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Abstract: Ultrasonic oscillating temperature sensors (UOTSes) allow sensing aggregate tempera-

tures across, for example, a complete room, and react at the temperature changes within millisec-

onds [1]. Their output frequency is to be measured with relatively high accuracy (standard crystal 

oscillators might be insufficient) and resolution (down to 0.01%) though. For this reason, wide adop-

tion of these sensors requires development of a robust, inexpensive and convenient way of measur-

ing their output frequency. We tried various microcontrollers and ways of measuring frequency 

using built in timers. Utilising the direct memory access (DMA) mode for STM32 microcontrollers 

allowed recording measurements for every half period of the incoming frequency. Despite every 

individual measurement is inaccurate on its own, moving average of these allows achieving arbi-

trary accuracy (at the expense of measurement latency) along with providing frequencies after every 

half period of the UOTS output pulses. This capability not only exceeds the needs of, say, room 

temperature measurement, but also gives an opportunity to study short term variations in aggre-

gate temperatures that can be useful for studying non-stationary heat distributions and flows. 
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1. Introduction 

Frequency control and measurement play crucial role in various areas of electrical 

and electronic engineering, i.a. electricity networks and telecommunications. The major 

advances in the field are associated with the development of crystal oscillators and atomic 

clocks, which enabled inexpensive but accurate oscillators and ultimate frequency accu-

racy and stability respectively. The availability of such oscillators allowed precise syn-

chronisation of generating electrical grids and high throughput communications. 

Frequency measurement involves benchmarking the frequency in question 𝐹𝑥 

against a reference one 𝐹𝑟. Well established approaches involve using a gated counter 

that is connected to both the clock sources (Figure 1). If 𝐹𝑟 >> 𝐹𝑥, the 𝐹𝑥 source is used 

for enabling the counter. Otherwise the Enable input is connected to the 𝐹𝑟 source. As 

the  

 

Figure 1. Gated counter for measuring frequency. 
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Two clocks are generally not synchronised (i.e., derived from two different oscilla-

tors), the 𝐹𝑥/𝐹𝑟 (or 𝐹𝑟/𝐹𝑥) ratio is fractional. The counter produces an integer value, ef-

fectively cutting off the fractional part of the ratio. The relative accuracy of frequency 

measurement can thus be calculated as 

𝜀 ≤  
1

max (
𝐹𝑟
𝐹𝑥

,
𝐹𝑥
𝐹𝑟

) + 1
 (1) 

Consequently, the higher the ratio between the frequencies, the higher the measure-

ment accuracy. 

Although various sensors vary their output frequency as the response to the sensed 

value [2], our interest towards measuring the output sensor’s frequency is primarily re-

lated to the ultrasonic oscillating temperature sensors (UOTSes) that can operate in vari-

ous media [1,3]. UOTSes can operate in liquids at the centre frequency of hundreds of kHz 

but require frequency measurement with an accuracy of a few Hz [3]. Because of such a 

relatively high frequency of operation, providing the 𝐹𝑟/𝐹𝑥 ratio in order of 10,000 using 

an inexpensive reference oscillator is very complicated if possible at all. A better solution 

would be to employ a several (rather than one) gating pulses [4,5]. 

Figure 2 (where Tr is the reference time interval that was derived from an appropriate 

number of 𝐹𝑟 pulses) illustrates various methods for frequency measurement. 

 

Figure 2. Waveforms illustrating various methods for frequency measurement waveforms. 

If 𝐹𝑟 > 𝐹𝑥 (which holds for known UOTSes), the 𝐹𝑥 pulses gate the counter that 

counts K2 Fr pulses. (If 𝐹𝑟 pulses are used to define the reference time interval Tr, the 

interval is used at the Enable input of the counter, which counts K1 pulses of 𝐹𝑥. This 

mode was frequently employed in frequency meters in the past. By making Tr propor-

tional to 10 s, 1 s, 0.1 s etc it became possible, by altering the position of decimal point, to 

display the counter value as 𝐹𝑥 directly.) If several UOTS’ pulses are used to gate the 

counter, the latter ends up with a considerable higher reading K3 (shown for the number 

of gating pulses N = 2 in Figure 2), which increases the frequency measurement accuracy 

accordingly: 

𝜀 ≤  
1

N × max (
𝐹𝑟
𝐹𝑥

,
𝐹𝑥
𝐹𝑟

) + 1
 (2) 

This measurement scheme was successfully implemented by using discrete logic [5] 

and integrated circuits with proprietary architecture (namely, Programmable Systems on 

Chip PSOC-1 [3,4]). As we try using conventional microcontrollers (MCUs) in our air 

UOTS design, we compared various ways of using built-in MCU timers for measuring the 

output frequency, which belongs to the range 40 ± 2 kHz [1]. An STM32G474 MCU was 

used in our experiments because of our familiarity with this series but the results are ap-

plicable to other MCUs. 
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2. Different Methods for Frequency Measurement Using MCUs’ Built in Timers 

An MCU timer can be used for frequency measurement directly in its Capture mode, 

which operates similarly to the gated counter. 𝐹𝑟, usually generated internally, is sup-

plied to the timer’s clock input, and 𝐹𝑥, acting as the gating signal, is supplied to the 

Capture pin. The timer counts the clock pulses between the two consecutive edges of 𝐹𝑥 

then typically generates interrupt that allows the central processing unit (CPU) to process 

the captured count. Unfortunately, typical MCU timers cannot keep counting for a few 

periods of 𝐹𝑥 on their own. 

