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Introduction

Motivation

This work presents a research conducted on a novel class of nonreciprocal circuits based on
Linear Periodically Time Variant networks (LPTV) which exhibit nonreciprocal functionalities
at RF. They are all based on the recently-introduced Angular Momentum Bias (AMB) concept,
which ultimately aims at mimicking micro scale magnetic resonances typical of ferromagnetic
materials through a time varying resonant loops coupling.

All of these features may enable a new generation of VLSI-compatible nonreciprocal compo-
nents, which might have a role into the development of 5G communication networks. At the
same time the strongly nonlinear behaviour of the circuit constitutes a very interesting case
study, where classic Linear Time Invariant (LTI) circuit limits can be overcome. Modeling the
response of circuits is still a partially open question and their full potentialities might still be
hidden.

Moreover, as will become evident throughout the discussion, the performances required by
these classes of circuit are hardly compatible with lumped components.
As the frequencies of operations scale to higher and higher values, multi-physical design
domains are required: in particular the use of RF Micro Electro Mechanical Systems (MEMS)
Piezoelectric Resonators is highly desirable for these applications.
Among the advantages of using MEMS resonators, this application benefits of their high
Quality(Q) Factors, of the planar lithographic tunability of some modes of vibration and the
use of piezoelectric materials such as AlN, which can be integrated with CMOS processes.
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INTRODUCTION

Generalities on nonreciprocal circuits

Nonreciprocal circuits can be defined as a class of N-port networks with the main function
of transferring signals from a port to the other according to their direction of propagation.
These kinds of network are ubiquitous in optical [1] and electrical [2] domain.
The most popular devices based on reciprocal components are the isolator, which is a
2 port device, and the circulator, which is a multi-port device (usually 3 or 4). A graphic
representation of both is proposed in Fig. A.

2 port Network

I1 I2

3 port Network

I1 I2

V3

V1 V2

I1 I2

3 port Network V2

I3
I2

V1

V3

P2P1

P3

a. b.

d.c.

Fig. A: Electrical two port networks (a) and three port networks (b) can operate
respectively as an isolator (c) or as a circulator (b). In an isolator (a,c) a signal incoming
from P1 propagates to P2, but a signal incoming from P2 is not propagated back to P1.
Similarly, in an circulator (b,d) a signal incoming from P1 is transferred to P2, a signal

instead incoming from P2 is transferred to P3 and so on.

Applications for isolators can be found in testing apparatus, where sensitive signal sources
or references might be affected by D.U.T mismatches: in this case an isolator prevents
damages and ensures correct measurements. Moreover, an isolator would be desirable at
the output of Power Amplifiers (PA) , where environment induced load mismatch could lead
to overheating and reduced efficiency: an isolator would guarantee a stable termination,
and so a stable operation.

Circulators, on the other hand, are desirable in Radio Frequency (RF) communication
systems: they are typically used to route strong RF signals from the transmitter to the
antenna (typical values range from 20 to 30dBm), and to route faint signals from the antenna
to the receiver (typical values here range from -80dBm to -90dBm). In this way a single

II



INTRODUCTION

antenna can be shared to simultaneously transmit and receive RF signals (Fig. B) without
using switches or duplexers, that inherently decreases spectral efficiency, bit-rate and losses
of RF systems ([3]).
The introduction of integrated circulators could pave the way for a new communication
protocol,the so-called Full Duplex radio paradigm ([4]), where the same frequency could
be used to transmit and receive at the same time (Signal Transmit And Receive (STAR)
paradigm).
In this communication scheme neither time multiplexing or frequency multiplexing are
required, and spectral efficiency would be doubled just by introducing a nonreciprocal device
such as a circulator.
However, as explained in [4], tight constraints in terms of self interference cancellation
and distortion are required by this communication protocol, so both analog and digital
compensation techniques are required ([5]). The circulator would be a crucial component in
the analog domain of cancellation of leakage signals from the Power Ampifier to the Low
Noise Amplifier (Fig. B).

Other applications worth mentioning are mobile ranging sensors such as radars ([6]), where
the chance of routing the reflected signal to a different path would improve the range
sensitivity, and similarly to isolators, it could be used to reduce load-mismatch induced
nonidealities in PAs.

Schematics for these simple yet appealing networks can be found in Fig. B.

`

Load
PA

Ant LNA

PAa. b.

Fig. B: Application for nonreciprocal devices: an isolator (a) prevents reflected signal from a
load to go back to the signal source. A circulator instead (b), routes signals from the

antenna(Ant) to the receiver (LNA) and from the transmitter (PA) to the antenna, so that it
can be shared between the two components with no interference.
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INTRODUCTION

Background analysis of nonreciprocal circuits

A full N-port network approach to isolators and circulators can be expressed from an
input/output point of view thanks to the comprehensive scattering matrix representation
(referred herefrom as S-matrix, or S-parameters as the elements of the matrix).

The ideal S-parameters matrix for both components is here reported:

Sisolator =

"

0 1

0 0

#

Scirculator =

2

6

4

0 1 0

0 0 1

1 0 0

3

7

5

(1)

From the S matrix, one can see the asymmetry of this system: for the circulator in Eq. 1,
S21 = 1, which means that an electric signal incoming from port 1 would have unitary
transmission towards port 2, and S12 = 0, which means that an electric signal incoming
from port 2 would have no transmission towards port 1 but an unitary transmission towards
port 3 (S32 = 1).

It is not hard to argue at this point that for a system to have this kind of response, some of
the common hypothesis of linear passive circuits have to be removed.
These considerations can be done resorting to a fundamental and generic network analysis
in the electrical domain ([7, chap.4]).
In fact, some very generic characteristics of these networks can be shown in terms of the
scattering parameters (S-parameters) of an N-port network.

Specifically, by applying Maxwell’s equations and energy conservation theorems under the
hypothesis of a linear medium with no inner sources and no dissipative elements, it can be
proved that:

Yi,j = Yj,i for i 6= j (2a)

Re{Ym,n} = 0 for any m,n (2b)

Of course both equations might have been written in the impedance form without loss of
generality.

Furthermore, using the relation between S-parameters and Z-parameters

S =

(Z⇤ � Z0)

(Z⇤
+ Z0)
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it is possible to derive an compact set of equations in terms of S-parameters:

Si,j = Sj,i for i 6= j (3a)
N
X

j=1

Sj,i = 1 for each ith port (3b)

Eq. 3a is the mathematical proof that under these conditions the transmission cannot
be nonreciprocal. Eq. 3b is a rearrangement of the energy conservation in terms of S-
parameters: the sum of reflected power and transmitted power in a system without losses
must not be different than the input power.

The consequences of Eq. 3 is that it is not possible to build a nonreciprocal circuit at the
same time lossless, passive and linear.

For these reasons, one of these three hypotheses must be removed when trying to implement
such a functionality, increasing the design complexity and the trade-off limits when assessing
the performances of such systems.
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INTRODUCTION

Nonreciprocal devices technologies

Some of the most popular solutions explored so far to break the limits imposed by energy
conservation include :

(a) The use of ferromagnetic materials.

(b) The use of active devices such as transistors.

Solution (a) is widely adopted in a number of commercial applications, based on a very
mature technology and in an advanced stage of research. However these components can
be realistically employed only in applications such as base stations, testing laboratories
and all the applications where area and volume occupation is not a concern: these devices
have bulky magnetic materials at the cores of operations, which are essentially incompatible
with mobile devices, small sensors and all the communication applications where a small
footprint is required. Moreover, the integration of magnetic materials in CMOS processes is
still under preliminary research stage [8].

Solution (b) has been investigated in the past [9], due to the huge development of CMOS
technologies in the communication spectrum and the industry appeal to miniaturize these
devices, so to make them available to the tool set of electrical engineers in Very Large Scale
of Integration (VLSI) technologies.
In spite of good overall S-parameters performances, these class of circuits suffer from the
typical CMOS trade-offs between power consumption and noise figure [10], as well as the
one between area consumption and linearity, thus limiting the practical use of these devices
in integrated RF front ends.

The growing interest in nonreciprocal functionalities based on time-variant networks ([11–
14]) can be explained as follows:

• They make no use of ferromagnetic materials or DC biased magnetic materials. This
makes these networks potential candidates as integrated circuits.

• They make no use of DC biased CMOS transistors working as transconductors. This
breaks the limits of CMOS based circulator in terms of power consumption and noise
figure (described e.g. in [10]), making them appealing in low power RF transceivers.

• They exploit parametric nonlinearities in order to induce nonreciprocity on a bandwidth
proportional to the resonator one.

• The frequency of operation is potentially scalable up to millimeter waves [13] when
using MEMS resonators ([15]).
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This work has been divided in the following way:

Chapter 1 introduces the Angular Momentum Bias (AMB) circuit, from the first physical
picture to the current implementations. The original derivation is reported, commented in
detail and the practical circuit nonidealities are reported. Specifically the need for MEMS
resonators in this context is highlighted thanks to an analytical model approach. Moreover,
an experiment is reported in this section, so to highlight the feasibility of an AMB circulator
with a novel implementation based on switches and capacitors.

Chapter 2 is a review of RF MEMS Microacoustic Resonators, which are used as main com-
ponents in the circuits presented: piezoelectric effect is analyzed from an electro-mechanical
perspective, the most used modes of vibration are introduced and characterized.
Some of the devices introduced in the chapter were laid out and fabricated in the North-
eastern University facilities, so a full report on fabrication process of these components is
presented. Through the use of these devices, multi frequency circulators are envisioned,
and state-of-the-art devices were achieved for this application.

Chapter 3 proposes two circuits, designed with all the techniques analyzed in the previous
chapters. Two different strategies to modulate the MEMS resonance frequency to obtain
nonreciprocal transmission are proposed, and, for each of them, simulation performances
are reported, as well as PCB testing results. For each topology, a parametric analysis
shows trends predicted in Chap. 1. Practical limitations are also discussed when assessing
performances such as intermodulation products and power handling.

Chapter 4 proposes another topology which aims at conjugate narrow band RF MEMS
based filtering and nonreciprocal propagation. First a generalized dynamic S parameters
formulation is presented, so to introduce multi pole modulation in AMB circuits. With this
approach the main limits of the circuits implemented in Chapter 3 can be overcome thanks
to the use of MEMS filters. Finally, experimental proof of the proposed circuit showing ultra
low harmonic distortion is reported as a conclusion of the work.
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Chapter 1

Angular Momentum Bias

1.1 Concept and First Demonstrations

The first use of Angular Momentum Bias (AMB) to implement a 3 port device with nonrecip-
rocal transmission is documented in [16], and is applied in the acoustic domain. The idea at
the core of this technology is to mimic the microscopic mechanism underlying the operation
of magnetic circulators. A DC magnetic field, in fact, is able to split a given electronic state
in two levels (Fig. 1.1) with counter rotating spin in certain materials. This induces different
refractive index properties for waves propagating in opposite directions, and that is the
physical foundation of nonreciprocal transmission.
This idea can be scaled into a macroscopic level in the structure descripted in Fig. 1.1 in the
domain of acoustic waves propagating in air.
A ring cavity of radius Rave connects three sources of acoustic pressure: by modulating
its resonance frequency !0, the counter propagating waves in the cavity are going to be
sustained by two different modes. This modulation is obtained by modifying the nominal
sound velocity c0 into c0 ± ⌫ when an angular rate ⌫ of fluid rotates within the cavity.
Under these conditions, the two modes will be respectively given by :

!±
= !0 ±

⌫

Rav
(1.1)

For a given condition of rate ⌫ one of the two waves is going to be subject to destructive
interference at one port, constructive at the other.
Note that the interference is generated according to the flow direction of the external fluid
biasing the cavity, so that nonreciprocal transmission can be achieved between the three
ports.
In fact, following the analytical discussion reported in [16], it is found that the transfer function

1



CHAPTER 1. ANGULAR MOMENTUM BIAS

Fig. 1.1: In a and b the physical analogy of a modulated ring and the
atomic level splitting under ~B field is highlighted: as a magnetic field ~B is
able to split energy levels in atomic states, so a rotational flow in a ring is

able to split two counterrotating modes within the junction.
In c a simulation is highlighting the linear trend of the frequency splitting

as in Eq. 1.1,while in d is a schematic representation of the acoustic
circulator, where a rotational pressure flow with velocity ~v is up/down

lifting the two modes. Copyright belongs to the authors of [16].

from port 1 to port 2 (T1!2) and from port 2 to port 1 (T2!1) are respectively given by Eq. 1.2.
In Eq. 1.2, � is the decay rate of the cavity, which following the more common resonators

conventions in electrical engineering it would be reported in terms of Quality factor Q( in
fact � = !0/(2Q)). In Fig. 1.2 a plot of the transfer functions is shown for a normalized
!0 = 1rad/s, � = 0.18 and !±

= !0(1± 0.1).

