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Abstract: An experimental investigation of metrological characteristics of designed Universal Sensors and 
Transducers Interface (USTI-MOB) integrated circuit is described in the article. The USTI-MOB is based on the 
four novel patented methods for frequency (period), its ratio, phase shift and duty-cycle measurements, and has 
a non-redundant conversion time. Experiments have confirmed the high metrological performance at low power 
consumption (0.35 mA current consumption at Vcc = 1.8 V). So, the relative error of frequency and period 
measurements is constant in the whole specified measuring range of frequencies (from 0.25 Hz to 1.95 MHz) 
and with 95 % confidence does not exceed ±0.00089 % in the worst case. Metrological characteristics of 
measurements of other frequency-time parameters of signals make the USTI-MOB very suitable for various 
sensor systems design for mobile devices, IoT, etc. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 
 

The Universal Sensors and Transducers Interface 
(USTI-MOB) Series of integrated circuits is the next 
generation of popular Series of ICs UFDC-1,  
UFDC-1M-16, USTI and USTI-EXT designed for 
accurate measurements of frequency-time parameters 
of signals [1-6]. Taking into account low power 
consumption (< 0.35 mA) and a wide functionality, 
the USTI-MOB is suitable for applications in various 
sensor systems in mobile devices (smartphones and 
tablets) and Internet-of-Things devices (IoT) [7]. 

In order to be accepted by the modern marker, 
manufacturers of any measuring devices must 
experimentally confirm its metrological 
performances. Today, there are a lot of smartphones 
and tablets with embedded sensors and metering 
applications. Unfortunately, a lot of such sensor 
systems have very poor metrological characteristics. 

Many metering applications can be considered only 
as "toys", especially applications, based on GPS. For 
example, barometric and altimeters applications from 
various manufactures give results of measurements, 
which are differ in 1.5 times. 

Metrological characteristics of any sensor systems 
are mainly dependent on errors of sensors and ADC 
converters. In order to minimize it at reasonable 
costs, frequency output sensors and appropriate 
frequency-to-digital converters must be used. Such 
solution also gives a lot of advantages [7], including 
significantly increased numbers of accurate 
embedded sensors in the future mobile devices due to 
an increased system integration level [7]. For these 
reasons, a current study and experimental 
investigation aimed at development a novel approach 
for sensor systems design using the USTI-MOB and 
frequency (period)- and (PWM) output sensors were 
carry out and described in this article. 

http://www.sensorsportal.com/HTML/DIGEST/P_2655.htm
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The article is organized as follow. In Section I the 
experimental set-up and measurement technique are 
described. The experimental results for frequency, 
period, pulse width, pulse space and rotational speed 
measurements are provided and discussed in Section 
II. The article is concluded in Section III. 

 
 

2. Measurement Technique  
and Experimental Set-Up 
 

The aim of this research was to determine limited 
metrological characteristics of designed USTI-MOB 
such as measuring ranges, measuring time and 
relative errors of measurements for various 
frequency-time parameters of signals such as 
frequency, period, frequency/period ratio/difference 
pulse width and pulse space. 

The diagram of experimental measurement set-up 
for the USTI-MOB is shown in Fig. 1, and circuit 
diagram of USTI-MOB connection - in Fig. 2. The 
last circuit diagram is similar to the USTI circuit 
diagram of connection [1, 5]. The difference is only 
in the voltage of power supply Vcc: 1.8 V for  
USTI-MOB and 5 V for USTI. 

Two square waveform pulse signals whose 
frequency-time parameters must be measured, were 
fed from two channels of Waveform Generator 
Agilent 33500B to inputs FX1, ST1 and FX2, ST2 
(the 1st and 2nd channel of IC respectively) of the 
USTI-MOB running on a 4 MHz clock. 

The supply voltage of the evaluation board was 
+14 V dc, provided by the Promax FA-851 power 
supply. The frequency-time parameters of signals 
generated by the waveform generator were measured 

by both: the USTI-MOB and Universal Frequency 
Counter/Timer Agilent 53220A with the ultra high 
oven stability internal time base. The two-channel 
digital oscilloscope Promax OD-591 monitored the 
signals waveforms. Before measurements, the  
USTI-MOB was calibrated in the working 
temperature range: +22.7…+ 25.3 oC at 34-38 % RH. 
The measurands were sent to a PC via an RS232 
interface implemented with the ST202D IC. The user 
interface was realized with the help of terminal 
software Terminal V1.9b running under Windows XP 
or Windows 7 operation systems. As usually, every 
measurement were consisted of 100 values (sample 
size). The measurement errors were evaluated from 
appropriate statistics with the help of NUMERI [8] 
and STATISTICA V.12 software. The number of 
intervals grouping of experimental data for 
histograms was selected according to the following 
equation [9]: 

 

 0.4
min 0.55m n=  and 0.4

max 1.25m n= , (1) 

 
where n is the sample size. For n=100, the numbers 
of intervals grouping of experimental data m are the 
following: mmin = 4 and mmax = 8. 

