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(57) ABSTRACT 

An integrated circuit oscillator includes a microelectrome­
chanical (MEM) resonator having input and output terminals. 
An oscillation sustaining circuit is provided. The oscillation 
sustaining circuit is electrically coupled between the input 
and output terminals of the microelectromechanical resona­
tor. The oscillation sustaining circuit includes a sustaining 
amplifier and a negative impedance circuit electrically 
coupled to the sustaining amplifier. The negative impedance 
circuit is configured to increase a tuning range of the oscilla­
tor by at least partially cancelling a parasitic shunt capaci­
tance associated with the microelectromechanical resonator. 

14 Claims, 4 Drawing Sheets 
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INTEGRATED CIRCUIT OSCILLATORS 
HAVING MICROELECTROMECHANICAL 

RESONATORS THEREIN WITH PARASITIC 
IMPEDANCE CANCELLATION 

REFERENCE TO PRIORITY APPLICATION 

This application claims priority to U.S. Provisional Appli­
cation Ser. No. 61/185,356, filed Jun. 9, 2009, the disclosure 
of which is hereby incorporated herein by reference. 

FIELD OF THE INVENTION 

10 

2 
of a polarization voltage also makes these techniques imprac­
tical for resonators requiring piezoelectric transduction. 

Techniques to provide additional phase shift in the oscilla­
tion loop typically include using tunable/variable capacitors 
placed in parallel ("parallel tuning") or series ("series tun­
ing") with the resonator. Parallel tuning usually changes the 
feedthrough capacitance to thereby cause a shift in the anti­
resonance of the resonating element. The shift in anti-reso-
nance will indirectly impact the resonance frequency, but the 
tuning range is mainly limited to the difference between the 
resonance (when the feedthrough is completely cancelled) 
and the anti-resonance frequency. 

In contrast, series tuning provides the possibility of a theo-
The present invention relates to integrated circuit devices 

and, more particularly, to micro-electromechanical devices 
and methods of operating same. 

BACKGROUND OF THE INVENTION 

15 retically unlimited tuning range. Thus, as illustrated by FIG. 
1, in a laterally-vibrating microelectromechanical resonator, 
which may be modeled as a series RLC tank circuit 18 with 
relatively large parasitic shunt capacitors 15a, 15b (e.g., Cp""2 
pF), series tuning can involve placing a tuning network 10 in 

Reference frequency oscillators play a significant role in 
the performance of modern integrated circuit devices and 
systems. With the development of integrated low-loss (e.g., 
<l kQ) microelectromechanical resonators, circuit designers 
are able to develop microelectromechanical oscillators to 
deliver highly-stable and low-jitter clock signals with smaller 
form-factor and lower power than oscillators using quartz 
crystals. 

20 series with the resonator as the most efficient way to change 
resonant frequency. This tuning network 10 is illustrated as 
including a transimpedance amplifier 12 with tunable gain 
(provided by RF and CrUNE) and a voltage amplifier 14, 
which may drive an off-chip buffer 16. Unfortunately, the 

25 presence of the relatively large parasitic shunt capacitances 
may significantly reduce the tuning range to a level below 
what is necessary for adequate temperature compensation. 

Despite their short-term and long-term stability, micro­
electromechanical oscillators may suffer from inferior fre- 30 

quency accuracy compared to quartz crystals, both in terms of 
temperature stability and manufacturing tolerance. For 
example, the relatively large temperature coefficient of fre­
quency (TCF) of many microelectromechanical oscillators 
may cause significant frequency drift over a commercial tern- 35 

perature range. This relatively high level of frequency drift 
may make microelectromechanical resonators unacceptable 
for many applications, including those requiring ±50 ppm of 
accuracy. To address this potential limitation associated with 
microelectromechanical resonators, temperature compensa- 40 

ti on techniques have been developed. Some of these tempera­
ture compensation techniques, which include electrical com­
pensation and material compensation, are disclosed in 
articles by K. Sundaresan et al., entitled "A Low Phase Noise 
100 MHz Silicon BAW Reference Oscillator," Proceedings of 45 

the Custom Integrated Circuits Conference, pp. 841-844, 
Sep. 10-13 (2006); H. M. Lavasani et al., entitled "Low 
Phase-Noise UHF Thin-Film Piezoelectric-on-Substrate 
LBAR Oscillators," Proc. IEEE MEMS, pp. 1012-1015, 
January (2008); G. Ho et al., entitled "Temperature Campen- 50 

sated IBAR Reference Oscillators," Proc. IEEE-ASME 
MEMS 2006, pp. 910-913, Jan. 22-26, 2006; and H. M. 
Lavasani et al., "A 145 MHz Low Phase-Noise Capacitive 
Silicon Micromechanical Oscillator," IEEE IEDM, pp. 675-
678, December (2008). The disclosures of these articles are 55 

