1854

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 67, NO. 9, SEPTEMBER 2020 %

A Wideband Oscillator Exploiting Multiple
Resonances in Lithium Niobate
MEMS Resonator
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and Songbin Gong

Abstract—This article presents a comprehensive guide
to codesign lithium niobate (LiNbO3) lateral overtone bulk
acoustic resonators (LOBARSs) and voltage-controlled oscil-
lators (VCOs) using discrete components on a printed
circuit board (PCB). The analysis focuses on understand-
ing the oscillator-level tradeoffs between the number of
locked tones, frequency stability, tuning range, power con-
sumption, and phase noise. Moreover, this article focuses
on understanding the relationship between the abovemen-
tioned specifications and the different LOBAR parameters,
such as electromechanical coupling (k",’), quality factor (Q),
transducer design, and the resonator size. As a result of this
study, the first voltage-controlled MEMS oscillator (VCMO)
based on LiNbO3 LOBAR is demonstrated. Our LOBAR
excites over 30 resonant modes in the range of 100-800 MHz
with a frequency spacing of 20 MHz. The VCMO consists of
an LOBAR in a closed loop with two amplification stages
and a varactor-embedded tunable LC tank. By adjusting the
bias voltage applied to the varactor, the tank can be tuned
to change the closed-loop gain and phase responses of the
oscillator so that the Barkhausen conditions are satisfied for
aparticularresonantmode. The tankis designed to allow the
proposed VCMO to lock to any of the ten overtones ranging
from 300 to 500 MHz. These ten tones are characterized by
average Qs of 2100, kf of 1.5%, figure of merit (FOM = Qkf)
of 31.5 enabling low phase noise, and low-power oscillators
crucial for Internet of Things (loT). Due to the high Qs of
the LiNbO3 LOBAR, the measured VCMO shows a close-in
phase noise of —100 dBc/Hz at 1-kHz offset from a 300-MHz
carrier and a noise floor of —153 dBc/Hz while consuming
9 mW. With further optimization, this VCMO can lead to
direct radio frequency (RF) synthesis for ultralow-power
transceivers in multimode loT nodes.

Index Terms—Lithium niobate,
overtone, phase noise, synthesizers.

MEMS, oscillator,

|. INTRODUCTION

ADIO frequency (RF) synthesizers are the heartbeat of
any wireless transceiver and Internet-of-Things (IoT)
transceivers are no exception. Generating frequency-stable
wideband RF carriers consumes a significant portion of the
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power budget for battery-powered devices [1]. Therefore,
miniature, low-power, low phase noise, and wide tuning range
RF synthesizers are becoming highly desirable for battery-
powered multiband and multistandard IoT transceivers.

To synthesize spectrally pure RF signals, either indirect
synthesis based on the phase-locked loops (PLLs) locked to a
quartz crystal (XTAL) [2], [3] or directly constructing signals
digitally for the follow-on digital-to-analog conversion (DAC)
[4], [5] can be adopted. PLLs based on XTALs are the state
of the art (SOA) for producing RF carriers with superior
close-in phase noise. However, their large footprint, low fre-
quency of operation, and limited frequency tunability hinder
their adaptation for IoT [6], [7]. On the other hand, direct
digital synthesizers provide fast settling time, fine frequency
resolution, and small area. Yet, their high noise floor, large
power consumption, and spurious nature are challenging for
any battery-powered IoT transceiver.

As an alternative approach to both XTALs and dig-
ital methods, direct RF synthesis based on piezoelectric
acoustic/MEMS is emerging for multimode [oT systems due
to its potential to deliver low power, low phase noise, and wide
tuning range. Fundamentally, its promised high performance
arises from high Q [8]-[10], large electromechanical cou-
pling (ktz) [11], and high figure of merit (FOM = thz). The
high Q ensures a good phase noise performance, whereas the
large k? permits wide tuning range voltage-controlled MEMS
oscillators (VCMOSs). In combination, kl2 and Q (i.e., FOM)
are crucial for low power consumption. Among various
MEMS resonator options, laterally vibrating resonators (LVRs)
have been garnering most interest for providing the above-
mentioned characteristics when high-performance piezoelec-
tric materials are adopted (i.e., doped aluminum nitride
(AIN) [12]-[14] or lithium niobate (LiNbO3) [15]-[24]).

Unfortunately, LVRs to date are typically designed to pro-
duce a single resonance, thus limiting the oscillator tuning
range to about 1.4% [24]. Although switching between many
LVRs within an oscillator can extend the range [25]-[28],
such an approach is prone to fabrication yield issues and
higher costs. On the other hand, using a single resonator
with multiresonances can help to reduce parallelism without
sacrificing performance. For this reason, dual-mode MEMS
resonators [29], [30], and more recently lateral overtone bulk
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Fig. 1. Schematic of an LOBAR.

acoustic resonators (LOBAR) leveraging the equally spaced
harmonics in LiNbOj thin-film cavity, have been explored.
In contrast to its predecessors, namely, high-overtone bulk
acoustic resonators (HBARs) [31]-[35] and LOBARs based
on AIN [36]-[38], LiNbO3 LOBARs [39]-[41] showed much
higher FOMs for multiple equally spaced resonances surpass-
ing the SOA.

Hence, overmoding a LiNbO3; LVR can give rise to a more
advanced direct RF synthesis.

This article presents the first LINbO; LOBAR-based VCMO
exploiting multiple overtones in a single resonator. This
VCMO features low phase noise, low power consumption,
wide tuning range, and small form factor suited for multimode
IoT nodes. The demonstrated VCMO is capable of locking
to ten overtones that are excited in a single LOBAR with
a noncontiguous tunable oscillation frequency ranging from
300 to 500 MHz. It also shows a measured close-in phase
noise of —100 dBc/Hz at 1-kHz offset from a 300-MHz carrier
and a noise floor of —153 dBc/Hz while consuming 9 mW.

