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Abstract—In this paper, a scalable lumped model that accurately predicts the steady-state high-frequency behavior of
nanoscale RF memristive devices is presented. The model is
described (a) analytically by a set of closed-form equations that
determine the parameters based on the device physical structure,
allowing for optimized circuit design and performance through
structure modifications, and (b) numerically to fit the model
parameters to experimental data, allowing for evaluation of
the accuracy of the model. This model is, to the best of our
knowledge, the first lumped RF memristor model that includes
device parasitics obtained from empirical measurements reported
in the literature. Results show that the model is reasonably
accurate, with 9.6% and 13% relative RMS error for the
ON-state magnitude and phase, respectively. Furthermore, we
propose three topologies (series, shunt and series-shunt) of nonvolatile single-pole double-throw switches using our lumped RF
memristor model. The series and shunt topologies are singlevoltage-controlled, while the series-shunt requires two control
signals. Simulation results of these topologies exhibit low insertion loss and high isolation (below 0.25 dB and over 63 dB,
respectively). The added non-volatility and nanoscale size will
result in reduced power consumption and higher density devices.
Index Terms—Memristors, memristive devices, modeling, radio
frequency, RFIC, SPDT switches, nanoscale devices, scattering
parameters.

I. I NTRODUCTION

M

INIATURIZATION and low-power consumption are
compelling trends in wireless systems, as the Internet
of Things (IoT) requires wireless connections in all sorts of
devices and appliances. The challenge then is to ensure high
performance while continuing the trend. The high throughput
demand needs to be addressed with higher spectral efficiency
(namely, using multiple-input multiple-output (MIMO) antennas [1]), spatial reuse (i.e., using beamforming [2]), and more
spectrum (i.e., moving to higher frequencies). Furthermore,
multi-frequency/multi-protocol RF systems (namely, reconfigurable architectures) are in high demand. These architectures
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allow different protocols to be supported, reducing or eliminating the need for a separate RF chain for each band; they
also enable blocks to be reused, and they radically reduce
the area of wireless front-ends, while adding flexibility to the
systems. There is thus a need for new technologies that can
provide the required scalability, low-power consumption, high
performance and reconfigurability to face the new challenges
in communications.
The current solutions rely on transistor-based and microelectromechanical systems (MEMS)-based switches. MEMS
are superior to InGaAs and Si transistor-based switches in
terms of energy consumption and RF transmission parameters.
However, they are undermined by issues such as dielectric
charging, low switching speed, contact interface degradation,
and large area overhead [3]. Transistor-based switches provide
fast switching but require a large area to achieve a low
resistance in the ON state, which results in a large parasitic
capacitance [4], [5].
Recently, memristive devices have emerged as promising
candidates for RF switches [6]–[8], due to their achievable
low insertion loss (IL), high isolation (IS) and high cutoff
frequency. Memristive devices are two-terminal passive circuit elements with varying resistance (namely, memristance),
which depends on a state variable (or a set of state variables).
The state varies according to the history of the applied voltage
or current stimuli, and is retained whenever the voltage or
current is no longer applied [9], [10]. These devices can be
used as switches with discrete states, as they exhibit nonlinear
behavior with a high resistive state (HRS, ROF F ) and a low
resistive state (LRS, RON ). Switching from ROF F to RON
is called ‘set’, while the opposite switching is called ‘reset’.
These devices have proven to be an attractive feature also for
memory, logic, and neuromorphic applications due to their
non-volatility, low switching time and energy, better scalability, small footprint, and CMOS integration compatibility [11].
The non-volatility of memristors implies that no bias voltage
or current is required to maintain a particular state, hence reducing the energy consumption. Moreover, their small size can
improve the density of transceiver chains in MIMO systems.
In their physical realization, memristors are usually fabricated
in the back-end-of-line (BEOL) of standard transistor process
which can reduce the need for routing signals from the top
metal layer to the transistor layer, hence reducing the RF
power losses and possible area overhead. Memristors can also
add tunable capabilities (among others) to passive devices
that traditionally stand on the top metal layers (e.g., MIM
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capacitors, and spiral inductors).
Several physical and mathematical models have been developed to describe the switching dynamics of memristive
devices [12]–[15]. However, precise and scalable lumped
physical models that could describe the behavior of the device
at high frequencies were lacking. In [16], we introduced a scalable lumped model that predicts with sufficient accuracy the
high frequency behavior of RF memristive switches (RFMS)
in a coplanar waveguide (CPW) transmission line. The model
relies on the voltage threshold adaptive memristor (VTEAM)
model [13] to predict the transient behavior (i.e., describes
the changes in the memristance) and introduces a structureinspired lumped RLC circuit to describe its steady-state behavior at high frequency. The model is further divided into an
analytic and a numerical model. The former is composed of
a set of closed-form equations taken from previous works in
RF modeling. The latter is a behavioral model that is used to
fit experimental data, for this work, obtained from [6]. The
use of the lumped model was demonstrated by designing and
evaluating two novel topologies of non-volatile Single-Pole
Double-Throw (SPDT) RF switches with a single bias voltage.
In this paper, the analytic and numerical models are extended and improved. We compare the proposed model with
electromagnetic (EM) simulations performed in Advanced
Design System (ADS) from Keysight Technologies [17]. We
present the switching dynamics fitting to the VTEAM model,
the fitting procedure and results. Moreover, transient simulations using the proposed model as part of the VTEAM model
are presented. New design trade-offs and insights regarding
how to optimize the device structure to obtain a desired
performance are also presented. Furthermore, we propose a
new topology of SPDT, the series-shunt, that enhances the
performance without introducing a significant area overhead.
The results of the previously presented topologies are extended
to include the return loss (RL), and a comparison between the
three topologies is added.
II. RF M EMRISTIVE S WITCHES AND M ODELS
A. RF Memristive Switches
Most previously proposed RFMS can be characterized as
electrochemical metallization (ECM) memristors [18], consisting of a pair of electrochemically asymmetric metal electrodes
separated by a small-scale gap or an insulator. The switching
mechanism is determined by the formation or rupture of a
conductive filament between two electrodes owing to electrochemical reactions, ion migration, and Joule heating [19]. At
LRS, a thin metal filament shortens the electrodes, while at
HRS the filament disappears (or is reduced). An interesting
property of these devices is the linear dependence of RON on
the compliance current [6], [18]; the higher the compliance
current, the lower the achieved RON .
Fig. 1 shows the device structure presented in [6], where
Ag and Ti/Au/Ag electrodes (active and inert, respectively) are
separated by a 35 nm air gap. The device is fabricated over a
SiO2 surface in a high resistivity silicon substrate, in-line with
a CPW transmission line. The reported device presents an IL
of approximately 0.3 dB and an IS of over 30 dB at 40 GHz,
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Fig. 1. Physical structure schematic of the RFMS proposed in [6]. Two metal
electrodes (Ag and sandwiched Ti/Au/Ag respectively) separated by a 35 nm
air gap in-line on a CPW.

