF switch could be placed between the
two layers. In [108], a CBRAM switch is proposed as a
switching via, which can change the effective length (or
the number of loops N) of the inductor (see Fig. 14), thus
changing the inductance of the inductor. The simulation
results show that the inductance can be tuned from 2.3 to
9.6 nH with a quality factor (Q-factor) varying between
12.4 and 18, respectively, for ON-state and OFF-state.
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Fig. 13.
switching unit cells. Simulated and measured (b) IL and (c) IS of the
redundancy switch over dc-67 GHz (taken from [107]).

(a) Redundancy switch matrix using cascaded T-type

In [83], a reconfigurable RF inductor using three-
terminal PCM switches is proposed. It consists of a primary
and a secondary winding, L; and L,, respectively, which
are routed in an interleaved manner. The terminals of
L, are connected to the three-terminal PCM switch (see
Fig. 15). When the switch is ON, current flowing through
L, creates a magnetic field that opposes that of L, reduc-
ing the total inductance seen from port 1 (P1). Contrarily,
when the PCM switch is in the OFF-state, no current flows
through L, and the total inductance is that of L only. This
way, the inductor is tuned between 0.9 and 1.9 nH with a
O-factor varying from 5.8 to 12.4, respectively, for the OFF-
and ON-states.

C. Reconfigurable Antennas and Filters

GeTe IPCSs are used in [109] to tune the antenna
aperture of a dipole array. The IPCSs are optically con-
trolled using short laser pulses, which are fed using a

Regular via

Memristive

Cross-under

Fig. 14. CBRAM via switched tunable inductor [108]. A CBRAM RF
switch is placed between the upper layer and the cross-under of the
inductor to tune the inductance.
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PC switch SW

Fig. 15. Reconfigurable RF inductor using three-terminal RF
switch [83].

single-mode optical fiber. The dipole array can be tuned
within the 0.5-4.0-GHz frequency range. The bandwidth
can be dynamically controlled using GeTe IPCSs built
between the radiating elements. When the IPCSs are in
the crystalline state, the radiating elements form a con-
nected dipole array. Contrarily, when the IPCSs are in the
amorphous state, a nonconnected dipole array is created.
In [110], a reconfigurable patch antenna using a phase-
change material parasitic patch is presented. The feed line
is connected to a metallic patch with can be coupled to
either none, one, or two phase-change parasitic patches,
thus changing the radiation pattern of the antenna by
tilting the beam accordingly. As in [109], the phase change
is done optically using short laser pulses.

A reconfigurable bandpass filter for the X-band is pre-
sented in [111]. The filter consists of two 1/2 microstrip
line open-loop resonators, each loaded with a switchable
capacitor switched by a four-terminal PCM switch at the
end. When the PCM switches are ON, the lower frequency
passband of 7.45 GHz is achieved, with an IL of 3.2 dB,
3-dB bandwidth of 482 MHz, and return loss larger than
30 dB. Contrarily, when the switches are OFF, the filter
is switched to the higher frequency band (8.07 GHz),
presenting an IL of 2.6 dB, bandwidth of 520 MHz, and
return loss better than 18 dB.

D. Dual-Band Low-Noise Amplifiers

Low-noise amplifiers (LNAs) have a fundamental role
in the global performance of radio transceivers as they
are usually the first active stage after the antenna in a
receiver [112]. In adaptive systems, the LNA must pro-
vide low noise figure (NF), high gain, and good input
matching for multiple frequency bands. LNAs supporting
multiple bands consist of various switchable amplification
transistors, capacitors, and/or inductors. Therefore, high-
performance RF switches are critical components for multi-
band LNAs, and resistive memory-based RF switches are
excellent candidates to provide the required performance.
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A dual-band LNA using a four-terminal indirectly heated
PCM RF switch and CMOS 0.13-um CMOS technology
is presented in [113]. The LNA consists of two common
sources with source degeneration which are switched with
the PCM RF switch (see Fig. 16). The LNA achieves high
gain, 19.5 and 20 dB, and low NE 2.85 and 2.86 dB, for
3 and 5 GHz, respectively. The penalty of using the switch,
compared to the single CMOS LNA, is less than 2 dB in gain
and 1 dB in NE

In [114], simulations of a dual-band CMOS LNA using
CBRAM-based tunable inductors [108] are presented. This
design uses only a single common source with inductive
source degeneration for both bands. Two tunable inductors
are used to provide the matching and stability conditions
for 2.4 and 5 GHz, one at the input and one at the output
of the amplifier. The LNA is designed using a 0.18-um RF
CMOS technology and achieves a gain of 18.8 and 10.3 dB
at 2.4 and 5 GHz, respectively, and an NF below 2.3 dB at
both bands.