hereby incorporated herein by reference. 
As these articles describe, frequency tuning in microelec­

tromechanical oscillators can be achieved by varying the 
resonance frequency of the microelectromechanical resona-
tor and/or introducing additional phase shift in an oscillation 60 

loop. The continuous tuning of resonance frequency can be 
achieved by modifying the acoustic properties of the resonat­
ing structure by changing the electrical and/or mechanical 
stiffness of the resonating portion of the oscillator. Unfortu­
nately, techniques for modifying acoustic properties by elec- 65 

trostatic and thermal tuning typically require relatively large 
DC voltages and increase power consumption. The absence 

SUMMARY OF THE INVENTION 

Integrated circuit oscillators according to embodiments of 
the present invention include microelectromechanical 
(MEM) resonators therein with parasitic impedance cancel­
lation. According to some of these embodiments of the inven­
tion, an oscillator includes a microelectromechanical resona­
tor having first and second terminals, such as an input 
terminal and output terminal. An oscillation sustaining circuit 
is also provided. The oscillation sustaining circuit is electri­
cally coupled between the first and second terminals of the 
microelectromechanical resonator. The oscillation sustaining 
circuit includes a sustaining amplifier and a negative imped­
ance circuit electrically coupled to the sustaining amplifier. 
The negative impedance circuit is configured to increase a 
tuning range of the oscillator by at least partially cancelling a 
parasitic shunt capacitance associated with the microelectro­
mechanical resonator. 

According to some of these embodiments of the invention, 
the negative impedance circuit includes a load capacitor and 
a negative impedance converter (NIC). In addition, the sus­
taining amplifier may include at least one tuning capacitor 
having a first terminal electrically connected to a first terminal 
of the load capacitor within the negative impedance circuit. 
The sustaining amplifier may also include a transimpedance 
amplifier having an input electrically connected to a second 
terminal of the at least one tuning capacitor. 

According to additional embodiments of the present inven­
tion, the negative impedance converter includes a voltage 
divider and a first transistor having a first current carrying 
terminal electrically connected to an intermediate node of the 
voltage divider. The negative impedance converter also 
includes a second transistor having a gate terminal connected 
to the intermediate node. This second transistor has a first 
current carrying terminal (e.g., drain terminal) electrically 
connected to an electrode of the load capacitor and a second 
current carrying terminal (e.g., source terminal) electrically 
connected to a terminal of the microelectromechanical reso­
nator. 
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According to still further embodiments of the invention, an 
oscillator is provided with a laterally-vibrating MEMs reso­
nator and an oscillation sustaining circuit electrically coupled 
to the laterally-excited MEMs resonator. The oscillation sus­
taining circuit also includes a first negative impedance circuit 
electrically coupled to a first terminal of the laterally-excited 
MEMs resonator. A second negative impedance circuit may 
also be provided, which is electrically coupled to a second 
terminal of the laterally-excited MEMs resonator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an electrical schematic of an integrated circuit 
oscillator having a microelectromechanical resonator and an 
oscillation sustaining circuit therein, according to the prior 
art. 

FIG. 2A is an electrical schematic of a negative impedance 
circuit according to an embodiment of the present invention. 

4 
negative impedance circuit 100 includes a load capacitor CL 
and a single-port negative impedance converter (NIC), which 
includes NMOS transistors Mn1 -Mn3 , PMOS transistor MP 1 

and resistors R1 -R3 , connected as illustrated. The resistors 
R2-R3 operate as a voltage divider that generates a biasing 
voltage at a gate terminal ofNMOS transistor Mn_1 , which is 
equivalent to V DD(Ri(R2 +R3 )) where V DD is a power supply 
voltage having a magnitude of about 1.8 Volts. This voltage 
divider also provides a current path for the drain terminal of 

10 Mn 2 . The gate terminal of NM OS transistor Mn3 is responsive 
to a first bias signal (V BN) and the gate terminal of PMOS 
transistor MP 1 is responsive to a second bias signal (V BP). The 
first and second bias signals may have magnitudes equivalent 

15 
to 0.9 Volts. By sizing the NMOS transistors Mn1 and Mn 2 

appropriately such that gm-NI =gm-N2=gm, the capacitance at 
the input of the negative impedance circuit 100 can be calcu­
lated as follows: 

FIG. 2B is an electrical schematic of an integrated circuit 
oscillator having a microelectromechanical resonator, an 20 

oscillation sustaining circuit and a temperature compensation 
circuit therein, according to an embodiment of the present 
invention. 

