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ABSTRACT 
In this paper we investigate the direct effect of resonator 

quality factor (𝑄) on the oscillator phase noise. We use 2-

port contour mode resonators (CMRs), fabricated both with 

aluminum nitride (AlN) and aluminum scandium nitride 

(AlScN), as the frequency-determining element in the 

oscillator circuit. Over 70 oscillator configurations are 

tested using resonators with different 𝑄 and with different 

piezoelectric layer. The testing of so many devices is 

possible because, in our setup, interfacing the circuit to the 

resonator is streamlined using RF probes. Our results show 

that higher resonator 𝑄 yields better frequency stability of 

the oscillator, for both AlN and AlScN CMRs. 

Interestingly, the comparison between AlN-based 

oscillators and AlScN-based oscillators with equal 𝑄 

shows that AlScN-based oscillators’ Phase Noise is up 10 

dBc/Hz better than the AlN oscillator at 1 kHz offset 

frequency, suggesting different intrinsic resonator flicker 

noise of the two piezoelectric layers. 
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INTRODUCTION 

The internet-of-things (IoT) relies on the concept of 

hyper connectivity between many physical objects. In the 

near future, devices will exist in a connected network rather 

than in isolation, where data exchange will play a crucial 

role. Ideally, each node of the network will be equipped 

with a communication module. In this context, the RF front 

ends will need to meet new stringent requirements in terms 

of chip size, power consumption and cost [1].  

Microelectromechanical systems (MEMS) are good 

candidates to promote high performance and yet more 

flexible radio architectures. Contour Mode Resonators 

(CMRs) [2] are an appealing class of piezoelectric MEMS 

resonators as their operating frequency can be largely tuned 

by design unlike Film Bulk Acoustic Resonators (FBARs) 

[3]. This unique feature can enable multi-frequency 

reconfiguration on the same chip and new RF radios 

architectures [4, 5]. Following FBAR commercialization, 

AlN has been the gold standard piezoelectric material to 

make RF filters. A broad range of AlN-based devices has 

been studied [38]. AlN CMRs have demonstrated 𝑄 values 

of up to 4000 [6-8], whereas the electromechanical 

coupling is limited to about 2% [9]. AlScN is gaining 

consensus in the community as the AlN alternative given 

the similar fabrication and its larger piezoelectric response, 

often obtained at the expenses of a reduced 𝑄 [10, 11], 

CMR resonators allow to define their resonance frequency 

via lithography and have been investigated in a broad range 

of materials including but not limited to AlN, such as GaN 

[40], PZT [41], ZnO [42].  

 

In the new RF front-ends, MEMS-based elements for 

frequency generation and frequency control will be 

necessary. For this reason, filters and oscillators based on 

MEMS have been proposed since they foster monolithic 

integration to the circuitry in a small form factor. In this 

paper we focus on the demonstration of MEMS-based 

oscillators which, compared to oscillators based on SAW 

and quartz resonators [39], have not yet been able to offer 

on par noise performance, assessed via the phase noise 

(PN). PN is a direct measure of the oscillator frequency 

stability [12] and is defined as in Eq. 1 according to 

Leeson’s model [13, 14]: 
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where 𝑓0 is the carrier output frequency, 𝑓𝑚 is the offset 

frequency, 𝑓𝑐 is the corner frequency, 𝐹 is the noise factor 

of the amplifier, and 𝑃𝑠 is the power at the input of the 

amplifier. PN improves when 𝑄 and 𝑃𝑠 increase. 

In order to enhance the noise performance of MEMS-based 

oscillators, improving the resonator 𝑄 has been proposed 

[15], as well as using nonlinear resonators [16, 17] or using 

parametric schemes [12, 16, 18, 19]. The latter approaches 

imply a more complex oscillator setup, whereas the former 

ideally permits to work directly on the design optimization 

of the resonator to improve the noise performance of the 

oscillator circuit. 