E. Reconfigurable Voltage-Controlled Oscillator

Integrated voltage-controlled oscillator (VCOs) are fun-
damental blocks in radio transceivers. They are used as
local oscillators in frequency synthesizers to provide local
carriers for signal modulation [115], [116]. Therefore,
the performance of the VCO is critical to the overall perfor-
mance of the radio. The main design issues are oscillating
frequency, phase noise (i.e., fluctuations in the phase of
the signal due to jitter), output power level, and frequency
tuning range [115], [117].

Two topologies of multiband VCOs are presented
in [45]. A classic LC cross-coupled VCO is loaded with
a switchable inductor using PCM RF switch in two con-
figurations: series-connected (SC) and coupled-controlled
(CC) (see Fig. 17). The switchable inductors considerably
increase the frequency tuning range of the VCO, as they
allow to synthesize carriers of widely separated frequency
bands. The SC topology uses a PCM RF switch to bypass
a portion of the inductor, thus changing the inductance

Ieins Veiasz

iLg S Lo L0950k
P XFWR k=0.74
RFIN =
(a) (b)
Fig. 16. (a) Schematic and (b) die optical image of a dual-band

LNA (taken from [113]).
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Fig. 17. (a) SC and (b) CC schemes. (c) Schematic of the
cross-coupled LC VCO using switchable inductor based on the PCM
RF switch (taken from [45]).

seen by the VCO. Contrarily, the CC topology uses the dual
winding inductor described in Section V-B.

The VCO is fabricated in 0.13-ym CMOS technology,
while the PCM was fabricated using an in-house fabri-
cation process and was integrated using a custom flip-
chip integration process. Wide tuning ranges of 2.89-4.23
(4.93-7.79) and 4.80-8.53 (5.28-10.20) GHz is achieved
for ofFr-/ON-states for the SC (CC) topology. The phase
noise over the tuning range is lower than —103.4 and
—102.7 dBc/Hz, at a 1-MHz offset frequency.

VI. CONCLUSION

High-performance RF switches based on resistive memory
technologies have achieved several breakthroughs in the
last few years: state-of-the art FOM, smaller footprint com-
pared with standard technology, fast switching, and high
endurance. These switches are thus major candidates for
new adaptive RF circuits. These adaptive circuits will serve
as the basic building blocks for multiband/multistandard
radio transceivers. In this article, we reviewed resistive
memory-based RF switch technologies, including CBRAM,
PCM, and ReRAM.

Among resistive memory technologies, PCM has been
most widely studied and has rapidly matured in recent
years. Particularly, the four-terminal indirectly heated PCM
RF switch has demonstrated several important milestones,
such as state-of-the-art FOM (>10 THz), process stabil-
ity, high endurance (>107), and isolated paths for RF
and dc. Moreover, integration with CMOS and compound
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semiconductors has already been demonstrated and the
basis for monolithic integration with standard process is
being researched. Notwithstanding, further improvements
are required for a final deployment of this technology
in actual systems. For instance, increasing the endurance
is compulsory for phased arrays and reconfigurable sys-
tems, and the switching energy and actuation voltage of
PCM-based RF switches must be reduced to ease their
integration with CMOS. While PCM RF switches are the
most widely studied at this time, CBRAM and RRAM have
performance advantages like lower area, lower switching
voltages, and faster speed, so future advancements in RF
switches based on these technologies are expected.

The accelerated pace at which these technologies are
being developed is promising and the open issues should
be solved in the near future, especially as they move from
research laboratories to industry-level fabrication facilities.
We have identified several critical research lines toward the
implementation of high-performance RF switches based on
resistive memories.

1) Scaling limits: Reducing the dimensions of the devices
is critical to improve the density in phased-array sys-
tems and reconfigurable circuits. Furthermore, as the
switching energy is strongly dependent on the volume
and/or lateral dimensions of the device, scaling is
desired to reduce their energy consumption. However,
further reduction of the specific and contact resistivity
is a challenging goal. Also, Cos places a lower bound-
ary on the physical dimensions of the device, if a large
IS is desired.

2) Material exploration: New materials may enable
higher energy efficiency, lower switching energy, and
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