In these formulas the factor 2/3 takes into account the static transfer function: in fact all of
these systems act as symmetric power splitters when not biased.
This system can be regarded as a sort of directional interferometer: the signal incoming
from port 1 will excite two modes propagating a different speeds. As one could derive from
Eq. 1.2, the two modes supports different destructive interferometric conditions, so that after
proper manipulation of Eq. 1.2, one can find that there is an optimal condition for ⌫ to have
T1!2 = 0 and T1!3 = 1, which is

⌫opt = c0/(2Q
p
3) (1.3)

Even if the system is realized in another physical domain, it has been chosen to report it,

2



1.1. CONCEPT AND FIRST DEMONSTRATIONS

T1!2 =

�

�

�

�

2

3

[

e�i4⇡/3

1� i(! � !�
)/�

+

e�i2⇡/3

1� i(! � !+
)/�

]

�

�

�

�

2

(1.2a)
T2!1 =

�

�

�

�

2

3

[

e�i2⇡/3

1� i(! � !�
)/�

+

e�i4⇡/3

1� i(! � !+
)/�

]

�

�

�

�

2

(1.2b)
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Fig. 1.2: Transfer function described
in Eq. 1.2.

since it already shows all the typical features of the RF circulators implemented in this work.

Recent works [17, 18] have shown that similar performances can be achieved using the
AMB concept when proper modulation of a nano-ring resonator is actuated with spaced
electro-optical modulators in order to locally change the wave velocity.

However, when the aim is to replicate such functions in the RF waves domain, controlling
the medium velocity is not as straightforward as in other domains. The first attempt to realize
a similar device in electrical domain was relying on varactors in order to induce a modulation
of the line impedance Z0,i(t) =

p

L/2Ci(t) in three different LC section coupled through
capacitors (Fig. 1.3). Specifically, it is worthwhile to observe in Fig. 1.3 that:

• Three sources of modulation are required to achieve system symmetry.

The perfect symmetry guarantees that the transmission path follows the direction of modula-
tion. This is really the reason why the reverse isolation (T3!1) is exactly the same as the
transmission from port 1 to the isolated port 2 (T1!2).

• The optimal modulation rate ⌫opt is inversely proportional to the cavity Q.

This last property shows one of the typical features of this system where the bandwidth of
operation (thus its Q) is directly proportional to the modulation frequency ⌫. This feature will
impose tight design constraints to RF implementations.

In this network three AC sources are required to properly bias the three stages of varactors
as follows:

V (i)
= Vdc + Vm cos (!mt�

i2⇡

3

) for i = 0, 1, 2. (1.4)

where Vdc is needed to bias the device in a reverse region, so to fix the average value of
capacitance Cave; moreover each AC signal is applied with a Tm/3 time delay with respect
to the adjacent port, so to effectively impart a Momentum Bias effect.
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V1(t)

P1 P3

P2

V2(t)

C1(t) C3(t)

C1(t) C3(t)

C2(t) C2(t)

V3(t)

Fig. 1.3: First proposed schematic of an RF circulator based on Angular Momentum Bias.
Three RF ports P1,P2 and P3 are terminated to LC sections, which are coupled through

capacitors. On each LC section an AC signal is superimposed to the RF path so to
modulate the capacitance of a varactor, as in Eq. 1.4. This is a possible way of modulating
the resonance frequency of a resonators loop, in a similar way of what was proposed in [16]

in the acoustical domain.
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1.1. CONCEPT AND FIRST DEMONSTRATIONS

This early work shows already the advantages of using AMB circuits with respect to magnetic
based circulators:

• Size. The active area of this device is contained in a diameter of 2cm, and operating
around 200 MHz, it proves a deep sub-wavelength operation (�/75 ).

• Tunability. By controlling the DC voltage applied on the varactors, Cave changes, so
the center frequency of the circulator can be tuned. When also the Vm is properly
adjusted, a 25% tunability is measured.

• Control. The use of varactor requires low DC voltages (1.5V < Vdc < 4.5V ) and very
low control voltages(Vm ⇡ 0.6V ) thus proving to be a on-chip compatible technology.

• Giant Nonreciprocity. Even in this first work 40dB of IX were proven at the center
frequency, proving better performances than commercially available magnetic based
circulators [19].

On a side note, it is worth to mention that this whole circuit is composed of reactive elements,
which are ideally non dissipative and thus potentially low-loss. In practice, because of
the relatively low reported Q (10), as expected from Eq. 1.3, a modulation frequency
⌫m = 15MHz (almost 10% of the RF signal) is needed, thus increasing the modulation
branch complexity in order to avoid RF leakage. On top of that, as frequencies of operations
scale up, figures of merit of inductors, such as Self Resonance Frequency (SRF) and Q
per becomes more and more challenging. Commercially available inductors[20] for RF
application where SRF has to be above 1GHz, maximal Q factor is typically around 40, so
the use of inductors limit the practical Insertion Loss (IL) that can be introduced by these
system, and most importantly, their power consumption, throught the fast pumping rate
required by the circuit.

On the other hand, a number of very consolidated techniques are available to implement
RF resonators, such as resonant cavities[7, chap.6][21, chap.5], lumped and distributed LC
networks and most importantly for this work, MEMS based resonators[22, 23]. The choice
of resonator structure and technology is crucial, when the aim is to find a feasible way to
induce a resonance frequency modulation in a similar way to the one proposed in Eq. 1.1.
For piezoelectric MEMS resonators, strategies to induce such a modulation will be covered
in Chap. 3.
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CHAPTER 1. ANGULAR MOMENTUM BIAS

1.2 Angular Momentum Bias Circulator Model

The need for a more compact AMB network has been driven in the last years to achieve low
IL to and fill the gap towards integrated technologies by minimizing the size and number of
inductors required in the circuit.

More mature examples of AMB based circuit that move toward that direction are the ones
reported in [24–27], and they are all based on either one of two main circuit topologies, that
we will refer to as Wye and Delta topologies (Fig. 1.4 ).

Z0 Z0 

Z0 

C1 C2

C
3

L L

L

(a) Wye implementation of an AMB circulator.

Z0 Z0 

Z0 

C1

L

(b) Delta implementation of an AMB
circulator.

ω1(t)

ω2(t) ω3(t)

3

1 2

(c) In an AMB circuit, time-variant resonant coupling described in Eq. 1.5 between three different RF
ports induces strong nonreciprocity.

Fig. 1.4

It is well known in fact that the two easier resonant impedances can be obtained by combining
an inductor and a capacitor: a series resonator shows low impedance when excited close
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1.2. ANGULAR MOMENTUM BIAS CIRCULATOR MODEL

to its natural frequency; a parallel resonator, which on the contrary tends to show high
impedance at resonance.
Both of the circuits can be used, with a varactor diode, to implement a circulator. A series
resonator can be used in a wye topology, a parallel resonator in a delta topology; both of
them have been shown in recent works ([24] and [25] respectively).

It can be seen that thanks to the varactor C(V ) dependence, for both the circuits in Fig. 1.4,
the resonance frequency of each branch is modulated in time, and the pattern of modulation
follows the spacial distribution (Fig. 1.4) of the three ports.
For this reason it is possible to classify the circuit as a spatiotemporal modulator, among
others recently investigated[12, 13].
The modulated resonant modes are excited as follows, when a sinusoidal excitation (Eq. 1.9)
is applied:

!(t) = !0 +�! cos (!mt� i
2⇡

3

) for i = 0, 1, 2. (1.5)

Where !0 = 1/
p

LCave both in Fig. 1.4a and in Fig. 1.4b, and Cave is the static part of the
capacitance, like in Eq. 1.9.
In order to have a grasp of the system response, an analytical approach has been inves-
tigated in this work. The analysis was conducted on the wye configuration, but the delta
configuration could have been treated in an analogous way.

For the electrical circuit shown in Fig. 1.4a a possible starting point in the analysis is a KCL
set of equations written as functions of the charge on each of the three branches. In this
way the problem of treating integro-differential equations with time-varying coefficient is
simplified into a simpler differential equations set.

Once recognized the two state variables as the charge q1, q2 it is possible to study the
dynamic evolution of the autonomous system with the following system of 2 equations of 2nd

order differential equations:

Cave

C1(t)
qa(t)+

Cave

C2(t)
qb(t) +

q0a(t) + q0b(t)

!0QL
+

q00a(t) + q00b (t)

!2
0

= 0 (1.6a)

Cave

C1(t) + C3(t)
qa(t)�

Cave

C2(t)
qb(t) +

2q0a(t)� q0b(t)

!0QL
+

2q00a(t)� q00b (t)

!2
0

= 0 (1.6b)

In these equations and in the following, !0 = 1/
p

LCave and QL is the loaded quality factor
of each branch.

7



CHAPTER 1. ANGULAR MOMENTUM BIAS

Specifically, these kind of networks have two sources of damping: one is due to the ohmic
losses of the inductor (Rind), the other is due to the 50 ⌦ termination (Z0).

To each of them a quality factor can be associated, nominally

Qind =
!0L

Rind
Q0 =

!0L

Z0

Through standard circuit analysis it can be shown that the overall damping factor (that is the
impedance seen from the central node to each ground) can be expressed as:

QL =

✓

1

Qind
+

1

Q0

◆�1

=

QindQ0

Qind +Q0
(1.7)

From the previous equation, since Z0 is assumed to be 50 ⌦, it is always desirable to have
Qind � Q0. When this condition is not met, Insertion Loss (IL) degradation will be given by
the resistive voltage drop across the inductor.

Extensive work was done in order to find a time domain solution to this autonomous system,
but no easy general solution exists for differential problems where the state matrix A(t) is
time varying.

Some interesting approaches based on Floquet Theory are reported in classic control theory
books like [28, chap.2-3], but no analytical solution was found for this system.

On the other hand, once the system is recast in the so called state space, it is possible to
make some comments on the stability, as reported for example in some circuit theory papers
such as [28, chap.5][29], regarding very similar topologies excited in another region of !m

where the varactor acts as a parametric amplifier. The main result of the stability analysis is
that as long as !m is much smaller than the condition

!m = 2!0 (1.8)

The system does not show parametric instability, even in the lossless case where QL ! 1.
For AMB the typical operation is found when !m ⌧ 0.2!0, far away from unstable conditions.
Moreover, the damping provided by the 50 ⌦ termination is enough to suppress any other
unstable region.

When trying to find a closed form solution for the circuit in Fig. 1.4a, the C(V) modulation
makes the problem too difficult to be treated analytically. A realistic approximation of the
problem can be treated analytically, instead, if the modulation C(V) curve of the varactor is
linearized around a bias point Vdc.
Under these assumptions, when the control voltage on the varactors is the sum of a DC

8



1.2. ANGULAR MOMENTUM BIAS CIRCULATOR MODEL

term and a sinusoidal term at !m as in Eq. 1.4 the capacitances can be expressed as:

Ci(t) = Cave(1 + � cos (!mt� i
2⇡

3

)) for i = 0, 1, 2 (1.9)

Where Cave is the bias point capacitance, and � = �C/Cave is the first order expansion of
the capacitance sensitivity with respect with the modulation voltage.
It is straightforward in this way to see that the resonance frequency of each branch follow
the trend of Eq. 1.5. Under this assumptions, by expanding the terms 1/(1 + �) ⇡ 1� � and
by considering an excitation Vin at one port, it is possible to rewrite one can consider the
Eq. 1.6 in a more useful way:
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:

qa(t)(1� � cos (!mt)) + qb(t)(1� � sin (!mt�
⇡

6

))+

q0a(t) + q0b(t)

!0QL
+

q00a(t) + q00b (t)

!2
0

= CaveVin(t)

2qa(t)(1�
�

2

sin (!mt�
⇡

6

))� qb(t)(1 + � sin (!mt�
⇡

6

))+

2q0a(t)� q0b(t)

!0QL
+

2q00a(t)� q00b (t)

!2
0

= CaveVin(t)

When the system is written in such a way, it is possible to find a closed form solution in
its frequency domain representation (through a suitable Fourier Transform) since in this
case elementary harmonic functions are multiplied in the time domain and they can be
transformed into frequency domain convolutions.

In fact, since a sinusoidal steady state solution is assumed, the derivation, although very
lengthy, becomes just a matter of algebraic manipulation.

For example, a reasonable solution might be found assuming that charge q1, q2 can be found
at the fundamental tone ! and at the two closest Inter Modulation(IM) products ! ± !m and
!± 2!m. Using phasor notation, a solution will be imposed as a sum of 5 complex variables
qi(!), that is

q(!) =
2

X

i=�2

qi(! � i!m) (1.10)

Each of the two charges distribution in the system are expressed using Eq. 1.10.