The Waveform Generator Agilent 33500B has the 
high-stability OCXO timebase (frequency reference 
±0.1 ppm of setting ±15 pHz) [10]. The Universal 
Frequency Counter/Timer Agilent 53220A-010 has 
the ultra high-stability OCXO timebase (±50 ppb) 
[11]. The photo of experimental set-up is shown in 
Fig. 3. 

 

 
 

Fig. 1. Diagram of experimental measurement set-up. 
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Fig. 2. Circuit diagram of USTI-MOB connection. 
 
 

 
 

Fig. 3. Experimental measurement set-up. 
 
 

3. Experimental Results 
 

3.1. Frequency (fx) and Period (Tx) 
Measurements 

 

Frequency fx and period Tx=1/fx measuring modes 
are most important modes of USTI-MOB. Both are 
based on the patented advanced modified method of 
the dependent count, which guarantees the constant, 
selectable (programmable) relative quantization error 
in the specified measuring range of frequencies from 
infralow frequency to high frequency; non-redundant 
conversion time, which can be changed adaptively 
according to the programmable relative error, and 
scalable resolution. 

The measuring range of USTI-MOB, which has 
been determinated experimentally is from 0.25 Hz to 
1.95 MHz without prescaling and 31.2 MHz with 
prescaling (a digital binary divider to 16). 

During the experimental investigation, 
measurements have been made for the following 
frequencies (100 times for each value): 0.25 Hz,  
1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz,  
1 MHz and 1.95 MHz. The conventional true values 
for these frequencies have been measured by the 
Universal Frequency Counter/Timer Agilent 53220A. 

The minimum possible relative error of  
USTI-MOB has been selected (programmed) for all 
of measurements (command "a0A" for the RS232 
communication interface [5]). Before the each series 

USTI-MOB 
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of measurements, the USTI-MOB has been calibrated 
in order to compensate timebase's errors due to the 
quartz crystal's non-perfect technology of 
manufacturing, aging and temperature changes 
during the experimental investigation. 

Experimental results for 10 Hz, 100 kHz and  
1.95 MHz frequencies measurements are shown in 
Fig. 4-6 respectively. The χ2 test for goodness of fit 
test was applied to investigate the significance of the 
differences between observed data in the histograms 
and the theoretical frequency distribution for data 
from a normal, uniform or exponential population. If  
S < χ2

max, where S is the sum of deviations between 
the dataset and the assumed distribution, and χ2

max is 
the maximum possible allowable deviation in the χ2 
distribution, the hypothesis of appropriate 

distribution can be accepted [8]. The χ2 test has been 
used at 95 % confidence and the number of intervals 
grouping of experimental data for histograms  
m=6 or 7, see equation (1). 

The statistical characteristics are adduced in  
Table 1. As it is visible from the table, the maximal 
relative error with 95 % confidence does not exceed 
the relative error δx < ±0.00089 % in the whole 
specified range of frequencies including low and 
infralow frequencies. As usually, modern 
frequency/period output sensors and transducers have 
relative errors in 2-3 order more in comparison with 
the USTI-MOB relative error [1, 12]. Hence, the 
USTI-MOB error can be neglected at such sensor 
systems design in accordance with the rule of neglect 
small components of the error [9]. 
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Fig. 4. Input signal oscillogram (a), conventional true value (b), results of measurements (c), relative errors (d),  
distribution density (e), and distribution function (f) for 10 Hz measurements. 



 

 

 
Table 1. Statistical characteristics of frequency measurement results. 

 
           Frequency, fx 
Parameter 

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 1.95 MHz 

Minimal fx (min), Hz 10 99.9993 999.9895 9999.9424 99999.4222 999985.415 1949991.47 

Maximal fx (max), Hz 10.0001 100.0023 1000.0238 10000.2418 100006.919 1000020.4 1950022.22 

Sampling Range, 
fx (max) - fx (min), Hz 

0.0002 0.0029 0.0343 0.2994 7.4974 34.9914 30.742 

Median 0 0 0 0 0 0 0 

Arithmetic Mean, Hz 10.0001 100.0008 1000.0075 10000.0906 100001.719 1000004.01 1950009.98 