AlN CMR-based oscillators have been demonstrated with 

PN value between -90 dBc/Hz and -100 dBc/Hz at 1 kHz 

offset frequency and around 200 MHz carrier frequency 

[20, 21]. Also, only recently, groups demonstrated that a 

crystal-less RF module is possible while maintaining good 

performance [22, 23]. Although some works have already 

tried to clarify the effect of 𝑄 on the resonator flicker noise 

[24-26] and to quantify frequency fluctuation of CMRs 

[27], direct measurements of phase noise as a function of 

the resonator 𝑄 for many resonators are still lacking, 

because of the typically laborious measurement setups (i.e. 

wirebonding of a single CMR). 



 
Figure 1: (a) Schematic of the phase noise measurement 

setup. The oscillator is composed of a phase shifter and 

an amplifier to meet the Barkhausen’s stability criteria 

for oscillation. RF probes are used to contact the 

resonator and close the loop. An attenuator is placed in 

the loop to guarantee operation in the linear regime of 

the CMR (b) SEM picture of a fabricated 2-port AlScN 

CMR. The electrical probing configuration is reported. 

The input port pad is labeled as S1 (red) whereas the 

output port pad is labeled as S2 (yellow). The common 

ground pads are in blue. 

 

In this paper we use 2-port CMRs made of either AlN or 

AlScN (17% Sc doping) as the frequency-determining 

element in the oscillator. We use off-the-shelf discrete 

components to build an oscillator circuit that is composed 

of an amplifier, a phase shifter and an attenuator (Fig. 1). 

The amplifier provides the gain to sustain the oscillation 

and it also saturates the oscillation because of its inherent 

nonlinearity. The phase shifter sets the phase-lag in the 

loop and consequently the carrier frequency within the 

range that is enabled by the amplifier gain and the 

resonator. The attenuator helps us control the power 

coming into the resonator to avoid it entering its nonlinear 

regime. The resonator acts as a passive frequency selective 

element. Importantly, we use RF probes to contact the 

resonator and close the oscillator loop. This, unlike wire 

bonding of the CMR to a PCB, allows fast testing of a large 

number of resonators with different properties, including 

different 𝑄, enabling direct measurement of the oscillator 

PN trend as a function of the resonator 𝑄. 

 

 

METHODS 

A 4-mask process flow is used to fabricate 2-port AlN and 

AlScN CMRs (Fig. 1b) (transducers). The stack is 

composed of 100 nm of Pt for the bottom metal plate, 1.2 

μm for the AlScN and ALN layers and 100 nm of Pt for the 

top electrodes [28]. In a previous work, we reported 𝑄 as 

high as 1500 and electromechanical coupling up to 4.5% 

for 1 port AlScN CMRs [10]. 

We use a HP8719D network analyzer to record the 

transmission scattering parameter S21. The electrical 

response is fitted to a mBVD model in order to extract the 

motional parameters, the resonator 𝑄, and the resonator 

resonance frequency (𝑓𝑟). In order to obtain a wide range 

of 𝑄 values, two geometrical design parameters are swept: 

the bus length (𝐵) and the anchor width (𝑊𝑎) (Fig. 2).  

 
Figure 2: (a) Loaded Q as function of 𝑊𝑎 for resonators 

3.5𝜆 long and with fixed 𝐿𝑎 = 𝜆. Each point is the 

average response of 3 identical devices, and we also 

show the deviation in the values of the 3 devices. Within 

the plot, three configurations are shown:𝐵 = 0.15𝜆 

(green triangles), 𝐵 = 0.2𝜆 (blue diamonds), and 𝐵 =
0.25𝜆 (black circles). In the three different 

configurations it is evident the presence of a peak in the 

region 𝑊𝑎 = 0.45𝜆 − 0.5𝜆. In the inset, an SEM picture 

of a fabricated CMR is shown, with the two geometrical 

parameters swept in this study: 𝐵 and 𝑊𝑎. 

 

From Fig. 2 we see that B does not contribute much to 𝑄 

variation, whereas 𝑊𝑎 has a lot of influence [6]. For this 

reason, when 𝑊𝑎 is varied in the range between 0.25𝜆 and 

0.9𝜆, the measured (loaded) 𝑄 spans from about 150 to 

1600 for AlScN and from about 600 to 2000 (Fig. 2) for 

AlN. For AlScN resonators, 𝐶0 goes from 231 fF to 311 fF, 

Rm goes from 71Ω to 536Ω, and resonance frequency goes 

from 191.71 to 194.14 MHz. Since the resonators are 2-

ports, we calculate the piezoelectric coupling coefficient 𝑘𝑡
2 

by using 𝑘𝑡
2 =

𝜋2

8

𝐶𝑚

𝐶0
, and it goes from 2.17% to 3.12%. 

