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This work is dedicated to the synthesis of a digital frequency counter and the selection of its hardware implementation.
The paper considers two frequency measurement methods: the discrete counting method and the filling method. In
order to better understand the principles of these methods, structural diagrams of frequency counters based on them
were developed. The authors examined the advantages and disadvantages of different hardware platforms such as rigid
logic chips, microcontrollers, and programmable logic integrated circuits (PLIC) technology. It was found that rigid
logic chips do not meet the requirements for small size and have limited capability for arithmetic operations. Although
microcontrollers have small dimensions, they are characterized by low operating frequencies, which may be insufficient
for certain applications. The use of PLIC technology proved to be the most optimal solution as it combines high operating
frequency, small size, and affordable cost. In this work, the authors synthesized a high-precision frequency counter using
PLIC technology. PLIC technology provides potential for the development of control and measurement equipment that
can compete with standard devices. The achieved results indicate that the chosen hardware platform based on PLIC
technology proved to be effective and allows for obtaining high-precision frequency measurement results in the frequency
range up to 1 MHz. In the practical part of the work, a prototype frequency counter was developed based on the selected
structural diagram. Added frequency synthesizer blocks and input selector enable verification of measurement accuracy
and the use of various input signals for measurement. The development of the prototype involved the use of ALTERA
microchips and the Quartus CAD system. The obtained results can be used in further research and development in the
field of control and measurement technology. Based on the results, new devices for accurate frequency measurement can
be developed for various fields such as telecommunications, medical diagnostics, scientific research, and many others.

The synthesized frequency counter based on PLIC technology represents an efficient device with accurate frequency
measurements. Its dimensions and material costs are optimal, making it attractive for a wide range of applications.
The experimental results confirm the high accuracy and efficiency of the proposed frequency counter.

Key words: frequency counter, PLIC, ALTERA, measurement.

BicHuk KpHY imeHi Muxanna Octporpaacbkoro. Bunyck 2/2023 (139)
185



ENNEKTPOHIKA

Introduction. The development and improve-
ment of control and information processing systems
are largely determined by the widespread adoption of
digital technology [1]. This is due to the well-known
advantages of digital devices compared to analog
ones, such as reliability, high stability of parameters,
and high accuracy of information processing. Addi-
tionally, digital devices can incorporate adaptation
algorithms, which are crucial for building highly
efficient information processing systems [2].

The aim of this development is to synthesize a
digital frequency counter for high-precision meas-
urement of the frequency of periodic signals. These
devices find wide application both in everyday life
and in production. They can be standalone products
or functional units of even more complex devices [3].
The accuracy, speed, and reliability of these devices
largely depend on the underlying hardware platform
on which the developed device is implemented.
Therefore, it is important to utilize the latest hard-
ware platforms. However, it is quite challenging to
meet this requirement at present.

The modern development of computer technology
allows for high-quality design of digital devices even
in domestic conditions, before their physical imple-
mentation. Circuit design software packages such as
Electronics Workbench, Microcap, and Quartus [4]
greatly facilitate the work of circuit designers. They
enable obtaining design results that are as close as pos-
sible to reality without physically building the device.

Overview of methods of building frequency
meters. Frequency meters play a crucial role in radio
engineering laboratories and are widely used for meas-
uring the frequency of periodic signals. As aresult, there
are numerous methods available for frequency meas-
urement [5]. The main methods include the resonance
method, capacitor charge-discharge method, bridge
method, discrete counting method, and fill method.

The resonance method is based on comparing
the measured frequency with the resonant frequency
of an oscillating circuit. It is applied for measuring
frequencies ranging from 100 kHz to 100 GHz. The
key component of a resonance frequency meter is the
oscillating system. For frequencies up to 100 MHz,
resonant circuits with lumped parameters are used,
while for higher frequencies up to 1 GHz, circuits
with distributed parameters in the form of coaxial or
strip lines are employed. At even higher frequencies,
volumetric resonators are used, and for frequencies
above 30 GHz, open resonators are employed [6].