The analytical proposed solution is graphically shown in Fig. 1.5, and can be derived when
it is assumed that:
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Modulation Signals
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V(ω)

ω
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0– 120– 240–
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ω0
ω0 ± ωm  
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Fig. 1.5: A frequency representation of the modeled input-output
spectrum using an Harmonic Balance approach.

• ii(!) = j!qi(!)

• S11(!) = 1� 2

Z0i1(!)

Vin(!)

• S21 =
2Z0i2(!)

Vin(!)

• S31 =
2Z0i3(!)

Vin(!)

It is worth noting at this point that thanks to the threefold symmetry of the circuit, the transfer
function S31 it will be equal to S12 and so on. So a complete S-parameters representation of
the AMB circulator can be found as a combination of just three transfer functions:

2

6

4

S11 S21 S31

S31 S11 S21

S21 S31 S11

3

7

5

(1.11)

The equations are found by verifying Eq. 1.10 for each nth component of the charge at each
harmonic.
The analytically found S-parameters can be written as a set of 8th order polynomial rational
functions and they were practically found on a symbolic calculator. The analytical solutions
are rather lenghty, so it was chosen not to report the full transfer functions. Instead, a
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1.2. ANGULAR MOMENTUM BIAS CIRCULATOR MODEL

contour plot can better describe the model, and it is shown in Fig. 1.7.

However, a generalized impedance model was found later in this work: it is described in
Chap. 4, a compact analytical formula is provided, which of course also covers this circuit.
Some important observations can be done by analyzing the model, nominally:

• The direction of propagation is opposite with respect of the direction of modulation.
That is, if the delay is following a pattern 1 ! 2, 2 ! 3, then the signal will be
transmitted with a pattern 1 ! 3, 3 ! 2.

• Higher Q requires lower �. Clearly a lower � will result in an improved linearity
response, and, being the whole model based on a first order C(V ) expansion, this will
also results in a better modeling of the circulator.

• The model valid as long as !m ⌧ !rf : when modeling the varactor as in Eq. 1.9,
higher order IM products are neglected (nominally the images of the Vm ⇥ Vrf ),
because it is possible to show that their ratio is proportional to !rf/!m. As !m

approaches !rf , the model loses validity.

• For each choice of components, there is an optimal combination of !m and � which
optimizes the isolation. The optimal curve !m, � is linear (Fig. 1.7).

• The bandwidth of the IL is proportional to the bandwidth of the IX, and both of them
are proportional to the bandwidth of the LC resonator (thus inversely to its QL).

• As QL is increased, the dynamic response becomes slower, so that the modulation
frequency !m can be decreased.

To test the limits of this model, a numerical analysis was run: a comparison of simulations
and analytical model is reported in Fig. 1.6 for two different working points. While the
model matches the simulations with good accuracy for small � (' 10%), an error arises as �

increases.
Note that the main effect of this nonlinearity is in the shift of the center frequency of operation,
while nonreciprocal transfer function shape is retained.
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Fig. 1.6: Circuit model analysis for two setups:
1. � = 8%, Fm = 50MHz,L = 500nH (Fig. 1.6a,Fig. 1.6b)

2. � = 25%, Fm = 150MHz,L = 150nH (Fig. 1.6c,Fig. 1.6d)
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Fig. 1.7: Analytical contours of Insertion Loss IL (on the right) and Isolation IX (on the left)
for different conditions of Q. The red regions on the left in correspond to the minima of

IL,while the blue regions on the right the maxima of IX. From these plots it is clear that there
is an optimum point for each Q, and a quasi-linear region of suboptimal operation. The

optimal !m/!0 scales down as Q increases.
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1.3 Breaking the limits of AMB circuits

Following to the first works results ([24, 25]), it is clear that one main issue with this class of
networks is the relatively high IM product, close to the RF spectrum (note that, as discussed
in the previous section, the first IM tones are found at ! ± !m. A typical simulation result is
commented in Fig. 1.8.
To make this circuits more appealing in the crowded RF environment, strategies were
recently developed to counterbalance the delivery of power at IM tones.

The first strategy, reported in [27], in line with other similar solutions ([30, 31]) adopted in
similar LPTV networks, is to actuate the AMB with two complementary networks, each of
them operating with opposite phases, as shown in Fig. 1.9.

Z0 
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Z0 

C1 C2

C
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L L
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L L
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C
4

(a) Schematic of differential AMB circuit.
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Fig. 1.8: Example of AMB differential Wye circuit with the following setup:
Fm=150MHz, L=40nH, � = 30%
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Fig. 1.9: Comparison of output spectrum for two different Wye Circuit.

This kind of networks [27], referred to as differential to emphasize the similarities with
conventional circuit with a point of simmetry[32, chap.12], are able to suppress all of the IM
products, thus approaching a LTI behaviour from an input/output point of view.
This is achieved by driving the two dynamic components connected to each branch with
out of phase signals. The AMB functionality is preserved since for each branch the driving
signal pattern still follows Eq. 1.4.

However, it is worth noting that these differential networks are mainly conceived to suppress
output tones produced by the modulation, not to suppress power-generated distortion (many
other techniques are currently adopted to suppress distortions generated by the varactor,
like the back-to-back operation descripted in [33]). To prove this point, two output spectra
are compared in Fig. 1.9: a significant '30dBc improvement of the IM suppression in the
case of the differential circuit is simulated.

In the same work ([27]) a P1dB of 29dBm is reported, and more than 25dBc of first IM
rejection was demonstrated ([34]) using this topology thus significantly improving the first
experiments done on the AMB circuits, like the ones reported in the previous section.
In this last work, a detailed noise analysis is provided, which highlights that since this circuit
reduces IM products, it will also reduce the impact of noise figure (NF) coming from them:
for this reason, in an ideal scenario, the NF would be exactly equal to the IL. A NF=2.5dB is
reported, for a IL<2dB.
It is necessary at this point to assess the fundamental limits of these topologies, once
applied to higher and higher RF frequencies, up to the millimeter waves range:

• Inductor performances are critical. There are at least three critical aspects when using
discrete (or distributed) inductors in this class of circuits:
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CHAPTER 1. ANGULAR MOMENTUM BIAS

I Qind should not limit the system damping, as discussed above, as this would
degrade both static IL and dynamic response.

I The only way to push the modulation frequency !m as a smaller and smaller
fraction of ! is to increase the system QL, thus using larger inductances.

I When implementing differential circuits, asymmetry is always an issue, thus any
unavoidable mismatch between the components would degrade IM suppression
and dynamic response of the stage.

After these considerations, if one could induce time modulation of high Q resonators center
frequency, then this would solve all the limits given by the use of inductors.

• The use of varactor diodes has two main downsides:

I They tend to show low power handling, introducing distortion and limiting the
overall functionality of the system.

I They require additional filters to be properly driven.
This practical implementation aspect is detrimental for area considerations: more
inductors (or more generally diplexer structures) are needed in order to prevent
RF leakage in the modulation loop and to effectively superimpose a modulation
signal Vm .

So using another component to induce a modulation would be clearly beneficial, or at least
a viable option.

This work, in fact, as briefly explained in the introduction, has been focused in the modeling,
the simulation and the experimental validation of a new class of AMB based circuits where

• Inductors are replaced by Piezoelectric MEMS Resonators, which, for reasons that
will be clarified in the Sec. 2.1, can count on very repeatable and high Q resonant
modes.

• Varactors are replaced by Switched Capacitor Networks, so to overcome linearity
issues and simplify the modulation network. Arguments will be provided in Sec. 1.4.
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1.4. SWITCHED CAPACITOR LC IMPLEMENTATION

1.4 Switched Capacitor LC implementation

As discussed in Sec. 1.3, it would be desirable to remove varactors from the circuit in
Fig. 1.8. In order to do that, in this work it has been proposed to achieve this through
CMOS switches in reflective-open configuration. As follows from Fig. 1.10 it is clear that the
switching scheme induces very similar modulation patterns.
From a modeling point of view, this design technique imposes to take into account a large

Cp

Cp

Cs

Cp+Cs

Cvar(t)

Cvar(t)

Time 

C
ap

ac
ita

nc
e 

Switch
Varactor

Fig. 1.10: Comparison of two mechanism to induce capacitance variation in a periodic way.
The solution based on switches contains a broader spectrum of modulation tones, but
similar performance are expected in terms of S-parameters: for example compare the

simulated results in Fig. 1.8 for an varactor based circulator, and the experimental results in
Fig. 1.12 for a switch based circulator.

number of intermodulation tones, so analytical modeling becomes unpractical. Simulation
becomes more and more accurate as the number of tones increases, so the model based
on sinusoidal modulation is not theorically sound anymore.
To prove that similar behaviour can be achieved in systems where the capacitive modulation
is induced with a switched capacitor system, a PCB was designed and tested in the early
stages of these works.

The measured performance of this circuit are reported in Fig. 1.12 where an optimal
modulation frequency of 1.6MHz (10% of the carrier) guarantees more than 30dB of peak
isolation and an IL of 3dB. The measured P1dB (12dBm) in Fig. 1.12b is very close to the
rated P1dB of the switch (15dBm), thus suggesting that the linearity can be improved if the
switch linearity is improved. A parametric plot of IL and IX is shown in Fig. 1.12c, so it can
be seen that the optimal IX is achieved for a minimum IL.
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50Ω 50Ω 

50Ω 

φ1 φ2 

φ3
 

(a) Schematic of the PCB.

(b) Picture of the PCB.

Fig. 1.11: Proposed implementation of a differential LC switched capacitor AMB circuit.
The three SPDT switches in Fig. 1.11a are commutated with a 50% Duty Cycle, and a

phase shift of 120�(Tm/3) between each other, so to operate in an Angular Momentum Bias
fashion.

A custom PCB was designed and implemented in Fig. 1.11b.
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Fig. 1.12: Experimental results from the PCB in Fig. 1.11b with
L= 2.7µH, Cs=47pF, Cp=27pF.
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Chapter 2

Piezoelectric MEMS RF resonators

2.1 Basics on Piezoelectricity

After analyzing in Chap. 1 the properties of circuits based on Angular Momentum Bias,
the need of high quality factor (Q) in these circuit was highlighted. Having access to
such components can lead to many advantages in this application, namely the possibility
to minimize the power required by the circuit, thanks to the lower modulation frequency
required when high Q resonators are employed (Fig. 1.7) and the possibility to miniaturize
the system.
Piezoelectric MEMS resonators can serve this purpose, as their RF resonances typically
exhibit a Q higher than passive discrete components, and their resonance frequencies are
set by geometrical dimensions, so (in some cases that will be discussed later) different
resonance frequencies can be obtained on the same chip. Moreover, circuit miniaturization
can be achieved in a CMOS compatible process.
All of these aspects will be discussed in this chapter.

Materials showing piezoelectric properties have been engineered and adopted in a very
large number of applications, as references in timing applications ([22, 35]), as sensors in a
very broad range of domains and frequencies ([36, 37]) and as well as actuators in system
control ([38]) and transducers for communication and energy harvesting ([39–41]).
The reason of the popularity of these materials is their unique feature of converting electrical
energy in elastic energy and vice-versa. A simple explanation is graphically shown in
Fig. 2.1: piezoelectric materials respond to electrical voltage generating stress.

For the purpose of analyzing resonators based on piezoelectric materials, a matrix approach
will be necessary, since the electrical features of the resonator will depend on the coefficient
of the piezoelectric tensor.
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2.1. BASICS ON PIEZOELECTRICITY

(a) Example of a piezoelectric thickness
excitation.

(b) Example of a piezoelectric lateral
excitation.

Fig. 2.1: Basic idea of piezoelectric effect.

A complete picture of a low frequency (that is for frequencies much lower than the resonance)
piezoelectric modeling from an electro-mechanical point of view is reported in many texts
([42–44]), so just the main results are here reported.
Considering the already mentioned property of exhibiting mechanical stress ~T in response
to an applied electric field ~E and vice-versa, one could write a set of equations where the
two vectors ~T and ~E are respectively sources of electrical displacement ~D and strain ~S:

(

~D = d1 ~T + ✏r ~E

~S = kH ~T + d2 ~E
(2.1)

Where ✏r and kH are respectively the material dielectric coefficient and the Hooke constant
and the two tensors responsible for the coupling between physical domains d1 and d2 are
referred to as piezoelectric charge coefficients, and measured in [pC/N ]. One could easily
verify that ,as d1, d2 ! 0 the equations become decoupled and the equations resembles
classic electrical and mechanical tensor equations.