After extracting the resonator parameters, an amplifier 

(AU-1442, L3 Narda-Miteq) and a phase shifter (SO-06-

411, Pulsar) are used to create an oscillator, similarly to 

what previously described in [17]. A modification to this 

setup is made: instead of wire bonding the device to a PCB 

in order to interface the resonator to the remaining 

electronics, RF probes are used to directly contact the 

resonator (Fig. 1a). This streamlines the connection of 

many different resonators to the oscillator circuit, 

ultimately allowing fast assessment of many oscillators’ 

PN performance. In this study, this flexibility allows a 

proper quantitative assessment of the PN trend when the 



resonator 𝑄 varies. In the oscillator setup, the addition of a 

10 dB attenuator in the close loop guarantees that the 

resonator operates at -10 dBm input power, i.e. in its linear 

regime. The amplifier and phase shifter are used to meet 

the Barkhausen’s stability criteria for oscillation. For each 

oscillator, PN is measured using an E5052A Signal Source 

Analyzer. Using GSG probes allows also to quickly 

compare AlScN and AlN resonators: if 𝑄 is the same, 

keeping the same layout and the same oscillator loop, any 

difference in PN mainly comes from the different material 

employed. 

 

MEASUREMENT TECHNIQUE 
We start by characterizing the resonators in open loop by 

connecting the GSG probes to both ports and directly to a 

Vector Network Analyzer (HP8719D). In Fig. 3 we can see 

the admittance response (𝑌21) of the resonators with the 

maximum and minimum 𝑄 and 𝑅𝑚. 

 

 
 

Figure 3: Admittance plots comparing maximum and 

minimum 𝑅𝑚 AlScN resonators (a) and maximum and 

minimum 𝑄 (b)  

 

As seen in Eq. 1, PN is inversely proportional to 𝑄 and to 

the carrier power. Thus, a fair comparison between diverse 

resonators implies maintaining the same carrier power 

level. For this reason, the carrier power in the close loop is 

kept to -10 dBm across all the resonators (via amplifier). 

This means that the power supplied to the amplifier in the 

loop is different depending on 𝑅𝑚. Indeed, for the 

maximum and minimum values of 𝑅𝑚, we find a power 

consumption in the amplifier of 83mW and 121mW 

respectively. However, it is possible to lock the oscillator 

at different operational points of the resonator, depending 

on the phase shift in the loop. 

 
Figure 4: (a) Phase noise at 1 kHz (black squares) and 

10 kHz (black diamonds) offset frequency; as a function 

of the oscillation carrier frequency, tuned via the phase 

shifter. In blue dots, the carrier power in the loop is 

shown. In this case we keep constant the amplifier power 

supply. (b) Example of phase noise as a function of the 

offset frequency for three different resonator quality 

factors: 𝑄 = 343 (green line), 𝑄 = 648 (blue line), and 

𝑄 = 1308 (black line). Increasing the resonator 𝑄 

results in an improvement of PN. 

 

We study the noise levels when varying the phase shift 

induced by the phase shifter in the loop, and we observe 

that the carrier frequency changes around the resonance 

peak of the resonator and that the PN can change up to 20 

dB (Fig. 4a). The minimum value of PN is found when the 

oscillator operates exactly at the resonance frequency of the 

resonator. This is caused by two phenomena: (i) an increase 

in the insertion loss and (ii) a decrease of the phase vs. 

frequency slope of the resonator; both happening when we 

move away from the resonance frequency. Thus, before 

recording PN, we sweep around the resonance peak by 

tuning the phase shift in the loop and we ensure that we 

work at the same carrier power. PN is then measured. An 

example of this effect can be seen in Fig. 4a where the PN 

at 1 kHz and 10 kHz offset frequencies are shown vs the 

carrier frequency.  Since the insertion loss across the 

resonator is minimum when operating on resonance; and 

the slope of the phase vs frequency response of the 

resonator is maximum when operating on resonance, we 

obtain the smaller PN at that point. We consider that 

operating the resonators on resonance and at the same 

carrier power level is crucial to compare between different 

resonators. 