and a typical cut-off frequency of 35 THz. The reported RON
is 2.6 Ω, ROF F is in the order of 1 TΩ and the OFF-state
capacitance, COF F , is on average 1.41 f F. The LRS and HRS
are achieved by applying, respectively, 3 V and -0.4 V across
the electrodes. The reported power handling capabilities of
the switch this switch is 17 dBm, at which the device starts to
self-switch. The authors claim that frequencies above 40 GHz
could be achieved by canceling undesired substrate moding
effects that perturb the performance of the switch, for example
by integrating the device in a grounded CPW structure.
Nessel et al. have presented a 10 µm gapless-type ECM
RFMS with Ag and Ni electrodes (active and inert, respectively) [7]. Measurements from 1 to 6 GHz demonstrate an
IL of less than 0.5 dB and an IS better than 30 dB. The
voltage/current required to change the state of the device is
nominally 1 V /10 mA (SET) and -1 V /10 mA (RESET). In
[8], a Cu/SiO2 /Al ECM RFMS is presented. This switch has
been characterized at 0.15 GHz, achieving an IL of 1.6 dB
and an IS of 20 dB. Regardless of its lower performance when
compared to the aforementioned RFMS, it stands out for its
simple structure, and therefore its simpler fabrication process.
Another family of RFMS are phase change materials
(PCM)-based switches. The switching mechanism in these
devices relies on transitioning between the amorphous (insulating) and crystalline (conductive) states of a chalcogenide,
which is accomplished by heating and cooling the PCM.
In [20], [21], inline PCM RF switches are presented. These
switches can achieve an IL of 0.15 dB and an IS of 15 dB at
18 GHz. The device requires a significantly larger area than
ECM switches, the required programming voltages exceed 10
V , and for some compounds the device is required to be kept
above a certain temperature to retain the LRS (e.g., 67◦ C for
VO2 ).
B. RFMS Models
Models are indispensable tools in circuit design and simulation, as they simplify the understanding of the device and
predict its behavior. Precise models allow accurate circuit designs, device optimization, and the fullest possible exploitation
of the device characteristics. In both [6] and [8], the RFMS is
modeled as a simple parallel RC circuit. A first order analysis
of the physical parameters is described in [6], where the
LRS resistance and the gap capacitance (RON and COF F ,
respectively) are theoretically determined. Though the models
are sufficiently accurate to describe the IL and IS of the device,
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they do not fully describe its S-parameters (i.e., its steady-state
high-frequency electrical behavior). Furthermore, neither the
skin effect of the conductors nor the parasitic capacitance [22]
at the electrodes are considered in these models. These effects
will be dominant at high frequencies, and will determinate
the RFMS performance and influence the matching network
design.
An RF memristor model that predicts the maximum switching frequency in which a memristive memory cell can be
operated is proposed in [23]. While this model considers
further high-frequency phenomena, it is still a transient (timedependent) model, thus not intended to describe the Sparameters of the memristor. In [24], a finite-difference timedomain implementation (FDTD) of the memristor using the
non-linear ion drift model [25] is proposed. This model allows
an electromagnetic-wave analysis of the memristor, yet it lacks
the capacitive and inductive parasitics present in real devices.
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Fig. 2. Extended from the proposed model in [16]. The resistance of the
electrodes is now considered.
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C. VTEAM Model
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ROF F − RON
i(t) = RON +
(x − xon )
v(t).
xof f − xon

