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I. INTRODUCTION 
 
Micro Electro Mechanical System (MEMs) oscillators 

suffer from instability due to variations in temperatures. 
Essentially, as the temperature goes up or down the 
frequency of the oscillator goes up or down with it. In 
order to minimize this deviation, it is necessary to hold 
the oscillator at a high temperature such that deviations in 
the ambient temperature go un-noticed. A control circuit 
is needed to keep the temperature of the oscillator 
constant. However, since the actual oscillator is very 
small and somewhat thermally insulated from the bulk 
silicon, the temperature needs to be determined based on 
either resistance or frequency rather than a direct 
temperature measurement.  

 
One method to control the temperature is to operate 

the oscillator at two frequencies and compare the 
difference in the two frequencies to control the 
temperature. Basically, the device can be subjected to 
different temperatures using a thermal chuck. Once the 
ideal temperature is found that temperature can be 
correlated to a difference in frequency. If the temperature 
goes up, that difference will decrease and if the 
temperature goes down that difference will increase. In 
that way a control loop can be setup where the difference 
in frequencies is held constant by varying the current 
going to heat the device. Consider the control loop shown 
in Figure 1. 

 

 
Figure 1. Basic block diagram of the system 

For the scope of this project the primary component of 
interest will be the code on the Arduino. It will be 
assumed that the frequency inputs can be gathered with 
some bounded latency and that an analog signal from the 
Arduino can be multiplied by some linear ratio to get the 
desired heater current. The Arduino will be responsible 
for reading in the frequencies from the frequency counter, 
calculating the difference comparing that to the desired 
frequency delta and feeding that into a PID control loop 
to get the desired control signal. The flow will be very 
simple. 

 
1. Read current frequencies from the frequency 

counter 
2. Find Freq1 – Freq1 
3. Compare that to the desired frequency delta 
4. Feed that error into a PID control loop 
5. Produce a control signal based on the error to 

modify the temperature of the device 
 

The only requirement at present is that the control 
signal is refreshed at a rate of at least 1 Hz. This is likely 
going to be easy to achieve, but an easy bound is desired 
due to the limited time to complete the project. From an 
RTOS perspective the system will be broken down into 
the tasks above and as long as those tasks can be bounded 
such that they all can be executed in under a second. Since 
the Arduino operates on a simple infinite loop, the loop 
could be set such that it would only complete every 
second. Basically, once all of the tasks complete the 
processor would sleep until one second had elapsed and 
then the control signal would be released.  

II. CONTROLLER 
 
The controller is comprised of three basic components, 

the frequency counter, the microcontroller (Arduino) and 
a current conversion device. In the original design, the 
microcontroller was going to act as the master and request 
the frequency available on both channels of the frequency 
counter in order to perform a subtraction as mentioned 
earlier. However, it turns out that the RS-232 function on the 



frequency counter is only talker and not listener, meaning that 
the instrument can only send and not receive. The data 
available to send was also very limited, only a single 
value could be written on some predetermined period. For 
example, the output might be the frequency of channel 
one which is sent every 1 s. Since the write out function only 
gives a single value, this created a challenge because the 
relationship between both frequencies needed to be 
determined. Fortunately, the frequency could be 
reprogrammed to write out the ratio between the frequencies 
which could also be used for a PID control loop. 

 
The PID control loop was written as a very simple 

piece of code in which the P (proportional) part was 
simply multiplied by the error, the I (integral) was a 
summation of the error terms since startup (reset at 
control limits), and D (derivative) was simply the 
difference between the current error and the previous 
error. Since these are all very simple operations the PID 
control portion of the execution time is likely very small 
and the communication time likely dominates. 

 
The microcontroller was then setup such that an 

interrupt would be raised when new data arrived at the 
RS-232 port. The data would then be parsed and fed into 
the PID control equation and the control value would then 
be sent to the current control device.  

 
 

 

Figure 2. Frequency counter (top) and a signal source generator 
used to simulate the DUT (device under test). 

As is mentioned in the Device section, there were 
some hurdles encountered while getting the device to 
operate at two frequencies simultaneously. Therefore, in 
order to test the control loop, the output of the 
microcontroller was instead fed to a computer which 
interpreted the value and sent the appropriate frequency 
shift to the signal source generator via GPIB. As such, the 
computer combined with the frequency analyzer acted as 
the resonator and correlated current to temperature which 
shifted the two frequencies. 

 

 
Figure 3. Arduino Uno with an RS-232 shield on top 

III. CURRENT CONTROL DEVICE 
 
The output from the microcontroller was directed to an 

external digital to analog converter (DAC) since the 
Arduino does not have an internal DAC. The voltage from 
the DAC was then connected to a voltage to current 
converter which uses and op-amp in the feedback to 
ensure a stable voltage supply. This current then runs 
through the resonator to keep it at a constant elevated 
temperature. 

 



 
Figure 4. Schematic for the current control device 

IV. MEMS RESONATOR 
 
The TPOS devices used for this study were not 

originally designed to be operated at two frequencies 
simultaneously as the original temperature control 
method with resistance based. Fortunately, as shown in 
Figure 5, the resonators exhibited two modes that could 
be excited simultaneously. The low order mode was more 
difficult to excite due to the fact that that resonator had a 
higher loss at that frequency. As such, the first step of the 
study was to try and excite each mode independently 
before attempting to run the modes simultaneously. It was 
relatively easy to excite the mode at 128 MHz due to the 
relatively low loss of -10 dB compared to the loss of -25 
dB at 80 MHz. The amplifier design needed to be 
improved in order to accommodate the additional loss. 