The rest of this article is organized as follows. Section II
discusses the design of a LiNbO; LOBAR in the context
of using it later to implement a wideband VCMO enabling
direct RF synthesis for multimode IoT applications. Section III
then focuses on the design and simulated performance of
our VCMO. Different design tradeoffs between the number
of locked tones, frequency stability, tuning range, power
consumption, and phase noise will be discussed. Moreover,
the study will focus on understanding the relationship between
the oscillator specifications and different LOBAR parameters,
such as ktz, 0, transducer design, and the resonator size.
Section IV reports on the oscillator measurement results.
Finally, Section V concludes this article.

Il. LiTHIum NIOBATE LOBARS
A. Overview

As shown in Fig. 1, the LOBAR consists of aluminum inter-
digitated electrodes (IDEs) partially covering the top surface
of a suspended LiNbO; thin film. The resonator width (Wr)
is significantly larger than the electrodes (Wg) and the gap
widths (Wg) needed for the overmode operation. The orienta-
tion of the device is chosen as —10° to the +y-axis in the x-cut
plane of LiNbOj3 for exciting a family of shear horizontal (SH)
modes of various lateral mode orders characterized by high
k? [42]. Key dimensional parameters of a typical LOBAR
using two transducers (three IDEs) are shown in Fig. I.

In contrast to a conventional resonator targeting the excita-
tion of a single resonant mode, LOBARs excite several equally
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Fig. 2. Simulated response of a two transducer LOBAR using the model
demonstrated in [40]. (a) Admittance response. (b) k2. Parameters used
in the simulation: W7 = 100 um, Wg = Wg = 2.5 um, C, = 180 fF, and
Q = 2000 for all tones.

spaced resonances simultaneously. These modes are princi-
pally the eigenmodes of the resonant cavity. Assuming a small
ratio of the film thickness (k) to the acoustic wavelength (1)
for the frequency range of interest, the frequencies of different
resonant modes (f;;) can be approximated by

I

__ NDsHo
S 2Wr
where f, is the resonant frequency of the nth-order mode and
vspo 1s the SHO mode phase velocity.

Based on the simplified model demonstrated in [40],
the LOBAR characteristics are shown in Fig. 2. For resonances
further away from the center frequency ( feenter), the modes are
less excited, hence a reduced ktz. This is because the transducer
cannot uniformly couple energy to all the modes. It couples
energy most efficiently to a mode (n) that corresponds to the
center frequency (feenter) Of the resonator. feeneer 1S set by the
transducer pitch (Wp) as

)

vso
2Wp'
The resonant mode is most effectively excited when
Wp = A/2. The coupling decreases when Wp and A mismatch
and becomes 0 when Wp = 1 due to the full cancellation of
mutual energy. The third specification is the electromechanical
coupling bandwidth (KBW) of the resonator, defined as the
frequency range where various modes are excited with not
less than half of /’ct2 at feenter- The fourth specification of the
LOBAR is the frequency spacing (Af) between the adjacent
tones, which can be expressed as

)

f center —

DSHO

Af = W 3)

Apart from the frequency-related specifications mentioned
earlier, the device static capacitance C,, Q, and kt2 of each tone
are the most important specifications for building oscillators.
C, is mostly set by the IDE dimensions, the thickness of
the resonator, and the materials used. This static capacitance
identifies the minimum power consumption of the VCMO as
will be seen in this article. Q, affecting the phase noise of the
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Fig. 3. Admittance of the LOBAR with (a) Wy = 50 um, (b) Wt =

100 um, and (c) W7y = 200 pum. (d) k? and (e) 1/R;, of LOBAR with
Wt = 50, 100, and 200 um. Wg = Wg = 2.5 um, C, = 180 fF, and
Q = 2000 values are used in these simulations.

VCMOQO, is collectively determined by various loss mechanisms
originated from the materials stack and the design. Finally,
the k? distribution among different tones is modeled and shown
in Fig. 2(b). Fig. 2(b) shows an excitation of 17 tones ranging
from 100 to 800 MHz with a spacing of 40 MHz. The tones
are centered around 400 MHz (mode order 16). This mode has
the highest k,2 of ~6% among the 17 modes. Only 10 tones
(mode orders 8-26) lie within the KBW of the resonator (the
green shaded area). The first lobe in Fig. 2(b) covers mode
orders from 2 to 36, corresponding to the resonances from
100 to 800 MHz in Fig. 2(a).

Section II-B focuses on optimizing the three main design
parameters, namely, Wy, Wp, and the number of transduc-
ers (N7). These parameters set the resonator specifications f,,
Af, feenter» KBW, and ktz, which will finally determine the
VCMO tuning range and the number of RF carriers generated
at the output of the VCMO. The fabricated device performance
will be presented in Section II-D.

B. Design Space

Investigating the design space of the LOBAR is an important
step toward building the VCMO. This space can be quantified
through capturing the effect of varying the main resonator
parameters on the admittance profile, as shown in Figs. 3-6.
By varying Wr while fixing Wp =5 um, C, = 180 fF, and
Q = 2000, the frequency spacing (A f) can be controlled while
fixing the center frequency (feener) to 400 MHz, as shown
in Fig. 3. Af and k? almost get halved by doubling Wr.
A smaller Af ideally results in a wider tuning range for
the VCMO; however, the ability of the oscillator to lock
to a certain tone and suppress others decreases. A smaller
k? as a result of a larger resonator width will increase the
VCMO power consumption as shown in Fig. 3(e), where the
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Fig. 4. Admittance of the LOBAR with (a) Wp = 2.5 um, (b) Wp = 5 um,
and (c) Wp = 10 um. (d) k? and (e) 1/Ry, of LOBAR with Wp = 2.5, 5,
and 10 um. Wy = 100 um, C, = 180 fF, and Q = 2000 values are used
in these simulations.
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Fig. 5. Admittance of the LOBAR with (a) Nr = 1, (b) Ny = 3, and

(c) Nt =5. (d) k% and (e) 1/Rp, of LOBAR with Ny =1, 3, and 5. Wr =
200 um, Wp =5 um, and Q = 2000 are used in these simulations.

real portion of the admittance (1/R,,) at different f, values
is plotted versus the mode orders for different Wy values.
Moreover, the resonator KBW increases with an increase in
Wr at the expense of a smaller k>. In summary, a larger
resonator width translates to a wider tuning range, lower
locking stability, and higher power consumption.