RE LE
R

(2)

To be consistent with the polarity convention of this model,
the polarity of VSET and VRESET , the set and reset voltages,
respectively, is swapped from the convention in [6]–[8], [18];
hence VRESET is positive, while VSET is negative.
III. P ROPOSED RFMS L UMPED M ODEL
In this section, the proposed lumped model is described. For
the analytic model, we surveyed the literature for closed-form
expressions that accurately describe the elements of the model
from the dimensions of the structure. The numerical model is a
behavioral implementation which can be fitted from empirical
data. Finally, the fitting procedure to the VTEAM model is
described.

LE

COX COX

LE RE

The VTEAM model [13] accurately describes voltagecontrolled memristive devices and relies on a voltage threshold
parameter. The derivative of the internal state variable x is

αon

v(t)

k
−
1
fon (x),
v < von < 0,
on

v
on
dx 
= 0,
von < v < vof f ,
αof f


dt

v(t)
k
fof f (x), 0 < vof f < v,
of f vof f − 1
(1)
where kon , kof f , αon , and αof f are fitting parameters. Voltages von and vof f are the ON and OFF threshold voltages,
respectively. Functions fon (x) and fof f (x) describe the relation between the derivative of the state variable and the state
variable x. These functions are window functions which bound
the internal state variable between [xon , xof f ]. The model is
modified to support the aforementioned relationship between
the compliance current and RON ; hence the compliance current must be provided to determine RON . The voltage-current
relationship is
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Fig. 3. 3D cross-section of the device presented in [6] with the lumped
elements overlapped. Capacitor C0 , coupling capacitor between signal line
and ground plane, is not shown here.
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Fig. 4. The lumped circuit is divided into three ABCD matrices. ABCDY
(in gray) is the transformation into ABCD-parameters from a Y-equivalent
π two-port network. ABCDE is describes the impedance of the electrodes,
RE + jωLE .

A. Proposed RFMS Model Description
Based on an examination of the memristive device structure
presented in [6], we propose a novel and more accurate
model, shown in Fig. 2. As in [6], R and COF F , represent
the memristance and the gap capacitance (i.e., the capacitive
coupling effect between the electrodes), respectively. Additional capacitors are added to represent the SiO2 parasitic
capacitance, Cox , the Si substrate capacitance, Cs , and the
fringe capacitance between the signal line and ground planes,
C0 . The inductance of the filament and the electrodes are also
considered and are, respectively, LF and LE . The resistance
RE describes the losses in the electrodes. A 3D cross-section
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of the device with the lumped elements of the proposed model
is shown in Fig. 3.
The model is consistent with previous work in CPW and
RF lumped device modeling [26]–[28]. Particularly, in the
steady-state at high frequency, the device is considered as
a gap discontinuity in the CPW at HRS and as a high
impedance short-line section at LRS. The switching dynamics
of the memristance are based on the VTEAM model. The
assumptions in this model are (a) lossless substrate (i.e., high
resistivity silicon), and (b) identical conductor electrodes (i.e.,
equal LE and RE in both electrodes).
B. Analytic Model

The numerical model is a behavioral implementation to fit
the lumped parameters from experimental data (here, from
[6]). As shown in Fig. 4, the proposed model can be described
as three cascaded two-port network ABCD-transmission matrices. Matrix ABCDE is the two-port matrix that describes
the RL series circuit corresponding to the electrodes. The
middle section of the model, highlighted in gray in Fig. 4,
can be analyzed as a Y-equivalent π two-port network, where


1
+ jωCOF F ,
(9)
Y12 = −
R(f ) + jωLF
Y11 + Y12 = Y22 + Y12 = jωCp ,

The analytic model provides a set of closed-form equations
to determine the lumped elements in the proposed model directly from the dimensional parameters of the RFMS structure
proposed in [6] in a steady-state high frequency regime. The
steady-state ON-state resistance of the filament, along with the
resistance of the electrodes, account for the skin depth of a
conductor with finite thickness and are
ρf il lgap
,
(3)
RON =
Wf il δAg (1 − e−tf il /δAg )
RE =

ρE lE
,
WE δAu (1 − e−tE /δAu )