Interestingly, for most materials d1 = d2 = d (thus the conversion mechanism has the same
efficiency in both directions), so the equations can be simplified into the following:

~S = kH(1� k2
t )
~T +

d

✏r
~D (2.2)

Where k2
t , commonly referred to as electromechanical coupling coefficient, is defined as:

k2
t =

d2

kH✏r
(2.3)
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CHAPTER 2. PIEZOELECTRIC MEMS RF RESONATORS

As seen in Eq. 2.2, k2
t is adimensional, at can be regarded as a normalized conversion

efficiency term between the stress induced by elastic forces and electrical forces.

Similar energetic arguments explained in [43, Part II, Chap.5] would lead, in fact, to an
alternative equivalent definition as:

k2
t =

Wm

Wm +We

Which is exactly an efficiency conversion between the mechanic energy stored in the
material Wm and the total energy Wm +We.

A complete equivalent two-port model in the Laplace variable s can be derived for a simpler
one-dimensional problem, applying basic electrodynamic arguments derived in [42] the
electrical domain variables I(s) and V (s) with the mechanical domain ones, the strain S(s)

and the stress T (s):
"

I(s)

S(s)

#

=

2

4

C0 sAd
d

t
kH

3

5 ·
"

V (s)

T (s)

#

(2.4)

Where A is the area where the electric field is applied, t is the material thickness and

C0 = ✏r
A

t
(2.5)

is the static capacitance in the direction of the applied field.

So from the analysis of this model it has been shown that when an electric field V (s) is
applied on a piezoelectric material, both a capacitive current is generated as

I(s) = sC0V (s)

and a mechanical strain is generated as

S(s) =
d

t
V (s) (2.6)
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2.2 Piezoelectric MEMS resonators

As follows from the previous section, a mechanical strain is generated in a piezoelectric
material when an electric field is applied.

A small digression has to be conducted on the direction of this strain: in fact the model in
Eq. 2.4, even if formally displayed for a mono-dimensional case, can be easily extended in a
three-dimensional case, as ~d is a 9x9 tensor, if all the longitudinal and torsional excitation
are considered.
However, typically most materials show a certain simmetry, and a relevant piezoelectric
effect only in given directions, so that the matrix can be reduced to a lower order.

The mechanism underlying the piezoelectric resonance is very similar to the one which
regulates the mechanic resonance of every spring-mass-damper system[43, Part.2, chap.7]:
if u(t) is the displacement, ⇢ is the material density and Ep is the Young modulus, when a
boundary condition can found for the wave equation (here simplified to a monodimensional
case)

⇢
d2u

dt
= Ep

d2u

dx
(2.7)

Then the mechanical solution will be a standing wave, the two forms of energy will tend to
exchange power at the same rate so that the losses are minimized. As the reader could
observe from equation Eq. 2.7, the specific solution (which is the resonance frequency and
a spatial mode field), depends at least from:

• the piezoelectric coefficient dij (or the piezoelectric coefficients) actuating the mode.

• the geometry of the device.

• the material stiffness and density.

There is at the present moment a whole scientific community working on resonant modes in
Piezoelectric devices, and many interesting works can be found for example in [45–48].

In any case of mode excitation, an electrical equivalent of these phenomena can be promptly
derived both in the case of two-port excitation ([49]) that in the case of one-port excitation
([15]), and are reported in Fig. 2.2.
However, using two-port actuated resonators in RF front ends in very challenging and was

not at object of this work, so just one port structure will be analyzed from now on.
The electrical models shown in Fig. 2.2 can be derived from a voltage/current link with the
force/displacement mechanical quantities in Eq. 2.7 and Eq. 2.2.
The resulting equivalent electrical model, derived for example for one-port excitation in [43,
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Fig. 2.2: Electrical equivalent circuit of 1-port resonator (left) and 2-port resonator (right).

Part 2, Chap.7], is here reported:

Lm =

8

⇡2!2
0k

2
tC0

Cm =

⇡2

8

k2
t

C0

Rm =

8

⇡2

1

!0C0k2
tQ

Where Lm is the motional inductance, expression of the mass loading of the system,
Cmis the motional capacitance, expression of the compliance of the system and Rm is the
motional resistance, expression of the dissipative forces in the system.
C0 is the static capacitance, corresponding to the actuation area as described in Sec. 2.1.
Interesting, as one could observe comparing Eq. 2.8 with Eq. 2.2, Cm represents the
motional, or better, vibrational actuation induced by the piezoelectric efficiency k2

t , in fact it
is indepedent on the resonance frequency and proportional to the conversion efficiency k2

t .

Moreover, it could be noted that Rm is just another expression for the device quality factor Q,
which is originated from mechanical and electric losses, but it is most commonly dominated
by acoustic losses in the substrate [50].

A typical admittance curve is plotted in Fig. 2.3b, and, by manipulating the transfer function
Yres(!), one can found the following results, under the assumptions of an underdamped
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Fig. 2.3: typical expected admittance response for MEMS piezoelectric resonators. Note
that, once the resonance frequency is set, one devices can be characterized through its k2
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and its Figure of Merit(FoM).

system (so assuming Q � 1 ):

Y (!2
s) =

1

LmCm
(2.9a)

!2
p =

1

LmCm k C0
(2.9b)

Y
�

�

(!s)
= Y

�

�

LF

r

1 + (

8

⇡2
k2
tQ)

2 (2.9c)

!p

!s
=

r

1 +

8

⇡2
k2
t (2.9d)

As follows from Eq. 2.9, the resonance peak magnitude in Fig. 2.3b is proportional to the
product k2

tQ which is called Figure Of Merit (FOM) of the resonator (Fig. 2.3b): for instance,
in recent works ([45]) , resonators with a FOM greater than 100 have been demonstrated.
For this class of high Q resonators:

�

�Y
�

�

peak
/

�

�Y
�

�

LF
· FoM (2.10)

What is instead referred to as bandwidth of the resonator is the relative distance
!p � !s

!s
,

and it can be shown that is entirely dependent on the resonator k2
t , which can be lead to

another working definition for k2
t :

k2
t =

4

⇡2

!p � !s

!s
(2.11)
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This is an operational definition of k2
t , since admittance peaks can be measured with very

good accuracy using Virtual Network Analyzers. A more accurate resonator model, which
includes metals resistance R0, probe losses Rs and wirebonding finite-Q inductances (Lw

are shown in Fig. 2.2, but from a functional point of view, there are four main parameters
needed to describe the electrical response of a MEMS piezoelectric resonator: Q, k2

t , C0,!s.

To grasp of the physical numbers required to implement RF resonators, a target series
resonance frequency of 1GHz was chosen, and the popular aluminum nitride AlN is chosen
as a piezoelectric material. Several devices were laid out, fabricated and tested during this
work, using AlN: even if this material is not among the ones with the highest piezoelectric
charge coefficients, its deposition is compatible with CMOS process ([51]) thus making it
appealing for the integration with CMOS circuitry.

Typical material performances can be compared with another popular piezoelectric material
such as lithium niobate (LNb03) which is instead non CMOS compatible. A comparison can
be assessed in Tab. 2.1.

Piezoelectric Coefficient [pmV �1] AlN ([52]) PZT ([53]) LNbO3([54])

d33 5.7[±15%] �374[±30%] �21

d31 2.5[±15%] 171[±30%] 74

d15 N.A N.A 69.2
d22 N.A N.A 20.8

Tab. 2.1: Comparison of piezoelectric coefficient for common materials used in MEMS
technologies. Note that these numbers vary depending on crystal orientation, substrate

conditions and testing apparatus, thus they are meant to be a first order estimate of these
parameters.

Two popular excitation modes are here reported as a case study: the Contour Mode
Resonator (CMR) and the Bulk Acoustic Wave (BAW) resonators, also known with the
commercial name of Film Bulk Acoustic Resonator (FBAR).

2.2.1 BAW

BAW devices are at the present moment the most reliable [47] resonant technology for
communication applications based on piezoelectric devices. This class of devices are based
on the so called thickness mode of vibration, as can be seen from Fig. 2.1a. In fact, acoustic
vibration is induced in the Z axis, thus taking advantage of the d33, which as can be seen in
Tab. 2.1 is the highest for both AlN and PZT. As expected for a thickness mode, the thickness
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of the device is going to determine the resonance frequency, according to:

fs /
1

2T

s

Ep

⇢
(2.12)

Thus, using for example the numbers from Tab. 2.1 the target resonance of 1GHz can
be obtained with a thickness of approximately 5.3µm, thus being compatible with thin film
growth technologies. Unfortunately, as clear from Eq. 2.12, the resonance frequency is
set by the film thickness, so it is impossible to realize devices with different resonance
frequencies on the same wafer, without extra lithographic steps (thus increasing cost and
decreasing reliability). However many techniques exists nowadays to achieve enough
frequency shift to realize RF filters and duplexers ([47, 55]), and it is currently used in
industry-level applications and thus constitutes the current state of the art in RF narrowband
filter ([56]) together with Surface Acoustic Wave (SAW) technologies.

For the first application presented in this work (Sec. 3.3), FBAR technology constitutes a
very good choice since single resonance frequency is required, spurious modes suppression
is very well controllable, fabrication processes are mature and large actuation areas can
be achieved with no significant degradation of Q, as will be discussed in the experimental
section.

2.2.2 CMR

This class of resonators ([15]), known as contour mode or lateral mode ([48]) it is actually a
container for many different modes of excitation, where the main difference with respect to
BAWs is that the main coefficient that actuates the modes is a transverse coefficient, i.e.
d31. A transversal electric field ~E excites strains according to all the piezoelectric charge
coefficients (Eq. 2.4) , the coefficient d31 will excite a stress on the orthogonal direction to
the incident ~E.

Generally lower k2
t is expected for these devices and so overall lower FOM than the FBAR

counterpart (cfr. Tab. 2.1). Despite that, there is a growing attention to these modes, due to
the lithographic tunability of the resonance frequency.
In fact it could be shown that for these lateral modes,

fs /
1

2W

s

Ep

⇢
(2.13)

Moreover, recent efforts ([45]) have shown that thanks two multi-dimensional modes higher

27



CHAPTER 2. PIEZOELECTRIC MEMS RF RESONATORS

k2
t can be achieved, keeping a certain degree of tunability (30%) is shown in the previous

work.

For the first topology proposed in Sec. 3.3, lateral modes are interesting mainly for the
frequency tunability, which might lead to multi-band on-chip circulators. However the process
was found to be too sensitive to fabrication errors and so no circulator was implemented
using these devices. A new layout of resonators with wide frequency shift is currently being
processed to implement the circuit proposed in Chap. 4.
For this other topology, where the frequency shift required between resonators is of the order
of few %, this technology could be very beneficial, mainly because of reduced fabrication
and design complexity with respect to the FBAR counterpart.
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2.3 Fabrication Process

Different batches of MEMS resonators were fabricated during this work at the Kostas
Research Institute clean room at Northeastern University. All the recipes have been fine-
tuned for a 4µm AlN thin film process on a low-doped, high-resistivity polished 4-inches Si
wafer.

(a) Layout of an FBAR Wye of resonators.
(b) Layout of a CLMR resonator.

Fig. 2.4: Some of the resonator laid out during this fab.
The one on the right was used to implement a MEMS based circulator.

Each step will be analyzed in detail and pictures taken with an 50x magnification optical
microscope will serve as a further description of issues and results.

Bottom Electrode Metalization. The first step consist in the photolithography of a 1.8µm
positive resist spinned on a Si substrate. A promoter was spinned and baked on the wafer
prior to the resist to ensure surface adhesion with the resist, and 1 min of the resist soft-
baking at 115°C dries the resist from water residuals. Photo Resist(PR) absorbance is
increased as UV light is shined on the surface, so that the exposed part can be stripped off

Fig. 2.5: Picture of the patterned bottom electrode.
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Fig. 2.6: Picture of a lithographically defined via.

Fig. 2.7: Picture of a wet etched via.

with a chemical developer. Before the actual metal deposition, a stage of 02 plasma cleaning
is required to remove additional organic material, which could contaminate the flatness and
the uniformity of the wafer at this early stage. A 200 nm Pt layer was deposited on the wafer
through thermal evaporation, and consequent lift-off removed the unexposed layer with PR.
Double check of the deposited metal was performed with an interpherometric reflectometer
(Nanospec).

AlN deposition. [002] oriented AlN is grown on top of the Si substrate in this stage. It is
very critical in this stage that the metal traces underneath the AlN layer is uniform and flat,
since any roughness or imperfect lift-off residual will increase the chance of local defects
or deformation in the crystalline structure, which will strongly degrade the piezoelectric
response in terms of k2

t ([51]).

Via Lithography and Etching. In order to access the bottom electrode, the AlN needs to
be etched. Note that since a metallic contact needs to be created, a steep sidewall is not
desired, so an isotropic etching is required. To create a mask a 2.7 µm PR is hard-baked
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Fig. 2.8: Picture of a TE metal layer.