 

EXPERIMENTAL RESULTS 

We extract PN from 100 Hz to 10 MHz offset frequencies 

focusing on the influence of the resonator 𝑄 on the 

oscillator PN. According to Eq. 1, an increase in the 

resonator 𝑄 is accompanied by a reduction in PN. Here we 



investigate if the Leeson’s model successfully describes the 

behavior of MEMS-based oscillators. 

Fig. 4b shows an example of PN as a function of the offset 

frequency for three different resonators, extracted 

following the measurement technique previously 

described. Clearly, different resonators’ 𝑄 lead to different 

PN levels, with higher 𝑄 resonators offering enhanced PN 

performance. In particular, for 𝑄 = 1308, the measured 

PN is -98 dBc/Hz and -124 dBc/Hz at 1 kHz and 10 kHz 

offset frequencies, respectively. This correspond to a 5 and 

11 dBc/Hz improvement at 1 kHz offset frequency with 

respect to 𝑄 = 648 and 𝑄 = 343, respectively. Similarly, 

at 10 kHz offset frequency the improvement is 6 and 14 dB. 

These results agree well with what is predicted by the 

Leeson’s model: a factor of 2 × improvement in the 

resonator 𝑄 leads to a 6 dB decrease in PN. Moreover, the 

average slope of the three measurements at 10 kHz offset 

frequency goes as ~-20 dB/decade, as predicted by Eq. 1. 

 

To investigate this relation and its dependence on the 

material further, we extract PN at 1 kHz offset frequency 

and the PN at 10 kHz offset frequency over 77 oscillators 

based on different AlN (13) and AlScN (64) devices. These 

two PN values are commonly used as markers of the overall 

noise performance. The AlScN CMRs operate around 193 

MHz, while the AlN CMRs operate at around 234 MHz. 

The 𝑄 values span from about 150 to 1600 for the AlScN 

CMRs, while from about 600 to 2000 for the AlN CMRs. 

The overlap of 𝑄 values between AlN and AlScN allows 

direct study of the influence of the material in the noise 

performance. 

In Fig. 5 the PN at 1 kHz offset frequency and at 10 kHz 

offset frequency as a function of the resonator 𝑄 is reported 

for AlN and AlScN-based oscillators. The AlN PN is scaled 

by 41 MHz to account for the slightly higher carrier 

frequency compared to AlScN. The data points are fitted to 

a power law function to extract the PN trend. At 1 kHz 

offset frequency the AlN oscillator noise scales as 𝑄−1.25 

while the AlScN oscillator scales as 𝑄−1.52. In contrast, at 

10 kHz offset frequency the AlN oscillator noise scales as 

𝑄−1.78 and the AlScN oscillator scales as 𝑄−1.95. The latter 

is close to the theoretical 𝑄−2 predicted by Leeson. As a 

matter of fact, as it is exemplary shown in Fig. 4b, at 10 

kHz offset frequency the noise slope is -20 dB/decade for 

the AlScN oscillators, confirming Leesons’ theory. In all 

the other cases, the dependence of PN on 𝑄 deviates from 

the theoretical value and we confirm that the slope also 

does deviate from the prediction. 