On the other hand, varying Wp, while fixing Wy = 100 gm,
C, = 180 fF, and Q = 2000, fienter can be controlled while
fixing Af to 40 MHz, as shown in Fig. 4. feener gets halved
while kt2 almost double via doubling Wr. A smaller feenter
results in a smaller frequency of oscillation. A larger k? as
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Fig. 6. Admittance of the LOBAR with (a) Ny = 2, (b) Nr = 4, and

(c) Nt = 6. (d) k% and (e) 1/Rn of LOBAR with Ny = 2, 4, and 6.
Wt =200 um, Wp = 5 um, and Q = 2000 are used in these simulations.

a result of a larger resonator pitch will result in a reduction in
the VCMO power consumption as shown in Fig. 4(e), where
1/R,, is plotted versus the mode orders for different Wp values.

Moreover, the resonator KBW and hence the VCMO tuning
range decrease with an increase in Wr. To summarize, a larger
resonator pitch translates to a lower oscillation frequency,
a small tuning range, and less power consumption.

Following the RF synthesizer requirements, the VCMO
should lock to at least ten overtones centered around 400 MHz
with a tuning range of at least 200 MHz. These numbers trans-
late to a Af of 20 MHz and feeneer of 400 MHz. Hence, the
LOBAR should have a KBW greater than 200 MHz exciting
the resonant modes characterized by the highest k? spanning
between 300 and 500 MHz. According to the abovementioned
specifications and (1)—(3), Wy is set to 200 um and Wp
to 5 um. Now, the number of transducers (Nr) must be
determined as the next design step to complete the LOBAR
design.

Figs. 5 and 6 show the effect of Ny (Ny = no. of IDEs—1)
on the resonator performance. According to [40], even- and
odd-order modes cannot be excited simultaneously in a res-
onator cavity with centered transducers. Only even-order
modes can be excited with even numbers of centered transduc-
ers, whereas only odd-order modes can be excited with odd
numbers of centered transducers. A detailed study on offsetting
the transducers from the center of the resonator can be found
in [40], which will allow excitation of both the odd- and even-
order modes. In this article, the focus is on LOBARs with
IDTs centered on the resonator cavity. Although N7 has no
primary effect on setting feenter nOr Af, its effect on the KBW
and k,2 should be considered. A larger Ny translates to a
higher maximum kl2 and a smaller KBW and, hence, lower
power consumption and smaller tuning range for VCMOs,
respectively. Moreover, larger Ny translates to lower Q due to

the increase of the metal-piezo losses. For a single transducer
design, the low-pass behavior shown in Fig. 5(d) rejects the
signals at higher frequencies, which is not desirable for tunable
RF VCMOs where the tuning range is usually specified around
a certain carrier. Moreover, Fig. 5(e) shows a much higher R,,
for a single IDT when compared with three or five IDTs and
thus higher power consumption. Finally, after considering the
abovementioned tradeoffs, Ny of 2 is chosen in this work to
achieve a maximum Q (hence, best close-in phase noise on
the circuit level) and maximum tuning range at the expense
of slightly higher power consumption.

C. MBVD Model

The LOBAR is modeled inside in the VCMO circuitry using
the modified Butterworth—Van Dyke (MBVD) model [11].
Using this model, the input impedance to the resonator Zygms
can be expressed as follows:

1 1
Z = Rm + .a)Lm + - .
MENS ( / JCp ) H JjoC,

~ Rm(l-f-](ZQu(;_fS)))

where R,, L,, and C, are the motional resistance,
the motional inductance, and the motional capacitance,
respectively. f; is the series resonance frequency, Q, is the
unloaded quality factor (Q, = wL,,/R,,), and w = 2z f. The
parameters R,,, L,, and C, can be expressed in terms of
independent parameters such as C,, Q,, f;, and klz, as shown
in [11]. Solving for the resonance where Zygyvs is real, f; and
the antiresonance f, can be calculated, as shown in (5) and (6),
respectively. The MBVD model has only one static branch
realized by C, in parallel to ten motional branches instead
of ten static branches if those ten modes are to be realized
through ten conventional resonators, each targeting a single
mode

1
joC,

“4)

1
"= G ©
Cm
fp = Js 1+ o (6)

D. Fabricated LOBAR

Fig. 7(a) shows the measured and MBVD fitted responses
of the fabricated LOBAR. The LOBAR has the following
parameters: Wy = 200 ym, Wp = 5 um, Ny = 2, and
C, = 125 fF. The main specs (f,, O, ktz, FOM, and R,,)
of the LOBAR for the ten locked overtones spanning from
300 to 500 MHz are given in Table I. As a zoomed-in view
example, the measured admittance of the 415-MHz resonance
is shown in Fig. 7(b), while the optical image of the device
is shown in Fig. 7(c). The device uses the same fabrication
process reported in [22]. The resonator was fabricated using
a transferred LiNbQOj3 thin film on a Si carrier substrate. The
resonator is composed of an 800-nm LiNbO; thin film with
250-nm Al electrodes on top. Average Qs of 2100, k7 of 1.5%,
FOM of 31.5, and R, of 140 help in enabling low phase noise
and low-power oscillators that are crucial for IoT.
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(b) Measurement of the 415-MHz resonance. (c) Optical image of the
LOBAR. (d) Zoomed-in view of the LOBAR.
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In comparison to switching between lithographically defined
multiple resonators, our LOBAR saves area by packing over
30 resonances in a single device rather than using 30 stand-
alone resonators. Moreover, LOBARs usually have higher O
at the same frequency when compared with the conventional
single-mode resonators due to the lower metallization ratio,
thus improving the close-in phase noise performance.