Fig. 2.9: SEM detail of an aligned TE.

after exposure overnight: in this way the unpatterned area will remain protected from the
chemical etching that is performed in a phosphoric acid (HP03) solution.

Top Electrode Metallization. The upper electrode is now ready to be sputtered, after a
lithographic process similar to the lower electrode. However here two main challenges arise:
the metal stack will have to be deposited on the electrode and on the vias, so both of them
have to be developed: this requires a delicate two step exposure where both timing have to
be fine tuned. More importantly, as explained in Sec. 2.2, to reach RF resonance, finger
pitch in the order of µm have to be fabricated, so submicrometric alignment is required. A
Vernier scale ruler was adopted to achieve this result. A 300nm thick Pt was deposited
with a 5nm Ti adhesion promoter layer. On top of that, a gold layer was deposited on the
probing area, so to increase the chance of a successful wirebond and decrease the contact
resistance.

AlN Trenches Etching. The AlN features have to be defined once that the resonator is

31



CHAPTER 2. PIEZOELECTRIC MEMS RF RESONATORS

Fig. 2.10: SEM picture of the AlN trench.

defined: for this reason a very vertical sidewall is required, as many works ([50]) proved that
finite-steepness is a reason of spurious modes and Q degrading. For this reason, a PR
mask is not suitable, since the reflow that originates from the hard bake would compromise
the dry etching. For this reason, a layer of silicon dioxide Si02 is deposited with a PECVD
technique on the AlN surface, it is then selectively etched thanks to a highly anisotropic
RIE process, so to be used as a sacrificial hard mask for the AlN etching. This is known to
increase AlN surface roughness, which has a detrimental impact on Just now the AlN can
be etched in Inductively Coupled Plasma (ICP) etcher.

Release. FBAR needs to be suspended to properly work in thickness mode vibration, and
also CMR need to be suspended to confine the mechanical energy within the volume of the
resonator (so effectively to increase its Q). Once the AlN is removed, the original Si substrate
is now available to be etched away in a isotropic xenon difluorite(XeF2) environment.

Fig. 2.11: SEM picture of the FBAR used in the AMB cicuit.
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2.4 Resonators Characterization

Several devices were characterized and tested after the fabrication: in particular a wye of
FBAR resonators was used to implement a circulator, as described in Chap. 3, and several
resonators were used to study temperature sensitivity and DC bias sensitivity. Moreover,
as explained in Sec. 1.1, nonreciprocal performances can be achieved when resonator
tanks are modulated in time: thus DC biasing, thermal and optical actuation of a resonance
frequency shift would be a viable[55] option to achieve nonreciprocity.

Frequency response for typical fabricated devices are shown in with parameters fitted from
the model in Eq. 2.8. Note that in some cases (e.g. the CLMR shown) the effective Q
is limited by the R0 in the model, probably due to some adhesion imperfection in the via
metallization.
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proposed model for a BAW resonator.
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(b) Experimental data, fitted with the
proposed model for a CLMR resonator.
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Fig. 2.12: Magnitude (top) and phase (bottom) admittance of fabricated devices during this
work: as evident, the lateral mode device (right), even if interesting for the reasons in

Sec. 2.2.2 was found to be unreliable and too much affected by spurious modes to be used
in a system level design such an AMB circuit.
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Fig. 2.13: Fabricated devices with two different resonance frequencies, as predicted from
the analysis in Sec. 2.2.2, with a pitch of W = 5.4µm and W = 5µm.

Since the AMB circuit requires three identical resonators connected as in Fig. 1.4, the BAW
device solution was found to be more appealing, also considering the process tolerances
and the early research stage in spurious mode suppression in CLMR technology.

However, on-chip multi resonance frequency was obtained after the process, as shown in
Fig. 2.13.

A first attempt to induce a frequency modulation was assessed by using thermal and
electrostatic actuation, as reported in [55]. However thermal and electric softening are not
high enough to achieve the resonance frequency shift required in Angular Momentum Bias
circuits, which will be shown in Sec. 3.1 to be in MHz range.
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Fig. 2.14: Experimental collection of resonance frequency variation of the fabricated
devices when Temperature (Fig. 2.14a) and DC bias (Fig. 2.14b) are changed for a 1 port

CMR resonator.
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Chapter 3

Microacoustic Resonant Circulator

As shown in the previous chapters, Angular Momentum Bias (AMB) circuits show a trade off
between the modulation frequency fm and the Qloaded of the system.
Specifically, it is always desirable to keep the lowest possible fm, since the power con-
sumption is typically scaling linearly with the latter. It is important to note that some other
performances can be improved when requirements on modulation frequency are relaxed,
such as linearity performances and image rejection. The first one is straightforward to asses:
in standard CMOS switching techniques, the minimum power required to drive a switch with
a Cg input capacitance with a Vdd square wave is typically found to be P = Cg(Vdd)

2fm.

On the other hand, the image problem is a typical issue of modulated system in RF
communication ([57, Chap.1]). If this aspect is negligible in the varactor excitation, it may
become critical in switched excitation, as shown in the low-Q implementation in Fig. 1.12d.
It is possible to see some tones folded from the "negative" side of the spectrum: these tones
are less and less relevant as the ratio fm/f0 becomes smaller.
Moreover, as discussed in Sec. 1.3, the combination of MEMS technologies as resonant
tanks and CMOS switches as Angular Momentum Bias actuation leads the way to a fully
integrated, low-power, magnet less circulator.
This chapter describes the circuit analysis, the network modeling, the simulation and the
testing results of a Microacoustic Resonant Circulator (MIRC).
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3.1 Circuit Concepts in MIRCs

As reported in Sec. 2.2,piezoelectric RF MEMS resonator can count on Q values ranging in
the thousand ranges, and in k2

t values ranging from 1% to 10%.
Moreover, as reported in [58] and as it will be shown throughout the discussion, the static
capacitance C0 and thus the MEMS area is typically set by matching conditions and in the
order of

C0 ⇡
1

!0Z0
(3.1)

So for a reference 1GHz of central frequency, an electrical equivalent for an FBAR (k2
t ⇡ 7%)

MEMS resonator based on the model proposed in Eq. 2.4 would be:

Equivalent Lumped Component Value

Motional Resistance (Rm) 2.8 ⌦

Motional Capacitance (Cm) 56 fF
Motional Inductance (Lm) 445 nH
Parallel Resonance (fp) 1.028 GHz

Tab. 3.1

As discussed in Sec. 2.2, actuating effective resonance frequency shift in piezoelectric
MEMS resonator is an open challenge, expecially if one takes into account that a modulation
speed in the ⇡ 10MHz range is required.
It is very easy to observe, for example, that the sensitivity shown by typical devices fabricated
in Sec. 2.3 which results in (Fig. 2.14) few ppm is not enough to cover the span required by
this application. It will be found in fact, that shifts in the order of 2-3% will be required even
in narrowband operation.
It is necessary to highlight that the parallel resonance, fundamentally due to the one port
actuation, is the main source of losses and limitation for these class of circuits. This issue
could be circumvented by using two-port excitation, as discussed in Sec. 2.2. However, in
this case, the problem of how to excite a resonance frequency shift has not been solved, so
the complete tractaction has been limited to the one-port case.

For this work, two main strategies were deployed to obtain a resonance frequency shift: a
first one (Sec. 3.1.1) is a very simple network, which is lacking of inductors but it is inherently
narrow band and tend to be lossy, at least when using AlN resonators. Another one instead
(Sec. 3.1.2) relies on inductors to enhance the bandwidth of the MEMS resonator, thus
allowing higher tunability.

Note that, like for Eq. 2.11, it is intended the bandwidth of the resonator as the relative
distance from the series resonance to the parallel resonance, which is proportional to the
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electromechanical coupling k2
t .

Cs=γC0

(a) Schematic representation of a switched
capacitor network that actively changes the
capacitive load of the resonator in the switch

OFF state, so to shift the resonance
frequency.
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(b) Numerical Simulation of the frequency
shift associated to some typical � = Cs/C0

values. Note the characteristic admittance
degradation described in Eq. 3.3.

Fig. 3.1

3.1.1 Switched Capacitor Modulation Network

An first option that was proposed in this work relies on capacitive loading of the motional
capacitance Cm: when the switch in Fig. 3.1 is closed the branch resonates at the nominal
f0 of the MEMS resonator.

When the switch is open, the switching capacitance Cs changes the reactive impedance
thus effectively introducing a new resonant state f (2)

0 . Even if the values are relatively small,
it is found that the f0 shift can be controlled as a function of C0, thus proving to be much
more reliable, predictable and consistent shift.

Specifically, if one defines � =

Cs

C0
in the schematic in Fig. 3.1, it is easy to find that, when

the switch is in the ON state, the resonance frequency f (2)
0 can be written as:

f (2)
0

f0
=

s

1 +

8

⇡2

k2
t

1 + �
(3.2)

The result is indeed reasonable: if the switching capacitance Cs is much larger than C0

(� ⌧ 1 ) then the two states collapse into a singlef0 resonance. If viceversa Cs is much
smaller than C0 (� ! 0), then the resonance is canceled and the two states again collapse
in a purely capacitive response.
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It is important to notice that this modulation scheme introduces different losses in the two
states of operations: in fact, if the admittance during the ON state of the switch

�

�Ypeak

�

� are
limited essentially by the FoM / k2

tQ as described in Eq. 2.8 of the resonators, in the OFF
state a � dependent reduction of admittance

�

�Y (2)
peak

�

� can be modeled.

With classic impedance manipulation, it is possible to find:

�

�Y (2)
peak

�

�

= (

�

1 + �
)

2FoM · Y
�

�

�

�

LF

(3.3)

Interestingly, once the FoM of the resonator is assessed, it is possible to evaluate the impact
of the relative admittance degradation with a simple factor �:

�

�Y (2)
peak

�

�

�

�Ypeak

�

�

= � =

�2

(1 + �)2
(3.4)

To have a grasp of the frequency variations of interest, some numbers are reported Tab. 3.2
for a k2

t = 7% and C0 = 3.2pF :

� f (2)s /fs Admittance Degradation Switching Cap

1 1.4% 12 dB 1 pF
0.5 1.8% 19 dB 0.5 pF
0.25 2.2% 27 dB 0.25 pF

Tab. 3.2

As clear, a significant trade-off is imposed between obtaining the necessary frequency shift
while maintaining a low admittance degradation factor.

As a rule-of-thumb design derived from the model in Fig. 1.7, for a Lm = 450nH an optimal
design region would be the couple fm/f0 = 1.6% and �C/Cave = 4% so that, if one
assumes �!/!0 ⇡ �C/(2Cm), then the design optimum should require � ⇡ 0.25.

This will result in extra losses and/or sub optimal nonreciprocal response, as will be high-
lighted in the simulation section.

3.1.2 Enhanced Switched Capacitor Modulation Network

Another approach, which can relax the constraints described in the previous configuration is
the one shown in Fig. 3.2, where the main idea is to use a shunt inductor to the resonator,
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so to move away the parallel resonance which is highly detrimental for the MIRC.

Cs=γC0

Lcomp

C0

(a) Schematic representation of a modified
switched capacitor network where the

inductor effectively enhances the resonator
bandwidth so to increase the resonance

frequency shift and minimize the admittance
degradation �.
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(b) Numerical Simulation of the frequency
shift associated to some typical � = Cs/C0

values for this modified network. Note that
that the admittance degradation is
considerably lower than in Fig. 3.1

Fig. 3.2

A rule of thumb for the design of the inductor can be expressed as follows: if the Lcomp

is found to be in parallel resonance with the static C0 of the MEMS at the same series
resonance of the device, then in the neighbour frequencies the whole device can be seen
as a perfect series resonator, thus extending the bandwidth.

A full analysis of the impedances into play would reveal that the maximum bandwidth
extension (where for bandwidth is intended the distance between a series and a parallel
resonance) it is found exactly for the condition

Lcomp =
1

!2
0C0

(3.5)

For example, for a C0 = 3.2pF one would need an Lcomp = 8nH. In the proposed
experiments with a C0 ' 1pF a discrete 25nH inductor was used.
By looking at Fig. 3.3 it can be observed that the inductor introduces an additional zero in the
|Y | curve. The condition Eq. 3.5 corresponds to the point where the the MEMS resonance
is the median point between the two zeros. Also in this case the overall bandwidth depends
on the k2

t , but the characteristic relation can be written as

fz
f0

=

1

2

(

r

8

⇡2
k2
t +

r

4 +

8

⇡2
k2
t ) (3.6)

It is possible now to compare Eq. 3.6 with Eq. 2.9 to have a grasp of the bandwidth
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Fig. 3.3: Bandwidth increased according to Eq. 3.6: for example, for a resonator with
k2
t =7%,which has a 3% fractional BW, this will result in a enhanced BW of 12.5%.

enhancement: while in the simple case of a MEMS resonator a fractional bandwidth of 2.8%
is associated to a k2

t = 7%, for an enhanced resonator a 12.6% can be predicted.

