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Abstract

This paperdemonstrateghe first MEMS oscillator with a performance comparable to a
temperaturecompensated crystal oscillator (TCXOn frequency accuracy,temperature
stability, and phase noise The presented temperatmeompensatd MEMS oscillator
(TCMOE ) achievesi 116dBc/Hz phase nise at 1kHz offset from the 123.Hz carrier,
relating to a phase noise value ©f135.6 dBc/Hzat 1kHz offset at 13VIHz. The temperature
drift of the MEMS oscillator is within +2.50pm over the entire operating tempeuae range
from 7140°C to+85°C. The TCMOE  uasunigue circuit architecture for an analog
temperture compensatiorso thatthe output frequency does not suffer frofrequency orphase
discontinuities.

INTRODUCTION

Crystal oscillators (XO) are ubiquitoasd irreplaceable components in electronic equipthetitrequire
a precise reference frequencyrhe application of crystal oscillators rargjfom clock generation for
digital circuits to providing reference frequencies for wirelemsd wirelne communcations,
entertainment electronicaerospacetiming applicationsmilitary systemsgetc Crystal oscillatorsare
comprisal of a quartz crystal resonatamith a high quality factoas the resonating element a@ntkgrated
circuitry (IC) asthe oscillatorfeedback loop The dominance of quartz crystals as the resonating element
in the oscillatomremains unhdlengedsince the discovery of the temperature sta&leand BT cutsin
1934. Crystal oscillators usingadditional active temperature compensatiatso referred to as
temperatureeompensated crystal oscillators (TCX@je able to achieviypical frequency stabilities of
+2.5ppmor betterover the entire operating temperature range fid@fC to +85°C aging of belowt1
ppm/year (at 25C), typical phase noisef i 138 dBc/Hz at 1 kHz and power consumptioms low as
1.5mA. The smallest commercially availablé&CXOs are currently available with dimensions2dd x
1.6x 0.8mm.

Despite quartz being the material of choice for kpghformance TCXOshere are several drawback

and limitationsto this technology.The firstdifficulty is related to theattachmenbf miniaturized quartz

platesto the ceramic package with solder balRrecise control during the assembly is crucial to prevent
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spuriousmodes as well gsackagingrelatedstressefrom affecting the temperatustability of the quartz
resonator. Second, gartzis a fragile material The pressure dfiandset manufacturersoving towards
smaller packages has led ttee use ofsmaller quartzplates andas a consequenctjinner plates to
prevent the deterioraitn of the resonator performancés the resonance frequency of the quartz plate is
determined by the thickness of theartz plate and the mode being used, the absolute manufacturing
tolerancedbecome more challenging for thinner platdsor example, handset manufacturers must now
specify an allowable frequency shift for smaller TCXOs in the solder reflow process whereby the TCXO
is mounted on a circuit boarbecause the reflow progg impacts the solder balls that attach the quartz
crystal to the ceramic packagdt should benotedthat although the basics of the quartz oscillator
technology pioneered by Pierce in 1928/e not changed, there have besmnytechnical advances in
recent years to address tissue ofminiaturization[1][2].

With the advent of microelectromechanical systems (MEMS) techpotbere has beean ongoing
debate whether MEMS resonatosultl offer a competitive alternativeo quartzcrystal resonatorsin
particular as the integration difficultiesf the quartz crystal with the oscillator IC scale inversely with the
size of the package, the use of MEMS resonatandd promote anonolithic solution ofMEMS and IC
Commercial MEMS oscillator solutiontargeting lowend timing solutionsare now availabldrom
SiTime[3] and Discerg4]. As presented by Discea 6 s WCIT I@suatl ast y elaeting5,PTT I
MEMS oscillators to date haviailed to achieve the combination of: (1) temperature stability, (2) low
phase noise, and (3) frequency accuracy, as required fGX® Tlternative. In this paperfor the first

time, we demonstra that a MEMS oscillator developed at Sand 9%eferred to astemperature
compensat ed MEMS )neatstiede thte®requilemedtd) O E