I1l. RECONFIGURABLE OSCILLATOR

In this section, we first introduce the VCMO schematic
and the optimization of phase noise, tuning range, and power
consumption. Then, RF measurements on the LiNbO; LOBAR
VCMO are presented. The VCMO is designed with the
capability to lock to the maximum number of LOBAR tones
centered around feeneer (¥400 MHz).

A. Overview

The oscillator in Fig. 8(a) consists of an LOBAR in a
closed loop with two common-emitter degenerated amplifiers
and a voltage tunable varactor-embedded LC resonator. Each
of these blocks has a function inside the loop, the LOBAR
excites different tones, the amplifier provides enough gain to
start and sustain the oscillation, and the LC tank selects a
certain overtone and suppresses others. The tunable LC tank
is comprised of an inductor and a varactor in parallel and
loaded by two shunt capacitors Cs to the ground. By tuning

Fig. 9. Breaking the loop at point A. This figure also shows the three
main components of our VCMO.

the bias voltage Vyar of the varactor C,, the LC tank adjusts
the loop so that the Barkhausen conditions can be satisfied for
an acoustic resonant mode excited via the LOBAR. Hence,
only one oscillation frequency (f,) is produced at the output
guaranteeing a stable oscillation. A common collector buffer is
used to match the output to 50 Q needed for the measurements.

Section III will focus on the design and analysis of the
LOBAR VCMO, and several specifications will be considered
in our analysis such as tuning range, power consumption, and
phase noise.

B. Transfer Functions

To fully understand the VCMO, several transfer func-
tions (TFs) are developed. These functions characterize the
gain or the loss of the circuit. To this end, we will divide
the oscillator loop into three segments as shown in Fig. 9 and
derive the TF for each segment. We break the loop at Point A
shown in Fig. 9 while paying attention to the loading of the
circuitry.

1) Amplifier: The two degenerated common-emitter stages
have a combined gain of TFap, which is defined as the voltage
at node D divided by the voltage at node B, as shown in Fig. 9.
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TFamp is derived as follows:

TFAmp = TFAmpl TFAmp2 = Gm1 Zoutl GmZ Zou (7)

where G, and G,,, are the degenerated transconductances of
the first and second stages and Z,, and Zg,, are the output
impedances of the first and second stages, respectively. They
are given in the following equations as functions of the small-
signal circuit parameters shown in Fig. 10:

Goi = gm1 ®)
Ri

Zout = (1 e CinZ)) ©)

Gm = (%) o

Fouz = (1 + sRoulf(ogzutz + Cs)) fo 0

where Coui = Co1 + Cy, and Cinp = Cio 4+ C (1 + gma Rour2)-
C, is the parasitic capacitance at the collector of M1, Cj;
is the parasitic capacitance at the base of M2, and C, is the
parasitic capacitance between the base and collector of M1 or
M2. s = jow and g,,1 = Ic1/(KT/q). Rou is given as

Rowt = Reill[Rx1 +701(1 + gmiRx1)] (12)
Ry = Rell(rz1 +1p) (13)
RE2(1 + ﬁo) (7’02 + li%u)
Rz = Rpa| [ s 14
" S | A ro2 + Rca + R (14)
ry +sL 1

Z = 15
tank (1 +5r,Cp + s2LCp) sCs (15)

where R32 = R32 A||R32 B, 'n1 = ﬁo/gml» Yo2 is early
voltage/Ic», rp is the base series resistance, and S, is the
small-signal current gain. ry; = @L/Qunk, With L the tank
inductance, Quuk the tank coil quality factor, C, the tank
varactor, and C; the tank capacitive load. R,y equation is
the same as Rgy but using subscript 2 instead of 1 and the
same for r;;, Ripp, and Coyp. Equation (7) is shown along
with a circuit simulation in Fig. 11(a). The equation matches
perfectly the circuit simulations.

For the amplifier, the design aims to provide enough loop
gain TFap, to satisfy the Barkhausen conditions with mini-
mum noise added to the loop and lowest power consumption.
Silicon germanium BFU610F is chosen as the transistors for
its low noise figure and low power consumption. Vg bias
voltages of M1 and M2 are chosen based on three factors: first,
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Fig. 11. Circuit simulations and equation-based TFs of different

components in the VCMO. (a) TFamp, (b) TFuems, (¢) TFank, and
(d) TFio0p. Equations and simulations match perfectly. Parameters used
in these simulations: g,y = 11.9mS, g, = 6.4 mS, Rout = 1.98 k€2,
Route = 510 2, Rin1 = 10 k$2, Ring = 7 k2, Rm =122 2, Cy = 2.6 fF,
Lm = 106.05 uH, Cs = 7 pF, and C, = 13.5 pF. Only one LOBAR
overtone (300 MHz) is shown in the plot for figure clarity.

a small BJT base current (Ig) that gives a low flicker noise;
second, a reasonable gain for a single resonance without sat-
isfying Barkhausen conditions for any other tones, especially
when the tones are very close with a Af of 20 MHz; and
third, low power consumption. The buffer design is borrowed
from the millimeter-wave regime, where the VCO buffers
use a quarter wavelength stub to cancel the imaginary output
impedance and match the real output impedance (1/g,,) of the
buffer emitter to 50 Q. For lower frequency designs, an LC
tank can be used to have the same effect as the stub. The tank
reduces the power consumption in the buffer for the same
output power when compared with a resistive loading.