(1) 

where gm is the transconductance of transistors Mn 1 and Mn2. 
Thus, by proper sizing of the resistor network including resis­
tors R1 -R3 , the input capacitance C,n of the negative imped­
ance circuit 100 can be matched to the parasitic shunt capaci-FIG. 3 is a graph of resonance frequency versus tuning 

voltage (V TUNE) for a microelectromechanical oscillators 
configured with and without parasitic impedance cancella-
ti on. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The present invention now will be described more fully 
with reference to the accompanying drawings, in which pre­
ferred embodiments of the invention are shown. This inven­
tion may, however, be embodied in many different forms and 
should not be construed as being limited to the embodiments 
set forth herein; rather, these embodiments are provided so 
that this disclosure will be thorough and complete, and will 
fully convey the scope of the invention to those skilled in the 
art. Like reference numerals refer to like elements through­
out. 

The terminology used herein is for the purpose of describ­
ing particular embodiments only and is not intended to be 
limiting of the present invention. As used herein, the singular 
forms "a," "an" and "the" are intended to include the plural 
forms as well, unless the context clearly indicates otherwise. 
It will be further understood that the terms "comprising", 
"including", "having" and variants thereof, when used in this 
specification, specify the presence of stated features, steps, 
operations, elements, and/or components, but do not preclude 
the presence or addition of one or more other features, steps, 
operations, elements, components, and/or groups thereof. In 
contrast, the term "consisting of' when used in this specifi­
cation, specifies the stated features, steps, operations, ele­
ments, and/or components, and precludes additional features, 
steps, operations, elements and/or components. 

Unless otherwise defined, all terms (including technical 
and scientific terms) used herein have the same meaning as 
commonly understood by one of ordinary skill in the art to 
which the present invention belongs. It will be further under­
stood that terms, such as those defined in commonly used 
dictionaries, should be interpreted as having a meaning that is 
consistent with their meaning in the context of the relevant art 
and will not be interpreted in an idealized or overly formal 
sense unless expressly so defined herein. 

FIGS. 2A-2B illustrate a negative impedance circuit 100 
according to an embodiment of the present invention. This 

25 tance 15a at an input of a microelectromechanical (MEM) 
resonator, such as a laterally-excited MEMs resonator. This 
matching operates to minimize the frequency drift of the 
oscillator over a commercial temperature range by cancelling 
at least a substantial portion of the parasitic shunt capacitance 

30 15a. 
Referring now to the tuned and temperature compensated 

oscillator 200 of FIG. 2B, the negative impedance circuit 100 
is coupled to an input of a tuning network 10, which is 
illustrated as including a transimpedance amplifier 12 with 

35 tunable gain (provided by RF, CTUNE and a tuning voltage 
V TUNE) and a voltage amplifier 14, which may drive an off­
chip buffer 16. By including the negative impedance circuit 
100, improved tuning performance can be achieved. This 
improvement is illustrated by FIG. 3, which is a graph of 

40 resonant frequency versus tuning voltage (V TUNE) for a 
microelectromechanical oscillator configured with and with­
out parasitic impedance cancellation using the negative 
impedance circuit described herein. Although not shown in 
FIG. 2B, a second negative impedance circuit may also be 

45 provided to cancel the parasitic shunt capacitance 15b at an 
output of the MEMs resonator, which is modeled as the series 
RLC tank circuit 18. This addition of the second negative 
impedance circuit operates to further improve the tuning 
range of the MEMs resonator, but at the expense of higher 

50 signal attenuation, which forces higher power consumption, 
and reduced dynamic range. 

FIG. 2B further illustrates a temperature compensation 
circuit 110 that can be used to further compensate for tem­
perature drift of the resonator. This temperature compensa-

55 tion circuit 110 includes a PTAT voltage generator 120 and a 
bandgap voltage generator 122, which provide inputs to an 
amplifier 118 that drives a voltage-to-current converter 116. A 
square-root generator 114 and an amplifier 112 are also pro­
vided in series to generate a tuning voltage V TUNE in response 

60 to an output of the converter 116. These and other aspects of 
the temperature compensation circuit 110 are more fully dis­
closed in the aforementioned article by G. Ho et al., entitled 
"Temperature Compensated IBAR Reference Oscillators," 
Proc. IEEE-ASME MEMS 2006, pp. 910-913, Jan. 22-26, 

65 2006. Still further aspects of PTAT and bandgap voltage 
generators are described in commonly assigned U.S. appli­
cation Ser. No. 12/112,933, filed Apr. 30, 2008 and Ser. No. 
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12/494,935, filed Jun. 30, 2009, the disclosures of which are 
hereby incorporated herein by reference. 

In the drawings and specification, there have been dis­
closed typical preferred embodiments of the invention and, 
although specific terms are employed, they are used in a 
generic and descriptive sense only and not for purposes of 
limitation, the scope of the invention being set forth in the 
following claims. 