MEMS OSCILLATOR DESIGN

Thefeasibility of batch fabricationn MEMS processings very powerful in terms ofostleverage of the
resonator parpf the oscillator. However, it is impossible tonanufacture a MEMSesonator to the
required accuracy dhe initial frequency ofypical £1.5 ppm This acuracy range is alseell beyond

the capabilities of available todsd techniquefor trimming. At the same timeMIEMS resonators made

of typical MEMS materials, includingilicon, will generallyhave firstorder temperature coefficients of
frequency (TCF) in the rangeof 120 p p m/ K30 ppaV/K.i If uncompensateth the oscillator circuit,

this large TCFwill cause frequency excursions of several thousand ppm over the temperature operating
range, far beyond thacceptablet2.5ppmfor a typical TCXO. In order to account for botfabrication
tolerances during production as well as the inherent temperature sensitivity of typical MEMS resonators
commercially available MEMS oscillatos have chosen dractional divider based phatecked loop
design, referr@ to asFradionalN PLL [6].

Although the fractionaN PLL is ideal for adjusting the initial frequency offset with the combination of a
temperature sensor readt and related lockp table dynamically adjustirfgr temperature variations, it

has the inherent disadvantages of large phase noise, strong jitter, frequency jumps/discontinuities, high
power consumption, and strong spurious content in the oscillator ¢b}fjt This approach can be
successful for lovend timing solutions where the oscillator performance and power consumption are not
critical, and lowcost, high flexibility with customer specific frequencies, short leae, and added
ruggedness due to the MEMS resonator are the determining factors.

Our approach to the development of a hpgifformance MEMS frequency reference, presented here for
the first time, is very different. Initially, we evaluated different teicir architectures in combination

with different MEMS resonator structures that would support low phase noise, low power consumption,
and temperature stability, comparable to TCXQ0¢e desi gned t he MEMS osci l
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level utilizing a diferent type of MEMS resonator design, along with a novel circuit architecture. Many
parameters had to be optimized in the system, which resulted in the specifications for both resonator and
circuit. We believe this oscillator architecture is suitablenetch the performance of staitheart

TCXOs The oscillator architecture is illustrated in thedK diagram in Figuré. The most significant
attributes are the tunability of the oscillator frequency, the inherent temperature stability of theoresona
and the proprietary variablateger PLL developed by Safd The initial frequency of the oscillator is

set by a combination of tuning the resonance frequency of the resonator by the circuit, since the correct
design of the combination of MEMS and is critical. The amount of tuning necessary for our design is
much lower than other technologies. Our approach can tolerate significant variance in the initial
resonance frequency of the resonator and, therefore, no trimming of the resonator isynecessa

Tunable frequency generation Variable integer phase-locked loop Programmable frequency
Memory
fo
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Fig. 1. Block diagram of the temperatucempensated MEM®< i | | at or (T

consistng of three functional blocksumable frequency generation, variable integer
phaseocked loop and programmable frequency output.

The temperature stability demonst r aThieidachieygedinhe TCNM
part by using a MEMS resonator that is inherently temperature stable and turigixeresidual

temperature drift of thdVIEMS resonator including manufacturing tolerances is compensated by the

circuit to achieve a frequency error bel@®.5 ppmover the entire temperature operating range from

140°C to +85°C

RESULTS

For the beta generati on rdbardthe MEMB @abasfor ippackdgedtinap e 0 S
standard 6.2 ¥.3 mm LCC ceramic packagé&his package is commonly used for crystaldit ensures

a hermetic seal of the MEMS resonator and ease of handling during test and assdmbpyrototype

board oftheT C MO & shown in Figuré.