(4)

where ρf il , lgap , Wf il , tf il are, respectively, the metal resistivity at DC, length, width and height of the filament. Similarly,
ρE , lE , WE , tE are the resistivity, length, width and height
of each electrode, respectively. The skin depth, δ, depends
on the frequency and the resistivity of the materials (Ag and
Au, respectively). The width of the filament depends on the
compliance current, i.e., the higher the compliance current,
the wider the filament, and thus a lower RON is achieved.
The between-electrodes (gap) capacitance is modeled as
COF F =

C. Numerical Model

ε0 εef f ABE
k,
lgap

k ∈ [1.3, 1.6],

(5)

where ABE is the lateral section of the electrodes and k is a dimensionless constant that accounts for the fringe capacitance,
which is between 30% to 60% of the parallel plate capacitance
[3]. The effective relative permittivity, εef f , is calculated as in
[28]. The SiO2 parasitic capacitor is determined by the SiO2
height, tox , the width of the electrode, WE , and the SiO2
relative permittivity, εox , and is
ε0 εox
Cox =
(WE + 1.5 tox ).
(6)
tox
The silicon substrate capacitance, Cs , and the fringe capacitance, C0 , are
Cs = 2(εSi − 1)ε0 FSi , C0 = 4ε0 F0 ,

(7)

where εSi is the silicon relative permittivity, FSi is the silicon
geometry factor, and F0 is the air geometry factor at the
electrodes. The filament and electrode inductances are
µ0
µ0
LF =
, LE =
,
(8)
4F0f il
4F0E
where F0f il and F0E are, respectively, the air geometry factor
at the filament and the electrodes.

(10)

where Cp is the equivalent capacitor of CS , Cox and C0
as shown in Fig. 4. Since the resistance depends on the
frequency as predicted by the skin effect, in this work√we
added this dependency and defined R(f ) as RON + k f ,
where RON and k are fitting parameters, being k the parameter
associated to the additional resistance due to the skin effect.
The Y-equivalent Π is transformed to ABCD-parameters to
define ABCDY . The total ABCD matrix, ABCDT otal , is
the product of the three matrices.
The fitting flow is described in Fig. 5. A theoretical ABCD
matrix is built using seed parameters and then transformed
to S-parameters. Initial fitting is done using the Simulated
Annealing [29] algorithm to search for the minimum relative
root mean squared error (RMSE) between the experimental
and modeled S-parameters. Then, using the obtained ABCDE
matrix, ABCDY is be determined as
−1
−1
ABCDY = ABCDE
· ABCDT otal · ABCDE
,

(11)

and is then transformed to a Y-matrix. Parameters Cp , LF
and R can be extracted by fitting (9) and (10). Capacitor
COF F is determined from the OFF-state (HRS) S-parameters,
where Y12 ' −jωCOF F . Several iterations can be done to
achieve more accurate results. The extracted parameters from
the fitting procedure are listed in Table I.
D. Fitting the VTEAM Model
As mentioned, the VTEAM model is used to describe the
switching dynamics of the RFMS. Owing to the generality
of the VTEAM model, it can be fit to diverse memristive
models and experimental data. Since the speed of the device
has not been characterized, results from [30] indicate that the
electrodeposition rate of silver is approximately 1 nm/ns.
Hence, for this device a switching time of 35 ns is assumed
as a lower bound since the air-gap is 35 nm wide. To fit the
I-V curve to VTEAM, the Gradient Descent algorithm [31] is
used to minimize the relative RMSE. An ideal window is used
in the fitting procedure. Results for the fitting procedure are
presented in section IV-D.
IV. M ODEL E VALUATION
In this section, the proposed model is evaluated First, the
proposed lumped model is compared against the RC model [6]
and then by examining the extracted parameters from the
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good match with S21 magnitude, it can be observed that our
proposed model improves the accuracy of the S-parameters,
particularly of the phase (Fig. 6(b) and (d)), which is crucial
for phase-sensitive applications and for designing matching
networks. The phase shift becomes even more significant when
extrapolating to higher frequencies, as the devices become
more capacitive, due to the increasing influence of the capacitive coupling to the substrate.
The fitting parameters for both models are listed in Table I.
The RMS error for the S-parameters is defined as
v 
u
2 
N 
u
P
(k)
(k)
u 
u 1  k=1 Sij model − Sij meas 

(12)
RM SE = u
,
uN 
2


t
S
ij meas

Final parameters
(k)

Fig. 5. Fitting flow procedure for numerical model. The procedure can be
repeated several times to increase the accuracy.
TABLE I
C OMPARISON OF D IFFERENT M ODELS
Parameter
RON 1
COF F
Cp
LF
LE
RE
k
1

Numerical Model

Analytic Model

RC Model [6]