 
 
 

 
Figure 5. S21 of a TPOS resonator from 30 MHz to 130 MHz. In 

this study we are trying to excite the 5th harmonic as well as the peak 
at 80 MHz, since they exhibit two different modes [1] 

The resonators were paired with a common collector 
amplifier in order to create an oscillator and satisfy the 
Barkhausen criterion for oscillation. 

 
Figure 6. Common collector amplifier with feedback and matching  

As shown in Figure 7, the resonator was tested in a 
vacuum chamber in order to eliminate the effects of 
pressure variation on the frequency of oscillation as well 
as to improve the quality factor (Q) and ensure good 
thermal isolation. 

 
 

 
Figure 7. A single frequency oscillator in the vacuum chamber for 

testing 

 



 
Figure 8. A side view of the single frequency oscillator. The design 

was built on two separate boards in order to provide thermal isolation 
between the amplification circuit and the resonator while ensuring the 
resonator made good contact with the thermal chuck.  

Once the resonator was tested at both frequencies 
individually, the resonator then needed to be tested with 
both frequency modes running simultaneously. This 
required a more complex amplifier circuit with filtering, 
which made to be designed and ordered. The new board 
was designed and fabricated but arrived very recently and 
has not been tested yet. 

 

 
Figure 9. PCB that supports a wideband amplifier and filtering to 

allow for oscillation and two frequencies simultaneously. 

V. RESULTS 
The first thing tested with the microcontroller was the 

response time for a control output. The microcontroller 
was setup as described above to take the input from the 
frequency counter and produce a control output. The 
system time when the input was received was recorded 
and then the parsing and PID loop were run. The time was 
recorded when the output was generated, and the time 
difference was sent to the computer acting as the DUT to 
be recorded.   

 

 
Table 1. The sample rate on the frequency counter was varied 

while the PID control loop was running which allowed. Values were 
calculated with a sample size n = 100.  

During the measurement the python script running on 
a laptop was set to act as the DUT by controlling the 
signal source generator. This allowed the current to be 
related to a calculated “temperature” which increased as 
the current increased. The temperature was then 
correlated to the upper and lower frequencies and varied 
in accordance with the temperature as the device behavior 
is expected to. The control setup is set to have an initial 
value of 10 mA in order to ensure the device starts heating 
right away and because it is known that the ideal current 
is somewhere between 70-80 mA. The PID is tuned with 
a slightly overdamped response to ensure there is minimal 
overshoot which could damage or shorten the life of the 
device.  

 
The sample rate was set to 1 Hz so the “device” (a 

computer) frequency was measured every second. 
Despite the fact that the computer is not a real time device, 
it was able to keep up with the very slow sample rate and 
give a moderately accurate model of the device response 

Sample Rate (s) Avg (ms) Min (ms) Max (ms) Std (ms)
1 131.08 131 132 0.2713

0.5 131.14 131 133 0.3747
0.4 120.09 119 121 0.6495
0.3 120.09 119 121 0.5848
0.2 120 119 121 0.5291

0.125 120.01 119 121 0.60819



 
Figure 10. Response of the PID controller in terms of current over 

150 samples (each sample is taken every second). 

 

VI. DISCUSSION/INTERPRETATION 
 
One of the most interesting results occurs when the 

sample rate is increased. Looking at Table 1, the response 
time of the microcontroller jumps from 120 ms to 130 ms 
when the sample ratio goes from 0.4 s to 0.5 s. This seems 
counter intuitive because the same operations are 
performed. The explanation for why this occurs appears to 
be related to the frequency counter. When the frequency 
counter is writing results at a high rate is slightly truncates 
the values it is sending out (8 digits instead of 16 digits). 
The decrease in digits causes a slightly reduced read time 
on behalf of the microcontroller, reducing the response 
time. Needless to say, the difference in response time was 
largely a non-issue since the necessary control rate of 1 s 
was far larger than the average response time of 130 ms. 
The response time stayed relatively constant even when 
greatly varying the PID inputs, which is to be expected 
since the same mathematical operations are always 
performed.  

The PID response was able to be tuned to a nice 
underdamped response in order to avoid damage to the 

heater. The PID may need to be pushed more toward a 
critically damped condition in order to improve the 
response time. Once the physical device is operational this 
may be necessary in order to more precisely maintain the 
temperature of the device.  

VII. CONCLUSIONS 
Through this study it was demonstrated that many 

smaller pieces to a larger puzzle are starting to come 
together. The MEMs resonators were able to be operated 
at two distinct frequencies and two distinct mode 
independently. The PID controller was able to be 
successfully integrated with the frequency counter and 
current control device in order to provide a complete 
frequency-based temperature control solution for TPOS 
resonators. The frequency control solution was then tested 
on a synthetic device that was created with a laptop, 
python script and signal source analyzer. Ultimately this 
demonstrated a feasible solution that will be implemented 
in the coming semesters for a fully controlled temperature 
stable oscillator. 
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