That which is claimed is: 
1. An oscillator, comprising: 
a microelectromechanical resonator having an input and an 

output; and 
an oscillation sustaining circuit electrically coupled to the 

input and output of said microelectromechanical reso­
nator, said oscillation sustaining circuit comprising a 
sustaining amplifier and a negative impedance circuit 
electrically coupled to said sustaining amplifier, said 
negative impedance circuit comprising a load capacitor 
and a negative impedance converter electrically coupled 
to the load capacitor, said negative impedance circuit 
having an input capacitance that is both matched to a 
parasitic shunt capacitance at an input of said microelec­
tromechanical resonator and greater in magnitude than a 
capacitance of the load capacitor by an amount deter­
mined by said negative impedance converter. 

2. The oscillator of claim 1, wherein the sustaining ampli­
fier comprises a transimpedance amplifier. 

3. The oscillator of claim 1, wherein the sustaining ampli­
fier comprises a tuning capacitor having a first terminal elec­
trically connected to a first terminal of the load capacitor. 

4. The oscillator of claim 3, wherein the sustaining ampli­
fier comprises a transimpedance amplifier having an input 
electrically connected to a second terminal of the tuning 
capacitor. 

5. An oscillator, comprising: 
a microelectromechanical resonator; and 

6 
wherein the negative impedance circuit comprises a nega­

tive impedance converter and a load capacitor; and 
wherein the negative impedance converter comprises a 

voltage divider and a first transistor having a first current 
carrying terminal electrically connected to an interme­
diate node of the voltage divider. 

7. The oscillator of claim 6, wherein the negative imped­
ance converter further comprises a second transistor having a 
gate terminal connected to the intermediate node. 

10 
8. The oscillator of claim 7, wherein the second transistor 

has a first current carrying terminal electrically connected to 
an electrode of the load capacitor. 

9. The oscillator of claim 8, wherein the second transistor 

15 has a second current carrying terminal electrically connected 
to a terminal of said microelectromechanical resonator. 

10. The oscillator of claim 6, wherein the voltage divider 
comprises a plurality of resistors; and wherein the negative 
impedance converter is configured so that an input capaci-

20 tance thereof is greater than a magnitude of the load capacitor 
by an amount determined at least in part on values of the 
plurality of resistors. 

11. The oscillator of claim 10, wherein the voltage divider 
comprises a plurality of resistors; and wherein the negative 

25 impedance converter is configured so that an input capaci­
tance thereof is greater than a magnitude of the load capacitor 
by an amount proportional to a parallel resistance of two of 
the plurality of resistors. 

30 

35 

12. An oscillator, comprising: 
a laterally-vibrating MEMs resonator; and 
an oscillation sustaining circuit electrically coupled to said 

laterally-excited MEMs resonator, said oscillation sus­
taining circuit comprising a first negative impedance 
circuit electrically coupled to a first terminal of said 
laterally-excited MEMs resonator; 

wherein the first negative impedance circuit comprises a 
negative impedance converter and a load capacitor; and 

wherein the negative impedance converter comprises a 
voltage divider and a first transistor having a first current 
carrying terminal electrically connected to an interme­
diate node of the voltage divider. 

an oscillation sustaining circuit electrically coupled to said 
microelectromechanical resonator, said oscillation sus­
taining circuit comprising a negative impedance circuit 
electrically coupled to said microelectromechanical 40 

resonator, said negative impedance circuit comprising a 
load capacitor and a negative impedance converter elec­
trically coupled to the load capacitor, said negative 
impedance circuit having an input capacitance that is 
both matched to a parasitic shunt capacitance at an input 

13. The oscillator of claim 12, wherein the voltage divider 
comprises a plurality of resistors; and wherein the negative 
impedance converter is configured so that an input capaci-

45 tance thereof is greater than a magnitude of the load capacitor 
by an amount determined at least in part on values of the 
plurality of resistors. 

of said microelectromechanical resonator and greater in 
magnitude than a capacitance of the load capacitor by an 
amount determined by said negative impedance con­
verter. 

6. An oscillator, comprising: 
a microelectromechanical resonator; and 

14. The oscillator of claim 12, wherein the voltage divider 
comprises a plurality of resistors; and wherein the negative 

50 impedance converter is configured so that an input capaci­
tance thereof is greater than a magnitude of the load capacitor 
by an amount proportional to a parallel resistance of two of 
the plurality of resistors. 

an oscillation sustaining circuit electrically coupled to said 
microelectromechanical resonator, said oscillation sus­
taining circuit comprising a negative impedance circuit 
electrically coupled to said microelectromechanical 55 

resonator; * * * * * 