It is crucial to observe at this stage that the circulator losses and the dynamic response
will not be affected by the inductor Lcomp, since it is supposed to work in a frequency span
where it is actually behaving as an open circuit. Moreover is not in series to the signal path,
so it cannot introduce resistive losses due to the finite-Q, like in the LC circulator analyzed
in Sec. 1.2.

Also in this case it is possible to derive an analytical expression for the resonance frequency

shift in the OFF state of the switch as a function of the ratio � =

Cs

C0
:

f (2)
0

f0
⇡ (1 +

⇡2

16

k2
t

�
)

Tab. 3.3 reports typical � values, so that one can compare them with the values found in
Tab. 3.2.

� Relative Frequency Shift Admittance Degradation Switching Cap

1 2.6% 0.8 dB 1 pF
0.5 4.7% 2.8 dB 1.5 pF
0.25 7.2% 7.3 dB 0.25 pF

Tab. 3.3
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3.2 Simulations and MEMS based designs

Assessing the optimal performances of these switching circuits requires at least a couple of
expedients in SPICE engines as simulation tools.

Z0 Z0

Z0

(a) Single Ended version of a MIRC

Z0

Z0Z0

(b) Differential version of a MIRC

Fig. 3.4: Two different implementations of a MIRC

An Harmonic Balance (HB) engine simulator was chosen, so to have a direct representation
of the system response in the frequency domain, as every common RF application.

This system can be effectively regarded to as a double frequency converter (Fig. 1.5) which
upconverts the signal at the first port, and down converts it at the second port. This process
can easily generate a number of intermodulation products (IM), as discussed in Sec. 1.4,
and the minimum number of harmonics required by the HB engine to correctly assess the
S-parameters of the system may vary accordingly to all the design parameters.

So a number of rule of thumb actions were taken when trying to evaluate the performances
in the simulation stage, also according to the MEMS technologies that were planned to use
at this stage:

1. Q = 1000 and k2
t = 7% for a FoM = 70. These are worst case scenario for state of

the art MEMS resonators based on FBAR technologies (Sec. 2.2.1).
When instead using lateral vibration modes (Sec. 2.2.2) these values are slightly
optimistic: even if similar values were shown ([45]) these technology is not yet mature
enough to guarantee reliable performances.

2. negligible R0, Rs (Fig. 2.2) was assumed. These values are often relevant for very
large devices devices ([59]) where the stray elements might become comparable to
the motional resistance Rm of the resonator. Careful layout, extra metal layers as
described in Sec. 2.3 and large vias can mitigate the impact of this issue.
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3. The switches were approximated with an ideal nonlinear component as reported in
[60],with about a 10

5 ratio of ON/OFF resistances.

4. A minimal number of 20 harmonics were taken into account for each switch voltage
control signal, and at least 15 tones were use to simulate IM products.

5. The resonator actuation area (proportional to the physical capacitance C0 can be
chosen taking into account the relations discussed in Sec. 2.2. Specifically, a C0 =

900fF guarantees a Lm = 500nH and Rm = 3⌦, which is a good compromise
between low static loss and high Q operation (Qload = 60).

Throughout the rest of the work, differential implementations of AMB circuit will be presented:
the resulting performances can be quite similar in terms of nonreciprocal contrast, but the
differential version clearly shows lower IL and better spectral purity thanks to the cancellation
mechanism discussed in Sec. 1.3.
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Fig. 3.5

Some typical results are shown in Fig. 3.5, and they display already the main drawback of
this circuit: the high frequency admittance zero, which as discussed in Sec. 2.2 is originated
by the one port actuation of the mechanical resonance mode, is limiting the bandwidth
of nonreciprocal operation to a fraction of the k2

t . In this specific simulation a -1dB IL
bandwidth(BW) of about 5MHz is shown, thus recasting a 0.5% fractional BW, which is
definitely too small for any communication application.

This limit cannot be overcome with this circuit, unless having access to a higher k2
t technol-

ogy.On top of that, this circuit has another critical parameter: in recent fabrication processes
it has emerged that the increase of actuation area of laterally vibrating MEMS resonators
has a negative impact on the quality factor of the device ([46]). This is a major limitation for
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CMR MEMS devices, which is one factor currently prohibiting the access of this technology
in the RF filtering market.

This issue, however, can be assessed using a simple �� � conversion of the main core of
each of the two complementary branches.In fact, by just arranging the resonators in a �

configuration rather than the previously proposed �, the capacitance C0 can be reduced
by a factor 3 without affecting any of the other performances. Note, in fact, that a static
impedance equivalence between the two circuits exists: the simulations in Fig. 1.4 show
very similar response, both in terms of bandwidth of operation and typical Insertion Loss.

3Z Z

(a) MEMS resonators: �� � conversion.
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Fig. 3.6

This is an easy way to spare a third of area consumption, with no power consumption
increase and at the only cost of increasing of a factor 3 the switching capacitance Cs.

Note also that, despite the values predicted by the model in Fig. 1.7, the modulation
frequency here used is sensibly smaller of the optimal one predicted for a Qloaded ⇡ 60

(about 0.5% predicted versus 0.1% simulated) .This is some hint that the zero generated by
the electromechanical coupling (whose distance from the resonance, as shown in Sec. 2.2
is proportional to k2

t ) further decreases the requirements in terms of modulation frequency.

However the main limitation for these kind of topologies remains the bandwidth limitations
introduced by the high frequency admittance zero. This is really the reason why the S-
parameters are so distorted with respected to the results obtained experimentally in other
topologies based on switched LC circulators (Fig. 1.12). As explained in Sec. 3.1, an
easy solution which still relies on high-Q MEMS resonators is the one based on shunting
the resonator with an inductor, so to move to higher frequencies the in-band zero. The
mechanism is evident from the numerical result shown in Fig. 3.3, where a bandwidth
extension can be found thanks to the upshifting of the admittance zero, according to Eq. 3.6.
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Fig. 3.7: Complete schematic of the differential Wye Circulator based on enhanced MEMS
resonators.
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Fig. 3.8: S-parameters and output spectrum simulated for the circuit in Fig. 3.7
.

As a result of that, this simple circuit shows a very promising result, almost compatible with
communication bandwidth and easily scalable to higher and higher frequencies.

As explained in [4, 13], a suppression of IM products of less than 20Bc is not enough for
mobile communications, as these output tones would be radiated into the channel, causing
jamming and inevitably degrading the SNR of already faint RF signals, as discussed in the
introduction. Moreover, any asymmetry, frequency mismatch or component mismatch will
inevitably degrades all the performances, specifically the IM rejection and the three port
symmetry.
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For these reasons MEMS resonators in RF domain are gaining more and more attention as
basic building blocks for RF filtering ([46, 47, 61]) due to their high skirt steepness, which
is a direct consequence of their typical high-Q antipeak, strong near-band suppression,
and low IL, which is inversely proportional to the resonator FoM . These properties were
found during this work to be necessary to further suppress the IM products generated by
the circuit, but this last step will be assessed in the following chapter.

After a first period when the model of the circulator discussed in Sec. 1.2 was developed
and the different topologies for the MEMS based circulators were explored through intense
simulations across diverse platforms, this work was focused on realizing circuits on PCB
to effectively test the performances predicted in the simulations exposed in the previous
sections.

Some first preliminary experiments confirmed the critical aspect that simulations could not
grasp during the first stage of the work. Among them, some of the most critical issues when
trying to implement such circuits in a discrete components PCB were:

Switch Technology.
The requirements for switches employed in this circuit are very stringent.
In all of the implementations, Single Pole Double Throw (SPDT) topologies were
adopted to fulfill with differential topology (i.e. Fig. 3.6).
Following from the discussion and the numbers required by the simulations in Sec. 3.2
these performances have to be met:

•Reflective Open topology. This represents a first issues, because for
switches with cutoff frequencies above 2GHz most of the commercially available
devices are either absorptive or reflective short(Fig. 3.9). The first one essentially
display a 50 ⌦ termination for the isolated branch, the second one displays a
Short Circuit (SC) to ground behaviour in the off state.

•Insertion Loss. At least two switches are present in the RF transmission path, so
each of them will contribute to circuit loss, at least from the finite switch RON and
the nonideal input matching. Typical IL for the best compliant devices were found
to be from 0.5dB to 1.5dB, mainly because of non ideal matching to 50 ⌦, so
expected losses from the switch are expected to be from 1dB to 3dB.

•Off State Resistance. To prevent RF current to flow into the off state branch
in all the circuit presented, a significant OFF state resistance is required. In
simulations a conductivity modulation in the 10

4 was used, while the best values
of Off state TX are in the 60dB range, corresponding to a 10

3 order of magnitude.
However this value is not so critical in 50 ⌦ systems.
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CHAPTER 3. MICROACOUSTIC RESONANT CIRCULATOR

•Switching speed. This is really the most critical parameter for MIRC: the switch
has to provide a very good IL at RF frequencies, and it has to be able to
change state at a switching rate in the 25 MHz range (Fig. 3.8). To ensure low
switching losses, a reasonable requirement for the switch rise-time should be
in the nanosecond range. This highly limits the choice of switches available
on-the-shelf ([62–64]) resulting in extra-loss induced by the switch risetime.

•Power Handling. This is another very critical parameter in RF applications: the
switch Ron has to be kept constant (and much smaller than 50 ⌦ for input voltages
approaching the FET threshold. For this reason a large Cgs is required, and a
gate resistance Rg in the k⌦ range is typically placed in series to the gate(Fig. 3.9
so to float the RF voltage across the FET gate-to-source junction. This clearly
poses a limit to the switching speed, hence the trade off with switching speed as
highlighted above.

Rg Rg

Vcnt Vcnt

RF1 RF2

RFcommon

Cgs

(a) Schematic of a Reflective Open
Switch.

Rg Rg

Vcnt Vcnt

RF1 RF2

RFcommon
Rg

Vcnt Vcnt

Rg

(b) Schematic of a Reflective Short Switch.

Fig. 3.9: Different Implementations of RF Switches.

To better emphasize the parasitics introduced by the switches in the ON state, a fitting
of the ON state S-parameters was derived in the TX path. As can be seen in Fig. 3.10
the switch parasitics (the parasitic capacitance in particular) are not only comparable
to the MEMS capacitances, but can be dominant when combined as in the MIRC
schematic.

PCB design.
This system naturally behaves better when the physical dimensions of the lines
connecting the components are very small: in fact in the inner core of the MIRC it
is not possible to guarantee a 50 ⌦ matching across the whole region of operation,
since the switching system inherently modifies the system impedance in a time-variant
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Fig. 3.10: First order fitting for a RF SPDT switch in the TX path. As will be evident during
the experimental result discussion, switch parasitics, being comparable to the MEMS

capacitances in the circuit can significantly degrade the circuit performances (Fig. 3.14a).

fashion (differently from the previous varactor based implementations). So very careful
design is needed from the PCB traces, and minimizing traces length is a critical
issue in the switching network. On top of that, to maximize the circuit simmetry, it
was chosen to implement the two branches on two sides of the same PCB. The two
branches were connected through circular vias.
Another size constraint was represented by the minimum feature that could be diced
in the cleanroom: being a user-operated process, chip-processing is not possible,
so the minimum feature that can be diced is around 1cm x 1cm. This will result in
unavoidable extra losses and parasitic inductance resulting from the long wirebonds
needed. In order to provide solid ground to both sides of the PCB (implemented with
just 2 metallizations, top-bottom metal on a Roger dielectric) a grounded coplanar
waveguide trace was chosen.

MEMS characterization.
During the layout, three resonators were arranged as shown in Fig. 2.4, in a convenient
way to be used in the configuration shown in Fig. 3.4. Unfortunately this prevented the
characterization of each single resonator, which was a potential loss of information
about the actual performance of each MEMS device. Similar devices were tested to
have a rough estimation of the performance in that area of the wafer, so we extracted
initial values comparable to the ones shown in Fig. 2.12a.

System-Level Modeling.
From the schematics proposed in Sec. 3.2, it is clear that to have reliable and realistic
simulation, a complete simulation platform would be required: being the switch the
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CHAPTER 3. MICROACOUSTIC RESONANT CIRCULATOR

time-variant element, a detailed model of the device from a technology level (which is
a FET on GaAs substrate for most available switches) should be accessible.
Moreover, an EM simulator was needed to optimize the PCB traces and evaluate the
impact of the PCB on the circuit performances.