This work

This work

2.8 Ω
1.145 f F
-

2.2 Ω
1.145 f F
3.08 f F
77 f H
3.7 pH
0.2 Ω
√
1.4 µΩ/ Hz

2.16 Ω
1.168 f F
1.15 f F
52 f H
3.1 pH
0.2 Ω
-

RON is here the average resistance along the whole band

fitting procedure with respect to the analytic model determined
by expressions (3)-(8). The former evaluation demonstrates the
improvement in the accuracy of the device model. The latter
provides an estimation of the proximity between the analytic
model (namely, the physics-based model) parameters and the
numerical model (namely, the extracted parameters). Furthermore, the model is compared to EM simulations obtained
from a momentum 3-D planar electromagnetic simulator.
Note that as the reference planes used for de-embedding the
measurements in [6] were placed 15µm one from the other,
the extracted parameters in the numerical model and in the
analytic model, as well as the EM simulations include sections
of the CPW feed-lines from the de-embeding process. Finally,
the results of the VTEAM model fitting for the switching
dynamics are presented.
A. RC Model vs. Proposed Model
Following the fitting procedure presented in section III-C,
the model parameters are extracted. The result of the fitting
procedure for the RC model [6] and our model versus experimental results for ON and OFF states are shown in Fig. 6
and Fig. 7, respectively. Although the RC model exhibits a

where N is the number of samples, Sij model is the k-th sample
(k)

of the S-parameters obtained from the model, Sij meas is the
k-th sample the measured S-parameters, and S ij meas is the
Euclidean norm of the measured S-parameter. The overall
improvement with respect to [6] in the relative RMS error
are 32.5% and 87% for the ON state magnitude and phase,
respectively. The improvement in the OFF-state phase RMS
error is 33%. The lower accuracy is due to a significant error
in the S21 phase, shown in Fig. 7(d), which is lower than the
predicted 90◦ . The RC model is sufficiently accurate for the
OFF-state S21 magnitude, hence no significant improvement
is observed. An improvement of almost 10% in RMS error
from our previous work [16] for the ON-state magnitude is
observed. The improvement is due to the added resistance of
the electrodes, RE , together with the added fitting parameter
k.

B. Analytic Model vs. Numerical Model
The parameters of the analytic model (i.e., expressions
(3)-(8)) and the numerical model are listed in Table I. The
calculated parameters of the analytic model are quite close
to those extracted by the numerical model. This confirms
that the physical parameters predict with significant accuracy
the high-frequency behavior of the RFMS. It worth noting
that the parasitic capacitance, Cp , and the impedance of the
electrodes, jωLE + RE , include part of the CPW losses, since
the reference planes used for de-embedding the measurements
in [6] were placed 15 µm one from the other. In the physical
structure, the reference plane includes part of the CPW signal
line, which is wider than the electrodes of the memristive
switch. This step change [28] can be modeled as a shunt
capacitor [32], which increases Cp and explains the difference
between the calculated parameter and the extracted parameter.
Furthermore, it can be inferred that the performance of the
intrinsic switch is even better than what is implied by measurements. Additional improvements in the model should add
an analytic expression of the fringe capacitance at the gap.
To validate this model, further tests should be performed with
different data sets and different devices, varying the size of
the electrodes, the gap and the CPW structure.
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Fig. 6. S-parameter simulation results for ON state (LRS) as determined by the proposed model (black) and the RC model in [6] (blue dashed line) vs. EM
simulations (green) and experimental data (red line). (a) S11ON magnitude, (b) S11ON phase, (c) S21ON magnitude, (d) S21ON phase.
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Fig. 7. S-parameter simulation results for OFF state (HRS) as determined by the proposed model (black) and the RC model in [6] (blue dashed line) vs. EM
simulations (green) and experimental data (red line). (a) S11OF F magnitude, (b) S11OF F phase, (c) S21OF F magnitude, (d) S21OF F phase.
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Fig. 8. (a) i-v curve of experimental results [6] fitted to the VTEAM model. Experimental data for SET (blue circles), RESET (red circles) and fitted VTEAM
model (black line). The polarity follows the convention in [13]. (b-c) Simulated transient i-v characteristics of the RFMS for a sinusoidal input (inset) with
fo = 10 GHz, (b) RFMS in HRS (c) RFMS in LRS.

C. Numerical Model vs. EM Simulations
EM simulations were performed in ADS, using the dimensions of the CPW detailed in the supplementary material of
[6]. To be consistent with the measurements, the reference
planes used for de-embedding the results were placed 15 µm
one from the other. As in [6], for the ON-state simulations,
a small rectangular silver filament was used to short the gap
between the electrodes. It can be observed in Fig. 6 and Fig.
7, there is a good agreement between the analytic model and
the EM simulations. The overall RMS error are 6.3% and
1.7% for ON and OFF states respectively. The discrepancy
in the ON state comes from S11 amplitude which was fitted
to the measurements. Furthermore, it can be seen in Fig.
7(c) that our model successfully describes the high-frequency
characteristics without moding effects of the substrate that
are present at the OFF state beyond 35 GHz. In Fig. 7(d),
it is observed that the EM simulations also show a large
difference with the measured S21 phase, thus this difference
can be attributed to the de-embedding using a Thru-ReflectLine (TRL) procedure which is different for the de-embedding
process done in the EM simulations. In future work we intend
to fabricate and measure different devices to further improve
the model.