Variance, Hz 9.3E-0010 3.7E-0007 4.2E-0005 0.004 2.6661 68.6926 73.2391 

Standard Deviation, Hz 3.1E-0005 0.0006 0.0065 0.0636 1.6328 8.2881 8.558 

Coefficient of Variation 327347.961 164865.824 154713.577 157184.679 61245.2203 120655.427 227858.612 

Number of intervals 
grouping of 
experimental data, m 

7 7 7 7 7 6 6 

Confidence Interval at 
probability P=95 % 

fx∈ [10.0001 ÷  
÷ 10.00019] 

fx∈ [100.0007 ÷  
÷ 100.001] 

fx∈ [1000.0062 ÷  
÷ 1000.0088] 

fx∈ [10000.0781 ÷ 
÷ 10000.103] 

fx∈ [100001.397 ÷  
÷ 100002.04] 

fx∈ [1000002.38 ÷  
÷ 1000005.63] 

fx∈ [1950008.3 ÷  
÷ 1950011.66] 

Maximal Relative 
Error, δx % 

≤ ±0.00089 ≤ ±0.00019 ≤ ±0.00013 ≤ ±0.00012 ≤ ±0.00032 ≤ ±0.00016 ≤ ±0.000086 

Distribution low: S < > χ2  

- uniform S=85.64  > χ2=12 
(rejected) 

S=37.76  > χ2=12 
(rejected) 

S=73.46 > χ2=12 
(rejected) 

S=63.24 > χ2=12 
(rejected) 

S=117.72 > χ2=12 
(rejected) 

S=87.8 > χ2=11 
(rejected) 

S=46.76 > χ2=11 
(rejected) 

- normal S=14.48  > χ2 =9.4 
(rejected) 

S=12.24 > χ2 =9.4 
(rejected) 

S=44.83 > χ2 =9.4 
(rejected) 

S=7.32 < χ2 =9.4 
(accepted) 

S=78.46 > χ2 =9.4 
(rejected) 

S=68.18 > χ2 =7.8 
(rejected) 

S=32.23 > χ2 =7.8 
(rejected) 

- exponential 
S= 33589668.9 > 
> χ2 =11 
(rejected) 

S= 12421098.7 >  
> χ2 =11 
(rejected) 

S= 13652305.3 >  
> χ2 =11 
(rejected) 

S= 14763268.9 >  
> χ2 =11 
(rejected) 

S= 7026686.45 >  
> χ2 =11 
(rejected) 

S= 14570357.5 >  
> χ2 =9.4 
(rejected) 

S= 25046260.8 >  
> χ2 =9.4 
(rejected) 
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Fig. 5. Input signal oscillogram (a), conventional true value (b), results of measurements (c), relative errors (d),  
distribution density (e) and distribution function (f) for 100 kHz measurements. 

 
 

3.2. Frequency Ratio (fx1/fx2) and Period 
Ratio (Tx1/Tx2) Measurements 

 
There are two ways for frequency/period ratio 

measurements in the USTI-MOB. In both cases 
unknown frequencies fx1, fx2 or periods Tx1, Tx2 must 
be fed on two inputs FX1, ST1 and FX2, ST2 
respectively of the IC. According to the first method, 
the frequency/ period ratio is measured with the help 
of a special measuring mode (commands "m08" or 
"m09" for the RS232 communication interface) [6]. 
According to the second method, both 
frequencies/periods are measured with the help of 
frequency/period mode in each of channel 
(commands "m00" and "m0E" respectively [6]), then 
the ratios fx1/fx2 or Tx1/Tx2 must be calculated with the 

help of an external microcontroller (in the case of 
digital sensors and sensor systems) or by PC (in the 
case of DAQ systems). The second measuring 
method is a little bit more accurate in comparison 
with the first one, but needs in twice longer 
conversion time. It is suitable for measurement 
conditions, when a dynamic error is quite low. 

During the experimental investigation, the 
unknown frequencies/periods were generated by the 
2-channel Waveform Generator Agilent 33500B  
(see oscillograms of appropriate signals in Fig. 7). In 
parallel to the USTI-MOB, the measurements were 
made by the Universal Frequency Counter/Timer 
Agilent 53220A in order to get the conventional true 
value of ratio for measurement errors calculation 
(Fig. 8). 
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Fig. 6. Results of measurements (a), relative errors (b), distribution density (c), and distribution function (d)  
for 1.95 MHz measurements. 

 

 
 

Fig. 7. Oscillograms of input signals at frequency ratio 
measurements: 1 - fx1=2 kHz, 2 - fx2= 1 kHz 

 
 

 
 

Fig. 8. Conventional true value for frequency  
ratio measurement. 