To sum up, a complete and reliable simulation platform was not achieved when trying
to simulate the complete response of the dynamic PCB, mainly for the lack of access
to a technology based model of the RF switch. Two implementations are going to be
shown: a first one (Fig. 3.11a) based on the FBAR resonators fabricated during this work,
operating around 1GHz, and another one (Fig. 3.11b) based on FBAR resonators provided
by Broadcom, operating around 2.5 GHz.

Note that for both the implementations, inductors were actually placed in Delta configuration,
so not to avoid to access the central node where all the MEMS are connected. Once again,
the �� � conversions easily semplify a very tedious problem (cfr. Fig. 3.6a).
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500µm
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Vcnt1
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Vcnt3

Vcnt3

(b)

Fig. 3.11: Pictures of two implemented PCB of a MIRC, the first with the in-house built
resonators fabricated as discussed in Sec. 2.3, the other one based on commercially

available FBAR resonators provided by Broadcom.
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3.3 Experimental Results

3.3.1 Implementation 1: MIRC using fabricated resonators

As briefly mentioned above, one of the practical difficulties of implementing a MIRC starting
from fully in-house fabricated devices is the actual testing of resonators laid out in Fig. 2.4,
since they cannot be singularly tested with calibrated sources. The only possible way is
to de-embed the measures from three port static S-parameters of the circulator, already
mounted on the PCB.
This actually limits the degree of control on the effective performances to a very mild fitting.
Also note that it is impossible to discriminate small fs variation across the two different chips
realized to implement this circuit.

The results of the fitting are shown in Fig. 3.13, and it is clear that with these level of
losses the performances will not be as performing as the ones predicted in the simulation in
Sec. 3.2. The Q is significantly smaller than the expected results, and spurious modes will
degrade the whole frequency response in the dynamic simulations, but this is very hard to
predict from simulations.

However, after many trial and error implementations, with different switches and different
switched capacitors, the best performances obtained are shown in Fig. 3.14a. Note that for
all the implementations of MIRC the measured input reflection is always under the -15dB in
the bandwidth of operation.

It was possible to collect multiple datas that were rearranged to highlight trends and possible
issues ignored during the simplified simulation environment. The results are shown in
Fig. 3.14.

L L

L L/
3 L/3

L/3

Fig. 3.12: Schematic of the practical implementation of the MIRC cores in the PCBs
implemented in Fig. 3.11. Once again the �� � conversions are very useful when

implementing these three port devices.
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Fig. 3.13: Static S-parameters, measured to have a grasp of the performances associated
to the resonators used in this first MIRC. The resulting performances can be confronted with
the ones in Fig. 2.12a. The Q is significantly low (almost a factor 3 lower than the single

structure tested with calibrated probes). This might be due to the long wirebonds
necessaries to access the devices, or to PCB losses, or to some device-level via

malfunctioning.

The linear trend highlighted in the model discussed in Fig. 1.7 is clearly visible in the Isolation
scatter for both the implementations, while the optimal condition for the Insertion Loss is
unclear, probably to switch parasitics that interfere with the dynamic response of the circuit.
As Fig. 3.12 highlights, to implement the second topology proposed in this chapter, referred

to as enhanced resonator topology, it is required just to add inductors to the same PCB.
An highQ Coilcraft inductor ([20]) with a ' 23nH inductance was used to resonate out the
C0 as discussed in Sec. 3.1 to enhance the resonator bandwidth. The results are shown
in Fig. 3.15a. Note that the IL peak is increased of about 0.5dB in the case where the
enhanced resonator is used, in a similar way of what was described in the simulations run
in Sec. 3.2.
Also for this second topology, based on enhanced resonators, a parametric analysis was
performed, and the peaks of IL and ISO were compared in the scatter shown in Fig. 3.15.
As expected, trends are very similar in the two cases, but obtained bandwidth in this case
(Fig. 3.15a) is larger, and so is the modulation frequency.
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(a) Dynamic S-parameters for the inductorless version of the MIRC.
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Fig. 3.14: Scatter plot of the measured peaks of Insertion Loss(IL) and Isolation(ISO) for
various conditions of modulation frequency and switched capacitor for the inductorless
circuit.The quantity �Fs/Fs is evaluated starting from Eq. 3.2 by knowing the switched
capacitor. Typical S-parameters are reported in Fig. 3.15a. Here, a capacitor of 1pF is
switched at a switching speed of 10MHz (1%of the RF frequency) to obtain an effective

15dB isolation of 5MHz, corresponding to the 17% of the resonator bandwidth.
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Fig. 3.15: Scatter plot of the measured peaks of Insertion Loss and Isolation for various
conditions of modulation frequency and switched capacitor in the enhanced resonator

topology. The quantity �Fs/Fs is evaluated starting from Eq. 3.6 in the case with inductor
by knowing the switched capacitor. S-parameters for fm = 25MHz are reported in

Fig. 3.15a. Here,a capacitor of 1pF is switched at a switching speed of 20MHz (2%of the
RF frequency) to obtain an effective 15dB isolation of 20MHz, corresponding to 75% of the

resonator bandwidth.
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3.3.2 Implementation 2: MIRC using commercial resonators

When searching high power handling resonators that could fit our applications, we had the
chance to work with some of the state-of-the-art FBAR resonators, provided by a wordwide
renowed MEMS company, Broadcom INC[65].

These devices were found to be significantly linear, as will be shown later, they had almost
no evident spurious tone (as can be seen in Fig. 3.16 ) and they displayed less than 3MHz
fs spread around the central frequency. For this reasons they were the best candidate so
far for a MIRC.
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Fig. 3.16: Fitting of a temperature-compensated Broadcom FBAR operating at 2607MHz.
Several wye connected resonator like this one were provided for this application, and

despite the poor k2
t (probably due the temperature compensation) an overall good

performance can be obtained in terms of loss, thanks to the high Q of the system ( almost
four times larger than the one obtained in our in-house process).

Moreover, the chips were diced in an industry level facility, so they had a very small footprint,
so that a smaller PCB was designed for this purpose, allowing to reach even lower losses
and shorter wirebonds.

However our testing tools to drive the IC switches have a limited maximum output frequency
(50MHz), so as the device resonance moves to higher frequencies, limited capabilites to
actually drive the switches can affect switching losses and sytem overall symmetry. In fact,
a close-to-the-edge 40MHz square wave signal was required in this implementation. Even
if constituting just 1.5% of the RF frequency, the simmetry of the system was not found to
be satisfactory (Fig. 3.17). Like in all of the other cases, extra losses are associated to the
switch Ron (0.5dB to 1dB each), finite risetime losses and PCB losses for an overall 2dB
extra losses with respect to the ideal simulations.

The results of the enhanced MIRC are shown respectively in Fig. 3.17 and Fig. 3.18.
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Fig. 3.17: Full characterization of Three Ports S-parameters for the second implementation
of a MIRC.

As instead some small manual tweaking of the driving phases (in the order of �� ± 10

�)
was explored, very good performance were observed.

This is either a hint of a slight asymmetry in switches, or some tolerances in the discrete
components used in the PCB, or the correction of a systematic error of the instrumentation,
operated at the boundaries of operation: this last results obtained after manual tweaking
are shown in Fig. 3.18a.
Moreover, linearity and TX spectrum tests were performed on this device, once it was
realized that the power handling performances were interesting, as reported in Fig. 3.16.
This results are really promising for these technology, displaying a real potential to meet the
demanding specifications of communication network market. As follows from Sec. 1.3, the
output spectrum (Fig. 3.18b) displays a significant rejection of the odd order IM products
(the closest is as low as -30dBc), thanks to the differential configuration proposed in Fig. 3.7.
However the rejection is not optimal, mainly for asymmetries in the circuit discussed in
Fig. 3.17, and the even order IM products generated by the switches are not attenuated
at all. This constitutes one of the main problems of this circuit, as the IM tones would be
radiated in air, and, even if attenuated by the nonreciprocal transfer function, will be found
also at the RX input.
The P1dB=28dBm displayed by this circuit (Fig. 3.18c) reveals one of the main advantages of
using MEMS resonators and IC switches instead of varactors, as proposed at the beginning
of this work. In fact, as long as the MEMS operates in a linear region and the GaAs switch
is designed to handle enough power, this circuit will provide an overall good I/O linearity.
Note that this value of P1dB is very close to the one reported in the datasheet of the switch
([63]), thus suggesting that the MEMS could handle even more power before introducing
significant distortions.
As shown in Fig. 3.18, the main remaining limitation of this circuit remains the suppression
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of even order IM tones. This task will be covered in the last chapter of this work, where
a circuital solution is proposed to employ RF MEMS filters in conjunction with Angular
Momentum Bias cores so to combine in single, miniaturized devices the functionalities
required by OFDM communication systems and nonreciprocal transmission in a Quasi-LTI
regime.
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Fig. 3.18: Characterization of linearity and output spectrum for the MIRC implemented with
Broadcom Resonators. S-parameters are also reported for these test conditions: fractional

bandwidth and operating regional (modulation frequency 1.5% and � = 0.5 are in close
proximity to the values predicted in Fig. 3.5a for a k2

t ⇡ 2.5%.
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Chapter 4

Quasi LTI Channel Selective MEMS
Circulator

As highlighted in Chap. 3, the main limitations of AMB circuits in practical applications,
especially when the goal is to enable Full Duplex communication systems, are the output
Inter Modulation(IM) tones produced by the switched-capacitor network.
Differential configurations, like the one proposed in Fig. 1.8 for varactor based implementa-
tions and the one shown in Fig. 3.12 for MEMS based implementations, strongly reduces
odd-order IM tones (! ± !m,! ± 3!m...) but, as evident from the experimental results in
Fig. 1.12, and Fig. 3.18b the first even order IM tone can be found as low as 15dBc.

It has to be noted that a perfect cancellation was predicted in [27] for the varactor excitation
of Angular Momentum Bias effect, since in that case just odd order tones are excited by the
sinusoidal modulation: the situation is slightly different when AMB is excited thanks to a
switched capacitor modulation, that is a square wave modulation (Fig. 1.10).
In this chapter, a possible solution employing MEMS piezoelectric filters ([46, 58]) to minimize
those distortions is presented: as will become clear, the filter will be used not only as a
channel-select component, thus increasing the IM rejection, but also its poles will be subject
to spatiotemporal modulation in the characteristic AMB fashion discussed in Chap. 1 .
When the filter is realized in MEMS technologies and high Figure of Merit (FoM) (Sec. 2.2)
can be achieved, characteristic ultra low modulation frequency !m and low Insertion Loss
(IL) can be achieved , thus preserving the features of MIRCs discussed in Chap. 3.
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4.1 MEMS based Channel-Select Filters

The modeling of RF filters based on MEMS devices is a topic of interest for MEMS community
([58, 66, 67]) and it represents nowadays one of the most promising MEMS applications in
RF filtering .
In many works like [58], detailed modeling of RF bandpass filters for small fractional
bandwidths (2-3%) is reported, based on the so-called ladder filter topology (Fig. 4.1a).
Some notes about the behavior of these filters will be here reported, since their unique
features, in conjunction with the details about frequency modulation in AMB circuits, will be
the key to understand how Channel-Select MEMS Circulator (CMC) operates. As shown in
Fig. 4.1, implementing on-chip RF filters based on MEMS resonators requires the capability
of tuning the center frequency of the resonator by a quantity comparable to the typical k2

t ,
tipically 2 to 7 %.
This is the main reason why lateral modes of vibration (Sec. 2.2.2) could be determinant in
this context.
Typical trends and S-parameters of this class of RF filters are shown in Fig. 4.1c, as k2

t and
Q are assumed constants for the different resonators.

Some of the main features of these filters are reported in Fig. 4.1.

50 ⌦ matching.

For the in-band transmission the input stage matching has an optimal value for

1

!0

p

C0,1C0,2

= 50⌦ (4.1)

where !0 is the center frequency of the bandpass, C0,1, C0,2 defined as in Fig. 4.1a.

In Band Losses & Bandwidth.

Q I.L(peak)

200 2.3 dB
500 1.0 dB
1000 0.4 dB
2000 0.2dB

Tab. 4.1

When the 50 ⌦ condition is satisfied, the IL just depends on the FoM of the resonators, thus
ultimately being limited by the motional resistance of the resonators. The Insertion Loss
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(a) Basic block of a MEMS RF ladder filter.
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(d) Cascading more ladder stages can
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Fig. 4.1: Operation of ladder MEMS filters.fs,1 and fs,2 are respectively the resonance
frequencies for the series and the shunt resonators, C0,1 and C0,2 respectively the

electrostatic capacitances of the series and shunt resonators. As the ratio r = C0,2/C0,1

increases, the out-of-band rejection increases as in Eq. 4.2. The filter BW is limited by 2k2
t

as can be seen in Fig. 4.1b.
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(IL) is inversely proportional to the resonators Figure of Merit (FoM),for a given material and
resonance mode(so a certain k2

t ), IL are inversely proportional to the resonator Q. Typical
numbers for r = 5, C0,1 = 1.4pF, k2

t = 5% are reported in Tab. 4.1.