D. Fitting the VTEAM Model
Results of fitting the VTEAM model to the experimental
data are shown in Fig. 8(a). The obtained relative RMS
error is below 1.53%. The resulting parameters are listed in
Table II. It is worth noting that the compliance current in
these measurements was 20 mA, which leads to an RON of
5.4 Ω. With the obtained results, transient simulations can be
performed. A high-frequency signal is applied when the device
is in LRS (Fig. 8(b)) and an RC Lissajous plot is observed.
When the device is HRS, the circuit responds as a capacitor
(Fig. 8(c)). These results demonstrate that physical memristors
at high frequency behave not as a linear resistor as theoretically
predicted in [9], but rather as an RC circuit. Furthermore, when
the memristor is at HRS, the capacitor is dominant.
V. M EMRISTIVE RF SPDT S WITCHES
Single-Pole Double-Throw (SPDT) switches are basic elements of any modern RF system. These switches fulfill

TABLE II
F ITTING PARAMETERS OF THE VTEAM M ODEL TO E XPERIMENTAL DATA
VTEAM
OFF
Parameter

Value

VTEAM
ON
Parameter

αof f

5

αon

0.5

vof f

0.4 V

von

−3 V

ROF F

30 T Ω

RON

5.4 Ω

kof f

10−5 m/s

kon

−10 m/s

xof f

0 nm

xon

35 nm

I-V

Value

Linear

important functions in many RF applications, such as controlling the RF signal flow and providing multiple access to
shared resources e.g., antennas, phase shifters, and amplifiers
[33]. These devices must provide a low ON resistance while
conducting and a low OFF capacitance in the nonconducting
state, to obtain a low IL and a high IS, respectively. This
feature should be preserved over a broad frequency range.
PIN diodes have been the traditional block in RF switches
owing to their low RON and COF F . However, a bias current
is needed to maintain the state, thus incurring in a high static
power consumption, which remains as a severe limitation.
RF MEMS emerged as high-performance switches but still
suffer, as mentioned, from contact degradation (due to their
moving parts), high actuation voltages, dielectric charging,
and slow switching time. Transistor-based switches provide
high integration and fast switching. Nevertheless, state-of-theart transistor-based SPDTs require large area to achieve sufficiently low RON , which results in high parasitic capacitance
that must be cancelled using either inductors or stubs, hence
incurring in a significant area overhead [4], [5], [34].
Nanoscale RFMSs exhibit high-performance characteristics,
small size and non-volatility, which makes them an excellent
candidate building block in high-performance, low power
SPDT switches. With the proposed model, more accurate
simulations can be achieved, making it possible to design
and test RF SPDT switches and other RF applications. In this
section, we propose three different RFMS SPDT topologies,
shown in Fig. 9. The series and shunt make use of a single
control-voltage (i.e., a single bias signal) to simultaneously
toggle the two output branches between LRS and HRS, while
the series-shunt topology requires an extra control signal.
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Fig. 9. Schematics of the proposed (a) series, (b) shunt, and (c) series-shunt RFMS SPDT topologies. Note that the CPW sections are not included in these
schematics. Capacitors CB and inductors LB provide DC feeding and RF blocking. Capacitors CRF are used for AC coupling. Inductors LDC in (a) provide
a DC reference to the memristors. In (b), λ/4 is the quarter-wavelength transformer.

A. Switch Design Trade-offs
The main trade-off in RF switch design when using FET
and diodes is between their ON-state resistance and OFF-state
capacitance. To achieve a low RON and thus improve the IL,
a wide device is required. However, this degrades the IS as
COF F increases, e.g., in the case of FETs this capacitance
is the drain-source capacitance, Cds , which depends on the
width of the diffusion region. As mentioned, inductors can be
used to resonate this capacitance. However, due to the parasitic
capacitance of physical inductors and their finite quality factor,
this solution would be far from ideal.
A similar trade-off exists in RFMS, but here if the gap is
reduced, a lower RON can be achieved, improving the IL, as
the length in (3) decreases. Conversely, COF F increases, hence
degrading the IS. A reduction in the switching time and the
switching energy is also expected as the gap is reduced [35].
To further reduce COF F , and increase the IS, the electrodes
section can be reduced. For instance, if it is reduced by
two, then two memristors can be connected in parallel and
achieve, up to parasitics, the same COF F and half RON as
the starting device. Since the switching mechanism in ECM
is exponentially dependent on the electric field [18], [36] the
switching would not be affected by the parallel connection.
However, smaller electrodes are prone to breakdown owing to
large compliance currents required to achieve a low RON .
Another trade-off in RFMS exists between the switching
energy and RON . As mentioned, the LRS is inversely proportional to the compliance current. Thus, if lower RON is
desired, the compliance current must be increased. However,
the switching energy will increase, which can also decrease the
device endurance [37]. Furthermore, the minimum achievable
RON is physically limited by the maximum current density
supported by the electrodes, since it will limit the maximum
possible compliance current during SET.
For the purpose of this paper, each memristive switch is
assumed to have the extracted parameters in Table I. In this
paper, the switch design is focused on achieving broadband