2) LOBAR: The LOBAR admittance profile and MBVD
model are presented in Section 1. Zypms derived in (4) is the
voltage across the resonator divided by the current through it.
Here, we define TFyvpms = Vi / Va, taking into consideration
the loading of the amplifier on the LOBAR. TFypums is shown
in Fig. 11(b) for only the 300-MHz tone and is given as

Zinl

— (16)
Zin1 + ZmMEMS

TFMEMs =

where Zj,; is given as

1 1+sR °“‘IC + :
Zinl ( ln ) H +5Rout1 Coutt SCu . (17)
L+ s Rini Cin 1+ Gm l+¥R;u‘[11Com1

3) LC Tank: A CCI1008HQ inductor of 18 nH is chosen as
the tank inductor. This value allows for locking to the LOBAR
resonances with the lowest R,, in the range of 300-500 MHz.
The inductor has a minimum Q. of 62 at 350 MHz,
a minimum self-resonant frequency (SRF) of 2.7 GHz, and a
maximum DCR of 0.07 Q. For the LC tank, TF.x = Vg/Vp
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Fig. 12. (a) Gain and (b) phase responses with Cs fixed to 7 pF and Cp
varying from 1 to 25 pF. (c) Gain and (d) phase responses with C, fixed
to 4 pF and Cs varying from 1 to 10 pF.

is given as follows and shown in Fig. 11(c):
1

rg+sL
sCs ( 1+SFJCP+52LC[’) +1

As deduced from (18), the tank has both series (f!) and
parallel resonances ( f;,). Controlling these frequencies will
be discussed in Section III-C. Both frequencies are given as
follows:

TFlank = ( 1 8)

1
fl = —F—m— (19)
27,/L(Cy + Cp)
1
fh=—— (20)

27r1/LCp'

Finally, the loop gain TF, is shown in Fig. 11(d) and
given as

TFloop = TFAmpTFMEMSTFtank (21

where the multiplication of TFyipms and TFq will be referred
to as Ploop. By satisfying abs (TFjop) > 1 and solving for
Imag (TFio0p) = 0, the VCMO oscillation frequency (f,) is
calculated. The parameters used to generate Fig. 11 are given
as follows: g,;1 = 11.9 mS, g,» = 6.4 mS, Rouy = 1.98 kQ,
Rowz = 510 Q, Riny = 10 kQ, Ry = 7 kQ, R, = 122 Q,
Cn=261F L, =106.05 uH, C; =7 pF, and C,, = 13.5 pF.
The equations for different TFs are derived in (7)—(21), and
these TFs will serve as an introduction to fully explore the
design space of the VCMO analytically in Section III-C.

C. Locking Mechanism

Design choices related to the LC tank, such as C,, C,,
and Qunk, and others related to the LOBAR, such as k,2 and
C,, need to be investigated. The effects of C; and C, on
the tank TF are shown in Fig. 12. Cs controls only f! given
in (19), whereas C, controls both f; and f; given in (20).
A smaller C, leads to higher f! and smaller tank inductive
range, i.e., bandwidth (BW = f] — f), hence affecting fewer
overtones. On the other hand, a smaller C), leads to the larger
spacing between both resonant frequencies and larger BW,
thus affecting more overtones. Since C; does not have control

20 ==

e ; ; i

0:2-f-k+ b P e e e “FFFIF = =¥ = -200
-20 ﬁ{j’ .‘ﬁ(f R=l LE i 380°
40T . 1.k I P IErr==ir= e === 400
60 (@) Region: 1 213 Region:4 '~ |

200 300 400 500 600 700 800

Gain (dB)

- ] | Vire=8V | -400
200 300 400 500 600 700 800
Frequency (MHz)
Fig. 13. (a) lllustration of four regions. (b)—(d) Simulated loop gain and

loop phase response for three different varactor bias voltages spanning
the tuning range. Only three voltages are represented instead of ten for
figure clarity. The measured S-parameters of the LOBAR are used in
these simulations.

over the position of f; as shown in Fig. 12(c) while C,
does, Cy is chosen to be fixed in the implementation and an
SMV1248 varactor is chosen to implement C, that can be
varied from 22.62 to 1.3 pF as Vyar varies from 0 to 8 V.

The spectrum can be divided into four regions with respect
to f! and f!, as shown in Fig. 13(a). In Region 1 where
frequencies are lower than f;, the overtones fulfill the gain
condition of oscillation but do not fulfill the phase con-
dition. In Region 2 where the frequency aligns with f;,
the tone is coupled with a maximum gain. Furthermore,
in Region 3 where frequencies lie within the tank BW closer
to f!, the tones get suppressed in gain despite fulfilling the
phase condition. Finally, in Region 4 where frequencies are
larger than flﬁ, the overtones do not fulfill both the gain
and phase conditions. Therefore, the targeted LOBAR tone
should be as close as possible to f/ inside the tank inductive
region. Fig. 13(b)—(d) shows the simulated loop gain and
phase response of the VCMO for three different varactor bias
voltages spanning the tuning range.

As previously mentioned, the LC tank selects the targeted
resonance to be amplified inside the oscillator, creating a stable
RF carrier and suppressing other LOBAR modes. Hence,
the suppression of the nearby tones and the oscillation stability
depend on the value of Q. Moreover, the loop phase
and loop gain TFyp at the targeted resonance, and thus the
power consumption, depends on Qnk. A study showing the
effect of Qunk on TFyep is shown in Fig. 14. A larger Quank
translates to a higher loop gain for the targeted LOBAR
resonance and a larger suppression of the nearby modes.
For instance, one can target the 300-MHz mode by setting
Vyar to 1.2 'V, as shown in Fig. 14(a) and (b). As a result,
TFio0p increases by 5 dB and the suppression of the nearest
unwanted mode (TFioopj300 Maz — TFi00p|320 MHZ) increases by
7.6 dB as Qyk increases from 10 to 75. Moreover, the phase
dip increases by ~40°, providing enough margin for phase
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Fig. 14.  Effect of Quank on the simulated loop gain and loop phase.