As in Fig. 4.1b, the bandwidth is limited to a fraction of 8/⇡2k2
t ( in Eq. 2.11) that is the

normalized difference between the lower notch and the upper notch.

Out of band rejection. Out of band, the MEMS filter looks like a capacitors network, and it
is easy to show that its response is so that:

S12(!)
�

�

out
=

1

(1 + r)N
(4.2)

Thus cascading N stages of unit identical ladder cells (like in Fig. 4.1d) it is possible to
obtain arbitrary out of band rejection [58].
This choice sets a trade off with the IL of the filter, since the RF path will flow through more
resonators and thus will show overall higher motional resistance Rm ( Eq. 2.8).

Guard band notches. As shown in Fig. 4.1, MEMS filters show two typical notches at the
edges of the TX bandwidth. The schematic in Fig. 4.1a reveals a key features of these
notches: the one at the lower edge of the bandwidth corresponds to the series resonance
of the shunt resonator, thus the impedance seen from the port approaches a short circuit
(SC), while the one at the upper edge corresponds to the parallel resonance of the series
resonator, thus the impedance seen from the port approaches an open circuit (OC) .
This feature is of main interest in the CMC design, as it will become evident in Sec. 4.2 that
the SC condition can be effectively used to decouple the RF path from the IM path in the
parametric circuit.
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4.2 Non reciprocal filter modeling

As a first attempt to solve the problem of IM leakage to the RF ports in AMB circuits (for
example in Fig. 3.7 ) one might add a passive, highly frequency selective two port network at
each port, so to filter out the unwanted frequency components resulting from the switching
network. Interestingly, this approach was found to be disastrous: no nonreciprocity is
observed in a switched LC network (at least in the single ended implementation) if a passive
filter is juxtaposed at the ports like in Fig. 4.2a.
The reason is that the behaviour of the system response is related to the overall impedance
seen from the central node to each ground at each single IM frequency. It is not possible,
in fact, to treat this system like an LTI system where stages can be cascaded so that their
frequency response can be superimposed. Following from this argument, it is quite intuitive
to observe that if no IM current can be generated and flow through the central node, no
parametric modes can be excited, ultimately resulting in a reciprocal response.
At a first glance, this might seem a fundamental limit for the operation of this system, that
might prevent the implementation in real case scenarios, where narrow bandwidths are
required in communication channels and thus piezoelectric filters represent the natural
filtering solutions at RF frequencies. It is a very common scenario to have reflective open
loads in out of band filtering systems, thus no IM current could be generated.

Moreover, describing the system in Fig. 4.2a through the same analytical approach proposed
in Sec. 1.2 it is not a viable solution, as too many nodes are involved in the real circuit and it
would be difficult to obtain any insight from such a model.
Instead, with some algebraic manipulations a it is possible to recast the terms in the same
model to find a very compact expression:

S12(!) = S12,static(!)·
n

1 + j
�2

2

⇥ j +
p
3

�2 + 4C2
ave!

2Zbr(!)Zbr(! � !m)
+

j �
p
3

�2 + 4C2
ave!

2Zbr(!)Zbr(! + !m)

⇤

o (4.3a)

S21(!) = S21,static(!)·
n

1 + j
�2

2

⇥ j +
p
3

�2 + 4C2
ave!

2Zbr(!)Zbr(! + !m)
+

j �
p
3

�2 + 4C2
ave!

2Zbr(!)Zbr(! � !m)

⇤

o (4.3b)

In these equations, � = �C/Cave is the so called modulation depth, it has the same meaning
as in Eq. 1.9 and it is essentially the induced capacitance variation on the varactor, and
Cave is the unmodulated capacitance. ! is the input and output frequency of the linearized
system, for which a nonreciprocal scattering parameter (S12,S21) characterization is given.
Zbr(! ± !m) is the branch impedance, looking from the central node to each ground as in
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Fig. 4.2: In Fig. 4.2a the generalized AMB schematic is presented. In Fig. 4.2b a validation
of he proposed analytical model with Harmonic Balance simulations shows very good

agreement for � = 0.25.

Fig. 4.2, and S12,static = S21,static is the non modulated response of the system (which is the
response for � = 0 ).

No easy espression is here reported for the reflection coefficient S11, but in this case it is
not indeed a main concern: in fact, as long as no significant IM power is lost and low IL is
expected, the input reflection is expected to be low. Moreover, all of the filtering systems
that will be considered are statically 50 ⌦ matched.
The model here shown is of great help in understanding the behaviour of this system, and
reveals the parametric effect induced by the varactor sinusoidal excitation.
Among the observations that could be done on those formulas, it is worth noting at this point
at least the following:

• This is an extended (yet more compact and useful) model for the system described in
Sec. 1.2, which is a special case off Eq. 4.3 when

Zbr(!) = j
� !

!2
0Cave

� 1

!Cave

�

+ Z0 (4.4)

thus completing the analytical modeling proposed in Chap. 1.

• As expected from qualitative observations, for Zbr ! 1 no nonreciprocal response
can be achieved: this means that at least one IM product has to flow through the
central node.

• One could recognize a generalized loaded Q for the dynamic system in the factors
Cave!

2Zbr(! ± !m).

• S12,static clearly depends also on Zbr(!): this confirms that all of the static network
connected to the central note can be subject to AMB modulation.
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This model opens the way to a generalization of the Angular Momentum Bias circuit to
a whole new class of circuits, where for instance multi pole excitation of nonreciprocal
response can be achieved.
Moreover, when having access to MEMS technologies to obtain large out of band rejection
(as in Eq. 4.2) and the nonreciprocal response can be controlled thanks to characteristic
high-Q notches, strong nonreciprocity can be achieved with ultra-low modulation frequency,
and at the same time very good IM rejection is expected even in the case where the varactor
is replaced by a switch.
Thus the MEMS ladder filter structures described in Sec. 4.1 are perfect candidates for the
following reasons:

• Fractional bandwidths in the order of k2
t percents are compatible with ultra-low modu-

lation frequencies (of the same order of k2
t .

• Out-of-band rejection up to 50dB can be achieved with mm2 area consumption ([68]).

A possible design is proposed in Fig. 4.3, correlated with a schematic representation of the
mixing currents in the dynamic operation of the circuit. In the following sections simulations
results based on that filter design will be discussed, and an experimental result obtained
using Surface Acoustic Wave (SAW) filter and switched capacitors will be presented.

50Ω Loff

fm

frf frf

frf-fm

frf+fm

(a)

frf

frf- fm

(b)

Fig. 4.3: Frequency conversion in AMB circuits when ladder filter poles are introduced. In
Fig. 4.3a the IM path and RF path is highlighted: thanks to the MEMS notches, just the RF

path is found at the output, while the first IM tones are confined within the AMB core. In
Fig. 4.3b instead, static S11 for a 2 ladder stage filter is displayed on the Smith chart: the the

optimal fm approaches the condition of minimal impedance at the IM frequency.
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4.3 Simulations and Experimental Results

A first question around this system regards the equivalence between circuits where Angular
Momentum Bias is excited respectively through varactors or switched capacitor networks
like in Fig. 1.10.

Preliminary simulations were run to confirm this. Results are reported in Fig. 4.5. Regarding
the simulation setup, similar consideration as in Sec. 3.2 can be done.
These results show reasonably similar trends in the two cases, and minimal extra-IL (less
than 1dB) are associated to the switching network (at least as long as ideal switches are
considered). This is consistent with the analysis performed in Sec. 4.2: if losses are not
associated to reactive components and IM products, then they will not be expected in this
stage of the simulations.
The filter was modeled as a single stage ladder with a C0 = 3pF and a ratio r = 1 to ensure
minimal losses. Note that for the TX RF path during the dynamic operation the filter structure
is not symmetric, thus the response will not resemble the S21 in the passive ladder filter.
However isolation peaks are significantly lower in the switched capacitor case, while the
bandwidths are comparable.

However, the output spectrum for these systems still shows ⇡ 25dBc of even IM tones, due
essentially to poor out-of-band rejection.
In fact, as r is increased, the motional resistance increases according to Eq. 2.8 thus
compromising the IL of the CMC.
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Fig. 4.4: Harmonic Balance Simulations of varactor-excitated AMB CMC (Fig. 4.4a). A
comparison with the same circuit when the filter is removed (Fig. 4.4b) stresses the point
that when the modulation frequency Fm approaches the condition reported in Fig. 4.3b

strong nonreciprocity can be achieved thanks to MEMS multi-pole high Q modulation, in a
regime where the LC counterpart would be strongly suboptimal.
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switched capacitor AMB topology.

Fig. 4.5: Comparison of analytical results for varactor excitation in Fig. 4.5a with simulated
switched capacitor system in Fig. 4.5b. While trends looks similar, nonreciprocal contrast in

switched capacitor simulation is smaller.
Bandwidths are instead comparable, and so are losses.

Note instead that the input matching is overall lower than 15dB across different modulation
depths �, confirming the qualitative arguments in the discussion in Sec. 4.2.
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To prove the point that very low Total Harmonic Distortion can be achieved, a circuit based
on Fig. 4.2 was implemented on PCB. (Fig. 4.6b)
Note that for this implementation a Surface Acoustic Wave filter was chosen operating at
870MHz, with a low fractional bandwidth (⇡ 1%) due to typical low electromechanical cou-
pling k2

t of these technology. This filter was chosen for its out-of-band rejection approaching
50dB, even with a IL⇡ 2dB.
For the switched capacitor network, a commercial GaAs reflective open SP2T RF switch
(HMC194A from Analog Devices) ([62]) was used.
The custom microstrip PCB was implemented (Fig. 4.6b) so to minimize the spacing between
the modulation network and the RF ports. Most of the area is occupied by the switch and
thin lines were designed so to absorb the small inductance required by the design.
However, the on-state GaAs non idealities were found to be very detrimental for the dynamic
operation of the switched capacitor network: both the parasitic capacitances to ground and
the series inductance of the switch are degrading d the IL of the circuit resulting in 3dB
extra IL with respect to the initial simulations. For references on the switch modeling, see
Sec. 3.2.
All the experimental results are shown in Fig. 4.7. As a result of the experimental modulation
frequency Fm sweep (Fig. 4.7c and Fig. 4.7d) it is clear that an optimum of 15MHz (1.7%
of RF frequencies) will result both in the minimum IL and the maximum of nonreciprocal
contrast.
At the same time this condition will guarantee the minimum Total Harmonic Distortion (THD)
condition (Fig. 4.7d) as it approaches 40dB (0.01%).
More than 10 dB of contrast between the counter propagating RF waves were observed,
with an 8dB peak Insertion Loss measured across the bandwidth of the SAW filter. Except
for the extra losses (' 3dB) due to switches packaging and poor PCB design, all of the
datas confirms the trends discussed in Sec. 4.2 and simulations done with the static filter
S-parameters.
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Conclusion

A detailed analysis of the Angular Momentum Bias concept was covered as a strategy to
achieve nonreciprocal transmission in resonant magnetless three ports networks. All the
critical aspects of practical implementation at RF frequencies were presented, as well as
solutions to overcome those limitations thanks to switched capacitors networks and MEMS
resonators.
For this purpose, custom MEMS resonators were designed at 1GHz and fabricated for this
purposes. Nonreciprocity was demostrated using those components with sub mm2 footprint.
Experimental proofs show more than 20dB of contrast, 1.5% fractional bandwidth, good
agreement with circuit modeling and simulations.
Moreover, a novel approach was introduced and experimentally demostrated to further
overcome the output distortion of these networks, thanks to the use of MEMS resonators
arranged in ladder filter structure.
This work, however, covers just the first steps of the exploration of this circuit.
To reach better performances, next steps of circuit optimization include:

MEMS and switches co-design.
The main practical limitations to circuit loss for this work was the lack of access to
integrated technologies for custom CMOS/GaAs switch design and simulation. By
having access to those, PCB implementation related issues would be removed, more
reliable simulation can be performed and even more appealing miniaturized circuits
can be implemented.

Custom high power handling MEMS resonator design.
Further work on lateral mode resonators can lead to a new state of the art in power
handling structures for single-chip ,multi-frequency channel select miniaturized circu-
lators.

Network optimization.
A generalized modelfo for arbitrary three port networks was proposed. Numerical
and analytical efforts will be investigated starting from that model in order to further
optimize nonreciprocal contrast in multi-pole MEMS circulators.
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