matching, i.e., low RL, high IS and low IL, while utilizing
a single overall control voltage. The topologies are simulated
in Advanced Design System (ADS) from Keysight using the
aforementioned model and CPW sections as in [6] (not shown
in Fig. 9). Capacitors CB and inductors LB are considered
ideal, as they could be part of a bias tee. Capacitors CRF
provide RF feeding and DC blocking. The elements in the
circuit are interconnected with CPW sections (not shown in
the schematic). Note that capacitors CRF are not required if
only RF input signals are guaranteed at ports P1−3 (i.e., there
is AC coupling at the ports). For simulation purposes CRF are
set to 10 pF . CPW transmission lines allow us to implement
both series and shunt branches without using hot vias, which
facilitates a more accurate design. We assume that no selfswitching occurs at the band of interest [6] and we also assume
cold-switching (i.e., switching is done while no RF signal is
applied).
B. Series
The proposed series topology schematic is shown in Fig.
9(a), where a single RFMS per port is used (M1 and M2),
and a single bias signal, Vctrl , controls their state. Inductors
LDC have an inductance of 10 nH and a quality-factor of 21.
They act as RF chokes and provide a DC reference for the
memristors, thus avoiding floating nodes at DC. The circuit
works as follows: when Vctrl = 3 V , M2 switches to LRS
and M1 to HRS (observe the opposite connection); hence,
it provides a conductive path for the RF signal from port
P1 to port P3, while port P2 is isolated. Reciprocal analysis
is done when Vctrl = −3 V . As the RESET mechanism
is faster than the SET, particular care must be taken when
designing the power supply to provide a defined compliance
current to protect the RFMS. A possible implementation of
the compliance current is to use a transmission gate (PMOS
and NMOS transistors in parallel) that will provide a constant
resistance to maintain the current below the desired value.
Simulation results are shown in Fig. 10(a). The obtained IS
is over 36 dB and the IL is below 0.26 dB at the designed band.

1536-125X (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2018.2793354, IEEE
Transactions on Nanotechnology
WAINSTEIN AND KVATINSKY: A LUMPED RF MODEL FOR NANOSCALE MEMRISTIVE DEVICES AND NON-VOLATILE SPDT SWITCHES

Isolation Insertion Loss

0.25
0.245

40

0.24

IS (dB)

45

35
10

20

IL (dB)

50

0.235
40

30
(a)

26

3

25.5

2

25
24.5
10

20

30

IL (dB)

IS (dB)

4

Isolation Insertion Loss

1
40

Frequency (GHz)
Isolation Insertion Loss

70

0.28
0.26

65
60
10

0.3

0.24
20

30

Frequency (GHz)

IL (dB)

(b)

IS (dB)

75

and Cp , which provide a low-impedance path to ground that
considerably reduces the IS of the switch at higher frequencies.
The IS can be improved by resonating this capacitance with
an inductance. However, as the RF path does not pass through
the memristor, higher power handling is also expected.
D. Series-Shunt
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Fig. 10. Simulation results of IS (red) and IL (blue) of the proposed (a)
series, (b) shunt, and (c) series-shunt SPDT topologies.

It presents a broadband performance over the desired spectrum
and the expected 6 dB improvement in IS as compared to the
single-pole single-throw (SPST) topology (i.e., one input and
one output with a single memristive switch). The RL is over 22
dB in the desired band, hence providing broadband matching.
C. Shunt
The shunt topology is shown in Fig. 9(b). The RFMS M1
and M2 have one terminal grounded. As in the series topology,
when Vctrl = 3V , M2 switches to LRS and M1 switches to
HRS, and vice versa for Vctrl = −3V . The memristors provide
a low resistive path to ground on LRS. This configuration
makes use of the quarter-wavelength (λ/4) transmission line
(designed for 30 GHz) to transform the short-circuit (whenever
the memristor is at LRS) into a high-impedance path, thus
isolating the desired branch. When the memristor is at HRS
there is a direct RF path between ports in the branch.
Simulation results for the shunt topology are shown in Fig.
10(b). The narrow-band characteristic provides an IL of 1 dB,
an IS of 26 dB and an RL of 32 dB at 30 GHz. Its performance
is remarkably lower than the series SPDT due to the lossy λ/4
transformer. Moreover, the device becomes narrow-band and
provides a lower IS than the series counterpart owing to COF F