The experimental results of frequency ratio 
measurement for fx1 = 2 kHz and fx2 = 1 kHz are 
shown in Figs. 9 and 10 respectively. The statistical 
characteristics are adduced in Table 2. As it is visible 
from the table, the maximal relative errors with 95 % 
confidence do not exceed the error δx < ±0.0025 % 
for the first and the second measuring methods. 
 
 
3.3. Pulse Width tp and Pulse Space ts 

Measurements 
 

Alongside with the period of signal Tx, the pulse 
width tp and pulse space ts are two important time 
parameters, which are necessary for duty-cycle 
(D.C.=tp/Tx), duty-off factor (1/D.C.) and PWM (tp/ts) 
indirect measurement and calculation. Such time 
parameters of signals are widely used as output 
informative parameters for different sensors [12]. 
According to the IFSA Study 2013, such sensors 
have 16 % of share among all quasi-digital sensors on 
the modern market. 

The pulse width tp and pulse space ts 
measurements in the USTI-MOD are performed 
according to the classical method with the maximum 
possible accuracy for a current measurand and in the 
range from 7 μs to 1000 s. The pulse width tp and 
pulse space ts can be measured in both USTI-MOB's 
channels: the mode '0B0' and '0C', and mode '17' and 
'18' accordingly [5].  
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Fig. 9. Results of measurements (a) and relative errors (b) for frequency ratio measurements 
by the 1st measuring method. 

  
  

1,99992

1,99994

1,99996

1,99998

2

2,00002

2,00004

2,00006

2,00008

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 10
0

f x
1/

f x
2

n

fx1/fx2 = 2

 

0

0,0005

0,001

0,0015

0,002

0,0025

0,003

0,0035

0 20 40 60 80 100 120

Re
la

tiv
e 

er
ro

r, 
%

n

δx (fx1 / fx2 = 2), %

 

a) b) 
  

Fig. 10. Results of measurements (a) and relative errors (b) for frequency ratio measurements 
by the 2nd measuring method.

 

 
 

Table 2. Statistical characteristics of frequency ratio fx1/fx2 measurement results. 
 

                       Method of Measurement 
Parameter 1st 2nd 

Minimal fx1/fx2 (min) 2 2 
Maximal fx1/fx2 (max) 2.0001 2.0001 
Sampling Range, fx1/fx2 (max) - (min) 0.0001 0.0001 
Median fx1/fx2 0 0 
Arithmetic Mean fx1/fx2 2.00005 2.00005 
Variance fx1/fx2 4.3E-0010 3.6E-0010 
Standard Deviation fx1/fx2 2.1E-0005 1.9E-0005 
Coefficient of Variation fx1/fx2 96219.6783 105727.359 
Number of intervals grouping of experimental 
data, m 7 7 

Confidence Interval at probability P=95 % fx1/fx2 ∈ [2 ÷ 2.0001]  fx1/fx2 ∈ [2 ÷ 2.00005] 
Maximal Relative Error, δx % ≤ ±0.0025 ≤ ±0.0025 
Distribution low: S < > χ2  

- uniform S=69.96 > χ2=12 (rejected) S=51.34 > χ2=12 (rejected) 
- normal S=15.93 > χ2 =9.4 (rejected) S= 6.97 < χ2 =9.4  (accepted) 

- exponential S=8513325.69 > χ2 = 11 
(rejected) 

S= 9099178.78 > χ2 = 11 
(rejected) 
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In this method, the relative error (in %) can be 
calculated according to the following equation: 

 

 

6

1
100

4 10tx
pt

δ = ×
× ×

  (2) 

 

Before measurements, the USTI-MOB was 
calibrated in the working temperature range:  
+23.2 oC at 37-38 % RH. Oscillograms of input 
signal and the conventional true value of pulse width 
for measurement errors calculation are shown in  
Fig. 11 and Fig. 12 respectively for the tp=100 μs 
measurements at 1 kHz input frequency. The lead and 
trail edges of input pulse signal were from 8.4 to 9 ns. 

 
 

 
 

Fig. 11. Oscillograms of input signals at pulse width 
measurements (tp=100 μs). 

 
 

 
 

Fig. 12. Conventional true value for pulse width 
measurement (tp=100 μs). 

 
 

The experimental results of pulse width 
measurements are shown in Fig. 13, and statistical 
characteristics - in Table 3. As it is visible from the 
Table 3 the relative error does not exceed ±0.69 % at 
probability 95 %. Based on the χ2 test, the hypothesis 
about uniform, normal and exponential distributions 
were rejected because of S > χ2 [8]. 