The capacitor charge-discharge method involves
measuring the discharge current of a capacitor that
is periodically recharged according to the measured

frequency. The energy obtained during charging is
equal to the energy consumed by the microamme-
ter. Therefore, the amount of energy flowing through
the microammeter per second represents the aver-
age value of the discharge current over the period.
The readings of the microammeter are proportional
to the measured frequency. Capacitive frequency
meters are used for measuring frequencies ranging
from 10 Hz to 500 kHz with a basic accuracy of 2%,
at input voltage levels of 0.5 V to 200 V [7].

The bridge method is based on using frequen-
cy-dependent alternating current bridges powered
by the measured frequency. It is used for measuring
low frequencies within the range of 20 Hz to 20 kHz
with a measurement error of 0.5-1%. An electronic
millivoltmeter is employed as the balance indicator.
The presence of harmonics complicates the balanc-
ing process due to the non-sinusoidal nature of the
measured frequency, resulting in increased measure-
ment errors [8].

The discrete counting method is based on count-
ing the number of periods of the measured frequency
within a known time interval. This method offers
the highest measurement accuracy but requires the
inclusion of as many periods of the input signal as
possible within the measurement time interval. For
example, if 1000 periods of the input signal can fit
into the measurement time interval, the measurement
error will be =1 period, which is a good indicator.
This method is used for measuring frequencies above
100 Hz, with the upper frequency limit determined
by the speed of the employed components [9].

The fill method is similar to the discrete count-
ing method, but instead, it counts the number of
pulses with a known period within the duration of
one period of the measured signal. This method is
used when the frequency of the input signal is rel-
atively low, such as 1 Hz. By filling a time interval
of 1 second with pulses having a period of 1 ms, the
measurement error will also be +1 pulse.

All of the discussed methods enable frequency
measurement in laboratory conditions. However,
the first three methods have relatively high meas-
urement errors. The resonance method depends on
the quality factor of the resonant circuit, the capac-
itor charge-discharge method is affected by parame-
ter variations of the capacitor and the quality of the
microammeter’s magneto-electric system, while the
bridge method requires continuous balancing, the
use of precision components, and is designed for
measuring only sinusoidal signals.

The most accurate and stable methods are the fill
method and the discrete counting method [10; 11].
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However, each of them is not suitable for wide-range
frequency measurement. Frequency meters that com-
bine these two methods either have large dimensions
or high cost. Therefore, the practical task arises to
develop a digital frequency meter that combines these
two methods and covers a wide frequency range.

Development of a structural diagram of a digi-
tal frequency meter. First, to address the problem of
selecting an element base that would allow combin-
ing the methods of discrete counting and filling, it is
necessary to create structural diagrams of frequency
counters based on these principles.

Therefore, Figure 1 shows the structural dia-
gram of a digital frequency counter that utilizes the
method of discrete counting. The input signal is fed
into the input of the up-counter, which is controlled
by the reset signal from the frequency divider of the
quartz generator. The output value of the counter is
sent to the storage block where it is stored until the
measurement display takes place. The integration
time (Tiy) is typically chosen to be around 1 second,
which is sufficient for reading the information. (Tj,)
is the time during which we perform the counting of
the number of pulses of the measured signal.

Figure 2. Structural diagram of a digital frequency
counter based on the filling method.

In this case, the counter counts the number of
filling pulses and is reset by the input signal. If we
have a filling period duration of, let’s say, 1 us, then
the counter output will represent the duration of the
input signal period. Therefore, to display the fre-
quency, we will use an arithmetic divider:

Where v — represents frequency, and ¢ — repre-
sents period.

As a result of performing this operation, the
frequency value will be displayed on the block
indicators.

If we analyze both structural diagrams, we can
see that they have the same blocks. The difference
between them lies only in the fact that in Figure 2, the
input frequency and the divider signals are swapped,
and an arithmetic divider is used in the second struc-
tural diagram.

Based on this, we can choose the component base.
Let’s consider the advantages and disadvantages of
building the device using rigid logic chips, micro-
controllers, and programmable logic devices (PLIC).