(a) and (b) War = 1.2 V. (c) and (d) War = 8 V. Qank is varied from
10 to 75. The LOBAR MBVD model is used in these simulations rather
than measured S-parameters for figure clarity.

shift and more stable oscillation. The 500-MHz resonance is
excited by setting Vyar to 8 V, as shown in Fig. 14(c) and (d).
TFio0p increases by 6 dB and the suppression of the nearest
unwanted mode (TFioopi505 MHz — TFioopj4so MH,) increases by
4.7 dB as Qunk increases from 10 to 75. Moreover, the phase
dip increases by ~28° at 505 MHz providing enough margin
for phase shifts and more stable oscillation. A Qnx below
25 permits satisfying the Barkhausen conditions of oscillation
for more than one mode, thus making it undesirable for our
application. For instance, a Qk of 10 increases the phase dip
for the 480-MHz resonance by ~24°, consequently allowing
oscillations at both the 480- and 505-MHz resonances.

This Qnk study also sheds some light on the applicability
of implementing LOBAR VCMOs on CMOS. CMOS offers
on-chip inductors with low s, hence affecting the design
choices of the LOBAR itself. Larger frequency spacing (Af)
between the modes might be needed for stable oscillations with
CMOS. A larger Af can be easily achieved using a smaller
device width Wr, as discussed previously in Section II-B.

D. C, and k? of LOBAR

Continuing with the idea of codesigning the mechanical and
electrical portions of our system, investigating the effect of C,
and k? is crucial for building the largest tuning range, lowest
power consumption, and best phase noise MEMS oscillator.
Revisiting Section II-C, R, is inversely proportional to f;,
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Fig. 15. (a) Effect of increasing C, from 50 to 150 fF in three steps.
(b) Effect of doubling kf War =12V

0, C,, and k?, while C, is set by the size of the IDTs.
Hence, both parameters heavily depend on Wy, Wp, and Ny
mentioned earlier. By fixing k2, f;, and Q (through fixing
Wr, Wp, and Nr) and increasing C, (via increasing the
lengths of the IDTs), the MBVD model should be adjusted
by increasing C,, and decreasing both L,, and R,, with the
same ratio of increasing C,. Fig. 15(a) shows the effect of
increasing C, on TFy.p. Take the 300-MHz resonance for
instance, the loop gain increases by 2 dB with an increase
in C, from 50 to 150 fF, as shown in Fig. 15(a). This is from
a three times smaller R,,. The phase dip is minimally affected
by C, variations. Larger loop gain translates to lower power
consumption and better far-from-carrier phase noise.

A study on varying k> while fixing Q, f;, and C, was also
considered. Fig. 15(b) shows the effect of doubling k? on the
loop gain. For the 300-MHz resonance, loop gain increases by
1 dB, phase dip increases by 10°, and the BW of each tone
(fp — fs) increases by ~50%, which is beneficial for fine-
tuning the oscillation frequency within the BW of the tone
by fine adjusting the varactor bias Vysr. Fine-tuning might be
helpful to overcome environmental or temperature frequency
shifts. After analyzing the effect of the LOBAR and LC tank
parameters on the loop TFs, the next step is to analyze the
phase noise of our LOBAR VCMO.

E. Phase Noise

The phase noise analysis herein is based on the linear time-
invariant (LTI) classical theory [43]-[45] that predicts the
oscillator phase noise given in (22). The derivation can be
found in [45]

L(fn) = 1010g10[kT_F(1 + %

2P
where k is Boltzmann’s constant, 7 is the temperature in
kelvin, F is the amplifier noise factor, P; is the carrier power
at the amplifier output, f. is the flicker noise corner, f,, is
the offset frequency from the oscillator carrier frequency f,
(i.e., fu = f— fo) where the PSD is calculated, and Gpjse,ideal

)|Gnoise(fm)|2} (22)
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is the closed-loop noise TF for an ideal loop is given as
1
1 — Higeat(fin)

where Higea(fn) is the TF of an ideal resonator assuming a
small R,,, neglecting C, and an ideal closed loop with no
loading on the resonator, and Hjgey can be calculated as

1
)

which is the inverse of (4) neglecting R,, and C,. Here, the
carrier frequency f, is assumed to be equal to the resonant fre-
quency f; given in (5) for a high Q resonance. By substituting
(24) into (22), we can have Leeson’s phase noise formula [45]

fe fo \°
fm)(”(fom) )] 2

Phase noise negatively affects wireless communications.
The close-to-carrier noise adds directly to the system noise
figure by adding noise inside the system bandwidth, whereas
the far-from-carrier noise weakens the ability of a receiver to
attenuate undesired adjacent channel signals. Both should be
reduced in a good oscillator design. Equation (25) expresses
the four major causes of noise, the upconverted 1/f noise
(flicker FM noise with f,° slope), the thermal FM noise
(with f,; 2 slope), the flicker phase noise (with fin I slope),
and the thermal noise floor with constant PSD. For high Q
oscillators such as MEMS oscillators, f,/2Q is usually a lower
frequency than f,. for most of the transistor technologies and
megahertz carrier frequencies, resulting in masking the f,
region in the phase noise profile [44]. Each region of the phase
noise curve brings different design challenges. For the noise
floor, we want to dissipate as much power in the motional
branch (P, = R, In21) of the resonator as long as it operates
in the linear regime (larger P, reduces far-from-carrier phase
noise). This can be guaranteed if most of the ac current passes
through the motional arm at resonance (R,,) rather than the
static arm (C,) inside the resonator. Yet, the oscillator should
consume low power for IoT applications, hence leading to
the well-known phase noise and power consumption tradeoff.
The oscillator core must be designed to remain in a low noise
operation (low noise factor F) for the design point of the
resonator. In the close-to-carrier region, the main factor in
determining the phase noise of the oscillator is the loaded QO
of the resonator Q. The phase noise in this region is mainly
due to the upconversion of 1/f flicker noise of the amplifier.
The oscillator core bias point, the bias circuit design, and the
transistor flicker noise are all significant contributors to the
oscillator noise. Finally, the phase noise in the intermediate
region is ruled by the upconversion of the thermal noise.