To further increase the IS, we propose the series-shunt
topology, illustrated in Fig. 9(c). This topology includes two
RFMS per branch, connected with opposite polarity; hence
when the series RFMS conducts (M1 or M3), the shunt RFMS
(M2 or M4) is OFF, providing a conducting path for the
RF signal. Conversely, when the series RFMS is OFF, the
shunt RFMS is ON, thus increasing the IS (i.e., there is high
series impedance, and low impedance path to ground). Two
control signals are required to program this topology, Vctrl1
and Vctrl2 . To program the series connected memristors M1
and M3 , Vctrl1 = ±3 V is applied while connecting Vctrl2 to
ground. Similarly, to program the shunt memristors M2 and
M4 , Vctrl1 = Vctrl2 = ±3 V .
Simulation results are shown in Fig. 10(c). An IL similar
to that of the series topology is observed because, when a
branch is conducting, the RF path goes through the series
RFMS and the shunt RFMS is in HRS. Furthermore, the IS
is increased by almost 25 dB. The obtained RL is over 22
dB. The drawbacks of this topology are the extra switching
energy required to switch the added RFMS in each branch,
the slight area overhead due to the added memristors, and the
complexity and parasitics added due to the extra control signal
Vctrl2 .
E. Transient Simulations
As mentioned, the switching speed is an estimation based on
the typical switching speed of ECM memristive devices. Transient simulations of the series and shunt topologies are shown
in Fig. 11(a-b). Note that the SET process is sensitive to the
parasitic resistance of the surroundings (i.e., CPW sections,
inductors) since the LRS is in the same order of magnitude.
Thus, some of the voltage drop on the memristive device will
be lower than expected, increasing the switching time. From
Fig. 11(a-b), it can be observed that the shunt SPDT sets faster
than the series being 77.5 ns and 119.3 ns, respectively. This
is explained by the fact that the λ/4 introduces less parasitic
resistance than the RF choke inductors. RESET is less affected
by the parasitic resistance and occurs at 44 ns for both cases.
In the series-shunt topology, the series memristors see the
same parasitic resistance than that of the series topology, thus
SET and RESET times are, as for the series SPDT, 119.3 ns
and 44 ns respectively. The shunt memristors are similarly
connected than in the shunt topology, but without a λ/4, thus
the SET is slightly faster (75.6 ns), while RESET requires
44 ns as in the shunt topology.
F. Comparison between Topologies
The series topology provides the better performance when
a single RFMS per branch is used. The area required, if a
fully integrated SPDT is considered, is larger for the shunt
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Fig. 11. Transient simulation results of SET (blue) and RESET (red in insets)
of the proposed (a) series, and (b) shunt.

topology owing to the λ/4 transformer. Furthermore, due
to the latter, the shunt topology incurs in a narrow-band
operation. The series-shunt topology significantly improves the
IS while maintaining a low IL. The area required is slightly
increased due to the added memristors. Hence, using two
RFMS per branch in a series-shunt configuration improves the
RF performance at the cost of a small area overhead.
Packaging introduces losses and may reduce the IS, particularly in the series-shunt topology due to the additional
parasitic capacitance between the input and output ports. Thus,
packaging needs to be carefully designed to preserve the
integrity of the performance. For instance, in [38] a perfect
magnetic conductor (PMC)-based packaging technique has
been used to improve the isolation performance, allowing to
reach isolations beyond 80 dB. The power handling capability
is similar for all topologies since it is limited by the ON state,
which may self-switch with input powers of over 17 dBm.
Table III summarizes the comparison of the switch parameters.
VI. C ONCLUSIONS
An RF lumped model for memristive devices is described
in this paper. The model describes and accounts for different
physical phenomena in the device structure, by means of
an analytic and numerical model. The analytic model allows
the design and optimization of RFMS, while the numerical
model serves as a fitting tool to simplify the analysis and
the design of larger and more complex circuits. Fitting results
to experimental data yields an improvement of 32.5% and
87% in relative RMS error for the ON-state magnitude and
phase, respectively. The improvement for the OFF-state phase

Series

Shunt1

Series-Shunt

Broad
1
∼ 0.25 dB
> 36 dB
> 22 dB
Smaller

Narrow
1
1 dB
26 dB
32 dB
Larger

Broad
2
< 0.3 dB
> 61 dB
> 22 dB
Medium

Results at 30 GHz (designed frequency of the λ/4)

RMS error is 33%, and no improvement over the RC model
is observed for the OFF-state magnitude. Furthermore, the
switching dynamics measurements are fitted to the VTEAM
model to predict the transient behavior. The obtained RMS
error of this fitting is 1.53%.
The use of the proposed lumped model is demonstrated in
three non-volatile single-voltage-controlled SPDT topologies.
Design trade-offs are presented to further improve the RF
performance of these devices. The topologies show high
performance at high frequency. The proposed series-shunt
topology increases the IS, maintains a low IL, with just a
small area overhead. The non-volatility, small size, and low
switching energy make these SPDTs strong candidates for
use in communication systems and reconfigurable RF devices.
Future work will focus on model validation with different data
sets and RFMS devices, and on the fabrication and testing
of the SPDT topologies for RF systems to perform a more
accurate characterization and to compare them to MEMSbased and transistor-based SPDTs.
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