Importantly, from the results it is seen that the AlScN and 

AlN oscillators performance do not lay on the same trend 

line. If only 𝑄 is considered as a defining parameter of the 

noise level, it should not matter the piezoelectric layer used 

in the electroacoustic transduction. In Fig. 6 we show a 

comparison of one AlN-based oscillator and an AlScN-

based oscillator, both having the same 𝑄 = 1450. Since 

not only 𝑄, but everything in the system is almost identical 

(amplifier, phase shifter, carrier power, etc.), the only 

possible conclusion is that the difference is caused due to 

the resonator material. Interestingly, the two PN profiles 

are different. The AlN shows a 10 dB and a 5 dB worse PN 

than AlScN at 1 kHz and 10 kHz offset frequencies, 

respectively. Moreover, the slope of the two PN profiles at 

10 kHz offset frequencies is about -20 dB/decade for 

AlScN and about -30 dB/decade for AlN. Other works 

reported similar slope than us for AlN-based oscillators 

[17, 19, 20]. In the case of AlScN, to our knowledge we are 

the first group ever reporting PN. Our conclusion from the 

presented data is that an additional noise source to those 

considered in Leeson’s model. We believe this to be 

intrinsic fluctuations of the resonance frequency of the 

resonators [29], which directly feed into the phase noise of 

the oscillator, are in most cases 1/𝑓 in nature (which 

translates to slopes of -30 dB/decade in the PN plot). What 

our data shows is that the level of said fluctuations is 

different, and much smaller, in the case of AlScN as 

compared to AlN. We are currently developing an 

experimental setup to confirm or disprove this hypothesis, 

in order to directly measure the frequency jitter of each 

resonator, like indicated in the literature [25] [36][44]. 

 
Figure 6: (a) Measured PN for an AlN-based oscillator 

with 𝑄 = 1477 (red) and for an AlScN-based oscillator 

with 𝑄 = 1413 (black). A predicted phase noise is also 

derived analytically (blue dashed line). 

 
Figure 5: (a) Measured phase noise as a function of the 

resonator quality factor at 1 kHz (a) and 10 kHz (b) 

offset frequency: 64 AlScN-based oscillators (black 

dots) and 13 AlN-based oscillators (red diamonds) are 

measured. The black and red dashed line shows the fit 

to a power law function, which is reported in the inset 

for the AlN (red) and the AlScN (black) based 

oscillators. 



 

CONCLUSIONS 

This paper presents a study on MEMS-based oscillators PN 

as function of the resonator 𝑄. We do this measuring over 

70 oscillator configurations using resonators with different 

𝑄. We fabricate 2-port CMRs resonators, both in AlN and 

AlScN (17% Sc content) with identical designs. In order to 

obtain a large pool of 𝑄 values, we design resonators with 

different anchor width dimensions. This is an effective way 

to tune the amount of anchor loss and ultimately the 

resonator 𝑄: 𝑄 values from 150 to 2000 are obtained. 

We select 64 AlScN CMRs operating at 193 MHz and 13 

AlN CMRs operating at 234 MHz and we extract their 𝑄 

and their resonant frequency via an electrical 

characterization. Afterwards, we use each of these 

resonators to build oscillators and measure the oscillator 

phase noise. This is possible because of a flexible oscillator 

setup: instead of wire bonding each single device to a PCB, 

the resonator is directly contacted via RF probes, allowing 

streamlined measurements across several resonators. 

Moreover, in order to have a fair comparison across 

different resonators, we develop a measurement technique 

that builds on two conditions: (i) the carrier level is kept 

constant across all measurements (ii) the carrier frequency 

is finely tuned via the phase shifter to minimize phase 

noise, i.e. matching the resonator resonance frequency. We 

show that it is crucial to meet both conditions to compare 

phase noise obtained from different resonators.  

Our results show that 𝑄 indeed plays a role in defining the 

oscillator noise performance: higher 𝑄 reduce the noise 

level at the small offset frequencies. We fit the PN at 1 kHz 

and 10 kHz offset frequencies to a power law, and show 

that PN follows Leesons’ theory: when the PN slope is -20 

dB/decade, then the phase noise decreases as 𝑄−2. In other 

words, a factor 2 × improvement in 𝑄 results in 6 dB noise 

reduction. More interestingly, our results show that AlScN-

based oscillators perform up to 10 dB at 1 kHz offset 

frequency better than AlN-based oscillators with the same 

resonator 𝑄. While studies are ongoing to fully understand 

the cause of this difference, we believe that this finding can 

further promote the use of AlScN in industrial settings. 

Moreover, our measurement technique can help streamline 

the assessment of PN at a testing level and foster a deeper 

understanding of the noise roots in MEMS-based 

oscillators. 
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