The abovementioned analysis is general for any oscillator.
In Sections III-E1 and II-E2, we will perform phase noise
analysis more specifically to our LOBAR oscillator. The goal
is to find all the unknown parameters in (22), such as Gppise,
F, and f,, relating the LOBAR VCMO circuit parameters and
the circuit loading effects on the resonator. P will be treated
as a given value since the oscillator output power is usually
given for an oscillator.

Gnoise,ideal(fm) = (23)

Higeal ~ (24)

L(fm)= 1010g10|:k2 (1 +

2
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Fig. 16. BJT small-signal model with noise sources.

1) Amplifier Noise Factor F and Flicker Corner f;: To find
F, we start by identifying the noise sources in our VCMO.
Generally, the noise sources for a MEMS oscillator can be
divided into two groups, electronic and mechanical noise
sources. Electronic noise sources include thermal and flicker
noises of the active and passive devices used in the VCMO
and these are the focus of this section. The low-frequency
mechanical noise in the resonator originates from two sources:
the nonlinearity of the micromechanical resonator and the
random low-frequency vibrations. The resonator can be driven
into nonlinearity by pumping power beyond its power handling
capability. Mechanical noise sources are neglected in the
coming analysis as their effect on the oscillator phase noise is
much lower when compared with electronic noise. The main
noise sources of a BJT are shown in Fig. 16 and their TFs can
be derived as follows for the amplifier:

On,ryy = V 4KTrb On,rpy =V 4KTrh’TFAmp2‘

(26)
On.ky = VAKTRE Un.Re» = VAK T Re2 | TF pmp2 |
(27)
Un,Rey = 4KT ! |TFAmp2|
e 14+ sRc1(Cout + Cin2)
4KT ! (28)
[ = _—
ke 1+ sRc2Cour
. .AF 1
Oniby = ,[2qip + | KFip) 7 7| TF Amp|
Onib, = |2qip + | KFipy I 7| TF Amp2 | (29)
()
i R
Onic;, = 2qic o e ’TFAmpZ‘
1+ s(1+gm1R51 )Coutl
(=)
m2 R
Onjic, = 2qic B (30)
1 +s(1+gmzR ) out2
Un, Al = \/ n,rp; n Rbl + z)n Rey + z)n ,iby + z)n Jicy
Un,Az \/ n,rp + viREz + D}'ZL,RCZ + Drzl,ibz + D}’ZL,iCZ (31)
On,Amp = 4/ Dn,Al +0;21,A2 (32)

where vy, ,,, Un r,, and v, g. are the thermal noises from the
base, emitter and collector resistances, respectively. v, ;», and
vn.ic are the base shot noise + flicker noise and the collector
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Fig. 18. Simulated effect of (a) Qank and (b) C, on the phase noise

profile of the 415-MHz carrier.

shot noise, respectively. KF, AF, and BF are model parameters
for the flicker noise of the amplifier. In the abovementioned
analysis, the noise of Rp; and Rp, is neglected due to their
small effect on the overall noise in good oscillator design.
Fig. 17 shows the good correlation between the simulations
and (32) with a 1-dB difference in noise floors. Fig. 17
shows the generated assuming certain values for the flicker
parameters (KF, AF, and BF) since they were not modeled for
the transistor. These parameters were extracted from a simple
curve fitting of the measured oscillator phase noise in the lab.
Hence, f. and F were extracted and fed back to (22).

2) Closed-Loop TF Gnoise Including Loading Effect: The
remaining unknown parameter in (22) is Gpoise. Considering
all the parasitics and the loading effects on the LOBAR, Gise
is given as

TF Amp
1 — TFaAmp TFy s TFiank

Goise = (33)
By substituting (33) into (22), we have a modified Leeson’s
equation for our VCMO.

3) Effect of Qiznk and Co on Phase Noise: Following the
same approach as Section III-C, phase noise should be inves-
tigated as a function of critical circuit parameters. Fig. 18(a)
shows the effect of varying Qunx on the 415-MHz resonance
phase noise. The mode is excited using a simulated Vyar
of 3 V. Increasing Qunx from 25 to 75 enhances the 1-kHz
offset phase noise by 4.2 dB due to the lower loading on
the LOBAR. A Quu of 10 shows a completely different
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-
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Fig. 19. Simulated effect of Qiank on the phase noise profile of the

505-MHz carrier.
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Fig. 20. TF from the varactor input (War) to the oscillator output
(RFour)-

phase noise profile when compared with the rest. A very
low Qunk deteriorates the noise floor by 23 dB due to the
lower carrier power which is a result of a lower loop gain
provided for such resonance as explained in Section III-C and
deteriorates the 1-kHz offset noise by 14 dB when compared
with a Qunk of 75. The effect of increasing C, on the phase
noise profile is shown in Fig. 18(b). Increasing C, while fixing
other parameters, such as f;, Q, and ktz, reduces R,, with
the same ratio of increasing C,, as previously mentioned in
Section III-D. An optimal combination of C, and R,, produces
the optimum phase noise. For the 415-MHz resonance as an
example, there is a sweet point at C, of 125 fF. A very small
resonator hurts the phase noise in general due to larger R, at
resonance and hence smaller carrier power.

Fig. 19 shows the effect of varying Qunx on the phase noise
of the 505-MHz carrier (the mode with the lowest FOM).
Increasing Qnx from 25 to 75 enhances the 1-kHz offset noise
by 7 dB due to the lower loading on the LOBAR. A Qunx
of 10 shows a completely different phase noise profile in
comparison to the rest, suggesting the excitement of a close-by
mode (480-MHz resonance in this case, as mentioned earlier)
when compared with the case with a Qnk of 75. A low Qank
of 10 deteriorates the 1-kHz offset noise by 5 dB and the noise
floor by 23 dB due to the lower carrier power resulting from
a lower loop gain provided for such resonance.

