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Abstract—In this work, we propose a multi-resonator system 

capable of achieving a temperature-stable frequency output 

across a wide temperature range. This system utilizes three 

temperature-compensated MEMS oscillators whose frequency 

output undergoes two stages of multiplication and mixing to 

generate a stable clock signal. In contrast with other circuit 

compensation techniques, this implementation obviates the need 

for accurate temperature sensing of the resonator and power 

hungry ovenization circuits and makes the output stable across 

the entire calibration range. A system consisting of three 

temperature-compensated MEMS Pierce oscillators based on 

AlN-on-silicon ring resonators is implemented and serves as a 

proof of concept verification for the presented algorithm. A total 

frequency shift of +/- 8 ppm is seen across the temperature range 

of -40 °C to +60 °C.   

Keywords—Piezoelectric actuation, MEMS oscillators, 

Temperature stable clock 

I. INTRODUCTION  

Temperature-stable frequency references serve critical 
functions in timekeeping applications, inertial measurement 
units (IMU), and communication systems. Towards this end, a 
number of approaches have been proposed and successfully 
implemented. Use of ovenization, wherein the resonator is 
maintained at a relatively high temperature of ~ 90 °C, has 
been successfully used to achieve temperature-stable frequency 
references [1], [2].  More recently, the temperature stability of 
MEMS-based electrostatic resonators has been improved 
through the use of a temperature sensor fabricated adjacent to 
the resonator and by compensating for the sensed temperature 
variation through a phase locked loop (PLL) based frequency 
multiplication [3].  

Passive compensation of silicon resonators has been shown 
using silicon dioxide (SiO2), which has the opposite 
temperature dependence as compared with silicon [4], [5]. Due 
to the nature of the temperature coefficients, passively 
compensated silicon resonators demonstrate a second-order 

temperature dependence of frequency [6]. Recently, we have 
demonstrated the passive compensation of silicon resonators, 
wherein by changing the location of the oxide within the 
resonator body, its temperature compensation profile can be 
altered [7]. The ability to control the temperature compensation 
through only lithography parameters enables a multi-resonator 
approach to temperature-insensitive clocks.  

Utilizing three temperature-compensated resonators with 
different frequency vs. temperature characteristics, we propose 
a multi-resonator system to generate a temperature-stable 
frequency reference (Fig. 1). Through frequency manipulation 
in two stages, we can achieve a temperature-insensitive clock 
signal at the output. This approach requires significantly lower 
power as compared with ovenized solutions and circumvents 
the need to integrate an accurate temperature sensor with the 
resonator as is required in [3]. Using this approach it will be 
possible to completely eliminate the second-order temperature 
dependence of compensated MEMS resonators and achieve a 
temperature insensitive response across a very wide 
temperature range with low-power circuits.  

II. MULTI-RESONATOR CLOCK DESCRIPTION 

Figure 1 shows a block diagram of the proposed 
temperature insensitive clock. As seen from the schematic, the 
system utilizes three oscillators with different turnover 
temperatures, defined as the inflection point of the parabolic 
dependence of resonator frequency with temperature. The 
frequency of each oscillator can be written as 

 
      

        .                             (1) 
 

Because of having different turnover temperatures, the 
three resonators have unique and non-zero coefficients  ,   
and  . The output of the three oscillators undergoes frequency 
multiplication and mixing in two stages to achieve a final 
temperature-stable frequency reference. Stage I multiplication 
factors    and    are set so to remove the first-order term 
(   ). At the output of the first set of mixers we can write,  
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The above equation sets the multipliers    and   ; to 

ensure no first-order dependence of frequency on temperature, 
we have 
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Thus, at the input of the second mixer, the two frequency 
signals have a pure second-order temperature dependence, 
which can be compensated using a similar approach. The 
multiplier     is subsequently determined such that the 
second-order term is canceled.  The parameter     can be 
estimated as 
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and the output frequency can be written as, 
 

             (     )                       (5) 
 

The equation for the output frequency is a combination of 
constants independent of temperature, and thus this system 
allows for the realization of a temperature-insensitive clock. 
 

III. TEMPERATURE-COMPENSATED RESONATORS 

In order to implement this system, a minimum of three 
temperature-compensated resonators with different turnover 
temperatures are essential. Coupled-ring 'dogbone' resonators 
have been shown to exhibit a low motional impedance with a 
large f×Q and are ideally suited for low-noise oscillators [6]. 
Figure 2 shows a schematic of the temperature-compensated 
'dogbone' resonator. The location of silicon dioxide within the 
resonator is marked for clarity. By changing the location of 
the oxide island through the variable 'edge' spacing, we can 
design the turnover temperature across -20 °C to +80 °C. This 
is highlighted in Fig 3, which plots the simulated turnover 
temperature as a function of 'edge'. Figure 4 briefly 
summarizes the process used for fabrication of the coupled-
ring resonators.  

 
Fig. 2: Schematic of a temperature-compensated coupled-ring or 'dogbone' 

resonator. By changing 'edge', i.e., the spacing between the oxide island and the 

resonator edge we can control the turnover temperature.  

 
Fig. 3: Simulated turnover temperature as a function of 'edge' spacing. By 

moving the oxide islands towards the center of the rings, the turnover 

temperature can be changed from -20 °C to +80 °C.   

 
Fig. 4: Process flow used to fabricate the 'dogbone' resonators [4]. 