The future fullyi nt egr at ed T CMOE -lepel packaging of thesMEMS and |€, easulting
in a miniature form factor.It will be available in a chiscale product (1.% 0.8x 0.5mm) for direct
soldering to the bodr flip-chip module assemblyr for wire bond connectionThe T C M O Rwill also
be packaged in aBC70type plastic packagthat fits common universal foptints for 26 and 2520
TCXOs, as shown ifigure3.
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(a) Backside : : (b) Frontside

Fig.2. 1| mage of t he beta version of the T
transferred to a fully integrated solution(a) The backside of the circuit board
comprise@ of the MEMS resonator in a LCC ceramic package and a temperature sensot
beside it. The synthesizer and temperature control are implemented nontside(b).

_ r 0.23 Pin Configuration
(il TN—=— [Pin# | VC-TCMO | TCMO
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Fig. 3. lllustration of the package for theturef ul I 'y i nt e g Me{packhgeT CN
is similar to a4-pin SC70 ands pin-compatible with the common universal footprints for
both 2016 and 2%PTCXOs.

PHASE NOISE

Figure4 shows the phase noise of the MEMS oscillafbhe single sideband (SSB) phase noise of the
betagener ati on of the TCMOE was measured. with an Agl

In this case, the oscillator outpfrequency is set by the natural resonance frequency of the MEMS
resonator and the initial applied tuning voltage of 4.5TWie MEMS oscillator achieves a phase naite

1120 da#tkiH¥EZz of fset from the 123. 9 16MHBcHzdéoraffsetiser and
beyond 100 kHz.Translating the phase noise from the 123.9 MHz carrier to a 13 MHz carrier, using the
approximation that the phase noise decreases for the divider Mat@ Lo8,dN), yields the second

trace n Figure4. The converteghase noise for the MHz carrier would suggest a noise floor below

the noise floor limit of the IC, which has been indicatedrigure4. Based on this estimate, the phase

noise for 13MHzatlk Hz of f s edBc/Hz.s 1 139 . 5
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OSCILLATOR TUNING

The technological key that enables us to achieve an accurate initial frequency of the oscillator and correct
for temperature excursions during operation is based on novel tuning and compensation circuit
architecturesdeveloped and patented at S&dn general, tuning of the oscillator frequency will always

be associated with a degradation of the phase ndiserefore, a significant design challenge is to
minimize the required tuning range in combination with a tuning circuit that causes minimum
deterbration of the phase noiseln our case, the coherent choice of the oscillator architecture and the
MEMS resonator, combined with a precise integrated designimizes the degradation over the required

osci

10 kHz 100 kHz
Offset from carrier

|l ator (TCMOE)

tuning range.The phase noise for different tuniugltages is showm Figure5.
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Fig.5. Tuning voltage dependence of the single sideband phase noise of the
123.9MHz temperatte-compensated MEMS oscillator.

The phase noise charactegstof theT C M O Brealmostunaffected by the tuningFigure6 shows the

tuning characteristics of the carrier dreency of the oscillator versus the applied tuning voltage along
with the phase noise value akHz. For very large tuning voltages, the phase naies degrade rapidly,

and at 6.%, the oscillator becomes unstable and starts to oscillate at a different frequency. The
+200ppm range indicated in FiguBerepresents the feasible tuning range that does not cause strong
degradation of the phase noisetbé oscillator or adversely affect the stability. The corresponding
voltage range is from 0¥ to about 6.1V.

The worstcase phase noise akHizist her ef or e 1 116 dtBa&wotdizase degoadatioa s p o n d i
of 4.6dBc/Hz beyond the phase noise &Hk for the idealuning voltage of 3/. The worstcase phase

noi se for a 10 kHz QGofvéring this o 2 18HE @rier c@resmndsz to
1135.6dBc/Hzatlk Hz and 1 15 8 .kBz. BaBed 6nHe G&M spetifications for aMBlz

TCXO o00dBciHz 8tk Hz of f s edBc/HzratdlkHz1li& @ 13MHz referenceand the
measurement uncertainty of the phase noise measurentkerih@Agilent E5052B and generousafety

margin theT C M O iheetsthe GSM phase noisequirements.
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