Understanding the effect of the noise at the varactor input on
the phase noise profile is critical. Fig. 20 shows the TF from
Vyar to the oscillator output. High Q passive components and
the high Q varactor used in the demonstration give a minimum
noise suppression of 45 dB at 480 MHz at the varactor input.
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TABLE Il
PERFORMANCE SUMMARY AND COMPARISON TO RECONFIGURABLE MEMS OSCILLATORS
Reference This work [25] [27] [29] [30] [46]
MEMS LiNbO; LOBAR AIN CMR AIN CMR AIN CMR AIN-on-Si SAW
Process Discrete 0.5 um CMOS 0.5 um CMOS 0.5 um CMOSJ0.5 um CMOS] 0.18 um CMOS
General-purpose Yes Yes Yes No No Yes
Number of resonances 10 4 4 2 2 3
Number of resonators 1 4 4 1 1 3
Frequencies (MHz) 300 - 500 268 | 483 | 690 | 785 | 176 | 222 | 307 482 472 | 1940 35 175 ] 315 433 | 500
(ten equally-spaced tones)|
dc power (mW) 9 As high as 35.5 10 - 20 38 | 13.5 J11.3] 8.1 | 6.8
Output power (dBm) 0 1.1 0 27 -6 | 47| 48| -67 | -13.6 | -6.5 | -16 12.1 | 3.8 - - -
1 kHz -100 94 | -88 | -83 | -70 | -79 | -88 -84 -68 -82 -69 | -112 | -103 - - -
PN (dBc/Hz) -149.5 -142.6-141.7|-139.8|-127.9}-123.9|-134.9|-133.7|-121.66] -135.5|-134.8| -142.9|-147.9] - - -
| Miy -153 L T [eteo] |60 | 153 | o142 | -140 [-134] -141 [-135
-202.54 -206.9 -213.5[-218.8]-172.9|-184.9]-184 |-193.8|-189
FOMosc 1 kHz 200 187 | 186 | 184 | 172 ] 174 | 185 | 184 172 - 182 197 | 197 - - -
(dBc/Hz) 1 MHz 193 - - - - - 197 - - - [205.7) 167 |173.6 |173.4/184.6]180.6
The values in the shaded cells are referenced to a 1 MHz carrier.
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contribution from the varactor input at 1-kHz offset from Frequency offset (Hz)
a 500-MHz carrier, suppressing up to 2"“Vrm5/\/HZ noise Fig. 22. (a) Phase noise of the ten locked modes at different frequency

density or ~2 mV,,, integrated noise up to 1-MHz bandwidth
at the varactor input without affecting the phase noise values.

IV. VCMO MEASUREMENTS

SMA connectors are used for all dc biases to minimize
any noise pickup from the external sources. Fig. 8(b) shows a
printed circuit board (PCB) prototype with LiNbO3; LOBAR
sample bond-wired to the oscillator. A tunable oscillation
frequency ranging from 300 to 500 MHz has been achieved
by exploiting the ten overtones in the LOBAR. As shown
in Fig. 21(a), the VCMO shows the continuous tuning near
the series resonance of each overtone and a discrete hop of
roughly 20 MHz when switching to an adjacent overtone.
The continuous tuning region for each varactor bias Vyar
is shown in Fig. 21(c). Such a continuous range can be
helpful for environmental and temperature shift corrections.
This range can be increased by increasing k? of each tone and
increasing the power consumption of the VCMO. As shown
in Fig. 21(b), a specific Vyar can produce a maximum output

offsets. (b) Phase noise plot of the 415-MHz mode.

power of O dBm for each tone across their continuous tuning
range. The VCMO consumes only 9 mW in operation due to
the high FOM of the LOBAR.

Phase noise measurements were done with an Agilent
E5052A Signal Source Analyzer and are reported in Fig. 22.
The VCMO demonstrates on —100-dBc/Hz phase noise at
1-kHz offset from a 300-MHz carrier and the best noise
floor of —153 dBc/Hz due to high FOMs of LiNbO;
LOBARs. Fig. 22(b) shows the phase noise profile for the
415-MHz carrier as an example. The spurious profile is
believed to be a result of the spurious resonance mode shown
in Fig. 7(b).

An oscillator figure of merit FOMggc is defined below
for a fair comparison of our work to the literature. FOMgsc
considers the oscillation frequency, the phase noise, and the
power consumption metrics

: P
FoMosc = —L(f,) + 2010g(]]:m) - 101og(1 r]r)l(\:V) (34)
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where Py is the oscillator dc power consumption. Our VCMO
is characterized with an FOMgsc of 200 and 193 dBc/Hz at
1-kHz and 1-MHz offsets from a 300-MHz carrier.

V. CONCLUSION

Table IT shows a performance summary and comparison to
other reconfigurable MEMS oscillators. This article presents
the highest number of locked tones of a single acoustic
resonator with competitive phase noise and FOMggc results,
making LiNbO3; LOBAR VCMO a great candidate for direct
RF synthesis deployed in wireless transceivers targeting
multimode IoT applications. The tuning range and power
consumption can be further enhanced via implementing the
active circuitry in a recent-node CMOS. Moreover, having a
switchable bank of tunable LC tanks with different inductor
values would allow the VCMO to harness all the overtones
provided by the LOBAR for a broader tuning range.

To have a fully continuous tuning range rather than a
discrete one, the VCMO may lock to more closely packed
resonances (i.e., a resonator with a smaller Af). Hence,
the LOBAR would have a larger width Wr, trading off /’c,2
of the resonances and inducing worse phase noise and larger
power consumption in the oscillator. In addition, this solution
requires a very high Qunx and a widely reconfigurable filter
to pick up the intended resonance. An alternative solution
might be switching among a bank of LOBARs with a slightly
different feener- Only the LOBAR with the target resonance
would be connected to the loop. This approach saves on power
consumption and maintains the phase noise at the expense of a
larger footprint. A third approach is to use an open fractional
divider after the VCMO buffer to produce a continuous range
of lower frequency carriers.
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