Figure 5 shows SEM images of a fabricated 'dogbone' 
resonator. Figure 6 shows the measured frequency response of 
an uncompensated and three temperature-compensated 
resonators for comparison. Note that the frequencie of the 

 
Fig. 1: Algorithm for the multi-resonator temperature-stable clock. A minimum of three MEMS oscillators having different turnover temperatures are required in this 

implementation. The frequency multiplication is achieved using an n-fractional PLL while the frequency mixing is achieved using a mixer and a suitable filter.  

 



resonators are slightly different due to different position of 
oxide islands within the resonator body. The resonators also 
have slightly different tether design, optimized for minimum 
anchor loss given the property of the resonating stack. The 
relatively low Q of the resonator in this batch is mainly due to 
the non-ideal etch profile and sidewall roughness seen during 
the DRIE etch. Significantly higher Qs of more than 50,000 
are expected with the coupled-ring resonator design. However, 
for the proof-of-concept demonstration of the multi-resonator 
clock, the performance of these resonators is sufficiently high. 

 

 

 

Fig. 5: (a)  Top SEM view of a fabricated coupled ring resonator. (b) Cross-

section view showing the oxide-refilled islands within the silicon body.  

Fig. 6: Measured frequency response of an uncompensated and three 

temperature-compensated 'dogbone' resonators.  

IV. OSCILLATOR IMPLEMENTATION 

The presented MEMS resonators are incorporated into a 
pierce oscillator configuration. Fig. 7 shows the circuit 
schematic of the pierce oscillator used in this work. NPN SiGe 
bipolar junction transistors (BJTs) (NESG4030M14) are used 
as the active element in the loop. The three resonators on a 
single die are wirebonded to a package and connected to three 
Pierce oscillator circuits to generate the three frequency 
outputs. Fig. 8 plots the three frequency signals and Fig. 9 
plots their measured temperature dependence of frequency.   

 
Fig. 7: Circuit diagram of the oscillator implementation using the Pierce 

configuration. This same design is repeated for all three oscillators needed in the 

proposed multi-resonator clock. 

 
Fig. 8: Measured time domain output of the three MEMS pierce oscillators. The 

three frequencies are different due to their different temperature compensation 

(different location of oxide islands).  

 
Fig. 9: Measured frequency shift as a function of temperature for the three 

oscillators shown in Fig 8. The dotted black lines represent the second-order 

polynomial fit to the measured data that is used in the extraction of the k 

coefficients.   

(a) 

(b) 



V. SYSTEM OUTPUT 

From the measured temperature induced frequency drift, 
we can extract using best fit to (1), the coefficients a, b and c 
for each of the three oscillators. Table 1 summarizes these 
numbers for the oscillators presented in Figs. 8 and 9. From 
the extracted coefficients in Table 1, we can calculate k1 to be 
0.7131, k3 as 0.2002 and k12 as 17.8031. Based on the extracted 
k numbers, the output of the proposed system can be estimated 
using (5); the final frequency output is plotted in Fig. 10 as a 
function of temperature.  

 
Table 1. Extracted coefficients      and    for the three oscillators shown in Figs. 

8 and 9. 

edge 

(μm) 
measured turnover 

temperature  (K) 

fitted coefficients 

a b c 

19 363 -0.6636705 475.575035 19,251,354 

15 335 -0.4637451 339.141390 19,393,677 

7 273 -3.1631555 1693.59184 19,442,704 

 

 
Fig. 10: Relative frequency shift at the multi-resonator clock output in parts per 

million (ppm) as a function of temperature (hollow circles). The estimated error 
of ~ 15 ppm is due to the error during the oscillator TCF measurement 

(deviation from an ideal parabolic response). The filled markers represent the 

ideal clock output assuming pure second-order temperature dependence for the 
three oscillators.  

 

 
Fig. 11: Relative frequency shift at the multi-resonator clock output compared 

with that of the individual oscillators. Over 20 improvement in the temperature 

insensitivity of the clock frequency can be seen.  

Figure 11 plots the data in Fig. 10 along with the measured 
frequency shift of the three individual oscillators. An 

improvement of over 20 is seen in the temperature stability of 

the clock output. Improved calibration of the individual 
oscillators will help significantly reduce this frequency shift. 
In [9] we have analyzed the expected frequency inaccuracy 
due to calibration and measurement errors as well as 
frequency drift of each individual oscillator response. 

VI. CONCLUSIONS 

This work demonstrated a novel approach to achieve a 
temperature-insensitive clock signal by utilizing multiple 
temperature-compensated resonators on the same die. AlN-on-
silicon resonators are used as the base resonator with oxide 
rings within the silicon volume to achieve the temperature 
compensation. By carefully placing the oxide rings, we 
achieved resonators with three turnover temperatures within 
the same die. The three resonators are used to generate the 
three frequency signals by incorporating them into a Pierce 
oscillator configuration.  

Using the proposed algorithm, we demonstrated a 
temperature-compensated clock with a total temperature 
induced frequency shift of ~15 ppm across a wide temperature 
range of -40 °C to +60 °C without the need for ovenization. 
Compared to the performance of the individual oscillators we 

note over 20 improvement in the temperature tolerance of the 
multi-resonator clock output. In the final system, the frequency 
multiplication can be reliably achieved using a fractional-N 
PLL based clock generator followed by a mixer and a filtering 
stage to reject unwanted mixing products. The proof-of-concept 
demonstration of this work showed that the temperature-
induced instability of the primary frequency setting elements 
(the oscillators) can be significantly reduced using a low-power 
multi-resonator clock system.  
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