The similar metrological characteristics are 
predictable for measurements of the same values of 
pulse space ts and time interval T between START- 
and STOP-pulses. 
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Fig. 13. Results of measurements (a) and relative errors (b) 
for pulse width measurements (tp=100 μs). 

 
 

Table 3. Statistical characteristics of pulse width tp 
measurement results. 

 
Parameter Value 

Minimal tp, (min), μs 99.2495 
Maximal tp, (max), μs 100.7495 
Sampling Range,  
tp, (max) - (min), μs 

1.5 

Median tp μs 0 
Arithmetic Mean tp, μs 100.0645 
Variance tp, μs 0.1031 
Standard Deviation tp, μs 0.321 
Coefficient of Variation tp, μs 311.7069 
Confidence Interval  
at probability P=95 % 

tp ∈ [99.2495335 ÷ 
÷ 100.749526] 

Maximal Relative Error, δx % ≤ ±0.69 
 
 

3.5. Other Frequency-time Parameters' 
Measurements 

 

In addition to discussed frequency-time 
parameters of signals, the USTI-MOB can measure 
rotational speed, frequency/period difference, relative 
and absolute frequency deviation, and can to count 
the pulse number. 

The high precision, accurate rotational speed 
measuring mode makes the USTI-MOB very suitable 
for the applications in hand-held tachometers, digital 
rotational speed sensors, appropriate sensor systems 
in mobile devices, etc. In this measuring mode, the 
USTI-MOB has the same metrological 
characteristics, as in the frequency measuring mode. 
The rotational speed is calculated by the USTI-MOB 
according to the following equation: 
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Z
fn xx

60⋅= , (3) 

 

where Z is the number of gradations ("teeth") of 
modulating rotor. The USTI-MOB returns a result of 
measurement in the rpm unit. 

The modes for frequency/period difference, 
relative and absolute frequency deviation are very 
suitable for various chemical sensors and biosensors 
[1]. The pulse count mode can be used in sensor 
systems based on the pulse count output sensors, for 
example, pressure sensors series D8M-D1/D2 and 
D8M-D82 from Omron; pulse density output 
accelerometers from Silicon Designs, etc. [12].  

As it was described in [7], the USTI-MOB can 
work also with any analog output sensors with the 
help of intermediate voltage-to-frequency converters. 
In such case many sensors can be embedded into 
mobile devices without any complex sensor fusion 
algorithms. 

 
 

4. Measurement Time 
 

Similar to the USTI integrated circuit the USTI-
MOB's measurement time also has three components: 
conversion rate, calculations time and 
communication time [1, 4]. Nevertheless the 
conversion rate is non-redundant and dependent only 
on the required relative error of measurement, it is in 
5 times more in comparison with the USTI's 
conversion rate due to the reduced clock frequency  
(4 MHz for USTI-MOB in comparison with  
20 MHz for USTI). The calculation time is also 
reduced in the same number.  

The serial clock frequency for the I2C interface is 
20 kHz; and 28 kHz for the SPI interface. But the 
maximal possible baud rate for the RS232 interface 
has been increased from 1/38400 for USTI to 
1/76800 bps for the USTI-MOB. 

 
 

5. Conclusions 
 

The experimental investigation of the designed 
USTI-MOB integrated circuit confirms its high 
metrological characteristics at low power 
consumption (0.35 mA current consumption at  
Vcc = 1.8 V). So, the relative error of frequency and 
period measurements is constant in the whole 
specified measuring range of frequencies (from  
0.25 Hz to 1.95 MHz) and with 95 % confidence 
does not exceed ±0.00089 % in the worst case. 

Metrological characteristics of measurements of 
other frequency-time parameters of signal such as 
pulse width and pulse space, time interval, 
frequency/period difference and ratio, pulse number) 
demonstrate a possibility to use the USTI-MOB in 

different sensor systems (including smart sensor 
systems) based on appropriate quasi-digital sensors 
with mentioned informative parameters on its 
outputs. 

The optimal trade-off between accuracy, power 
consumption and communication speed has achieved. 
It makes the USTI-MOB suitable not only for mobile 
devices but also for other low power consumption 
applications such as IoT sensing devices, digital 
sensors, measuring instruments, etc.  

The future investigation and testing will include 
an experimental metrological characteristics 
determination for duty-cycle (duty-off factor), phase 
shift, capacitance, resistance and resistive bridge 
measurements.  

The USTI-MOB IC will be introduced on the 
modern market in the current year by Technology 
Assistance BCNA 2010, S .L. (Excelera), Barcelona, 
Spain (http://www.excelera.io). 
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