Most MCU feature multiple timers that can be combined. Figure 3a presents two tim-

ers, that start counting 𝐹𝑥 and 𝐹𝑟 pulses at the same time. When TMR1 have counted to 

the chosen value of 𝐹𝑥 pulses N, it generates an interrupt and MCU reads the accumu-

lated value from TMR2. As responding to interrupt and reading TMR2 takes some CPU 

cycles, the read value might become inaccurate. Additionally, resetting the timers cannot 

be done truly synchronously resulting to increase in measurement error. 

 

Figure 3. Measuring frequency using built-in timers ((a)—unlinked timers, (b)—externally linked 

timers, (c)—internally linked timers, timer in the DMA mode). 

A better accuracy can be achieved when the output of 𝐹𝑥-connected timer gates an-

other timer (Figure 3b for external connection, suitable for most MCU timers, and Figure 

3c for timers with internal synchronisation, available for STM32 MCUs [6]). This way the 

TMR2 stops counting after the set number of 𝐹𝑥 pulses thus the MCU reads the accurate 

value. Unfortunately, the timers’ tandem cannot operate for the following period of 𝐹𝑥 

because it takes MCU some time to read and store the count. For this reason, it is impos-

sible getting continuous stream of the counted values, which is desirable for UOTS meas-

urements. 

The CPU involvement can be avoided completely if the timer transfers counted val-

ues to the MCU memory using direct memory access (DMA) mode (Figure 3d). In our 

development we followed a video walkthrough tutorial [7] and relevant code [8] to im-

plement this mode of operation. Both rising and falling edges of 𝐹𝑥 trigger the DMA 

transfers, and the CPU is notified by an interrupt when the 𝐹𝑟 count for each halh-period 

of 𝐹𝑥 is captured and transferred to the MCU memory. 

In order to verify accuracy and convenience of this measurement arrangement, we 

used one STM32 timer (TMR2 in PWM mode) that generated 40 kHz 𝐹𝑥 pulses from two 

primary oscillators—high-speed internal (HSI, RC-oscillator with accuracy and stability 

in the order of ±1% [9]) and high-speed external (HSE). The HSE oscillator was connected 

to the 24 MHz crystal available on the STM32 Nucleo-G474RE board and its accuracy and 

stability was determined by the crystal, typically in the order of ±50 ppm. TMR3 was 
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configured to operate in the DMA mode, counting the 𝐹𝑟  pulses from the Vectron 

C4550A1 oven-controlled oscillator (OCXO) with the stability of ±50 ppb [10] as shown in 

Figure 4. 

 

Figure 4. Frequency measurement verification setup setup. 

The interrupt service routine counted the interrupts and flagged up when the data 

for chosen number of 𝐹𝑥 pulses N were fully collected in the memory buffer. The indi-

vidual half-period counts were then averaged. 100 ms delay was actioned before starting 

the following measurement. 

3. Experimental Results 

Figure 5 presents measurement results for both the primary oscillators. 

 

Figure 5. Measured ratios 𝐹𝑟/𝐹𝑥 for 40 periods of 𝐹𝑥 (100 ms delay between measurements). 
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As expected, 𝐹𝑥 pulses, derived from the HSI oscillator, varied to much greater ex-

tent comparing to the ones, derived from the HSE oscillator. The graph of the HIS esti-

mates resembles some noisy process. In contrast, only three values were captured for the 

𝐹𝑥 pulses, derived from the HSE oscillator, confirming its much higher stability. 

Processing of the acquired time series resulted in the numerical estimates of their 

statistical parameters, presented in Figure 6. 

 

Figure 6. Statistical parameters of the acquired time series. 

It can be seen that the standard deviation for the HSE derived pulses, despite being 

much smaller than that of the HIS derived pulses, does not corresponds well to the spec-

ified stability of the crystal oscillators. We attributed this to the insufficient number of 

averages used and repeated the experiment with 4000 averages instead of 40. The results 

confirmed that moderate number of averages could be insufficient when evaluating scat-

ter of high-quality frequency sources. The acquired time series is presented in Figures 6 

and 7 distinct values. 

 

Figure 7. Measured ratios 𝐹𝑟/𝐹𝑥 for 4000 periods of 𝐹𝑥, derived from the 24 MHz crystal oscillator 

(100 ms delay between consecutive measurements). 

4. Summary and Conclusions 

We compared various methods of frequency measurement using timer peripherals 

of modern MCUs with the purpose of continuously and accurately measuring output fre-

quency of UOTSes. 

The required accuracy can be achieved by counting the reference pulses during sev-

eral periods of the frequency source in question (40 periods were enough for a low stabil-

ity oscillator but 4000 were required to assess a high stability one). This operation is not 

achievable using a conventional MCU timer’s Capture mode though. 

Even when using two timers, a continuous stream of frequency estimates is difficult 

to accomplish because the CPU need to read the captured values that should be frozen 

during this time, and the timers are difficult to restart at the very same time. 
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These inconveniences can be mitigated by employing a timer in the DMA mode, 

when the captured values are stored in the MCU’s memory without any CPU interven-

tion. The employed STM32D474 MCU could capture values at every edge of the incoming 

pulses, enabling measurement for every half period of these. The CPU averaged the cap-

tured data for the required number of pulses only and communicated the result fully in-

dependently. 

Verification of the design was conducted using two separate oscillators, low stability 

RC one and high stability crystal oscillator. The obtained results were as expected. 

As the reference pulses are captured for every half-period of the input frequency, it 

becomes possible to provide continuous stream of moving average estimates of the output 

frequency of UOTSes. It seems feasible achieving required accuracy with a conventional 

crystal oscillator, connected to an MCU’s external high-speed oscillator. As the derived 

timer’s clock frequency can be in the order of 100 MHz, the acceptable number of input 

signal’s periods should be in the order of ten. Therefore, a conventional MCU with exter-

nal crystal seems sufficient to enable continuous accurate moving average measurement 

of the output frequency of UOTSes. 
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