Rigid logic chips cannot meet our requirement for
achieving small dimensions because implementing
the necessary circuits would require a large number
of chips. Moreover, this would reduce the device’s
reliability. It is also challenging to perform arithme-
tic division using rigid logic chips, although they
have lower cost and higher operating frequencies.

The possibility of reducing the size arises when
using microcontrollers [6]. They allow for arith-
metic division with sufficient accuracy, precise
counting, and have small dimensions and weight.
However, a drawback of widely available micro-
controllers is the low working frequency of the
quartz resonator. For example, microcontrollers
from ATMEL have a maximum operating frequency
of 16 MHz, which is insufficient for laboratory con-
ditions. There are specialized microcontrollers with
higher working frequencies, but their cost prohibits

; 1 o
) their widespread use.
Frequency
T divider —\L Tmeasurernent Tint
- Counter |— Stc_;rage |-} Display
Input signal unit block

Fig. 1. Structural diagram of a digital frequency counter based
on the principle of discrete counting

Frequency
divider l Tin Arithmetic
. . Storage division Display
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Fig. 2. Structural diagram of a digital frequency counter based
on the principle of filling
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The third option is the use of PLIC technology.
Despite its limited popularity, this technology has
relatively low cost. For example, non-specialized
chips from ALTERA [6] can cost between $20 and
$30. Their clock frequency can reach 250 MHz, and
they can have up to 14,400 programmable elements,
allowing for the creation of digital devices of con-
siderable complexity. Furthermore, it is possible to
design and simulate the device using the Quartus
software package [7], which enables device crea-
tion not only based on the element database but also
using the AHDL programming language and param-
eterized element libraries.

Based on the above, it can be noted that for the
development of a digital frequency counter that
works using discrete counting methods and filling,
programmable logic chips are the best choice. For
the practical implementation of the frequency coun-
ter prototype, we will select ALTERA chips and the
UP2 laboratory board from the same manufacturer.

Synthesis of digital frequency counter blocks
in the Quartus program. For the validation of our
selection justifications, a digital frequency counter
based on the structural diagram shown in Figure 1
was synthesized. It operates on the method of dis-
crete counting. The synthesis of digital frequency
counter blocks was carried out using the Quartus
software [7]. Unlike the structure in Figure 1, the
authors added two blocks — a frequency synthe-
sizer and an input selector. The frequency synthe-
sizer generates signals with different frequencies,

which can be used to verify the measurement
accuracy. The digital frequency counter selects
the signal whose frequency will be measured using
the input selector block. The synthesized electrical
circuit of the frequency divider block in Quartus is
shown in Figure 3.

The input signal is fed into an 8-bit counter
with a radix of 251 to divide the input signal to a
frequency of 100 kHz. This signal then goes into
the next 10-bit counter with a radix of 1000. As a
result, at the output corresponding to the most sig-
nificant bit, we obtain pulses with a frequency of
100 Hz. However, we cannot yet use them because
it is better to use a “clock pulse” for synchronization,
which is a short-duration pulse whose rising edge
we will control. To create this pulse, we will input
our pulses into the sync input of a synchronous D
flip-flop with dynamic control, and on the D input,
we will provide pulses from a reference generator.
As a result, at the output of the flip-flop, we will
obtain a pulse with a duration of 39.7 ns during the
rising edge of the pulse from the counter output,
which gives us pulses with a frequency of 1 Hz.

We will feed the most significant bit of the second
counter into a decade counter, and at its output, we
will obtain the desired pulses, which we will similarly
convert into “clock pulses”. To properly display them,
we need to turn off one of the decimal points on the
indicators, so we will generate a high and low level
using an inverter and 2 logic gates, AND and XOR. If
we look at the truth tables for these elements, we will

Fig. 3. Synthesized electrical circuit of the frequency divider block in Quartus
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see that if different signals are present at the inputs
of the AND gate, the output will be logic 0. Simi-
larly, we obtain logic 1 at the output of the XOR gate.

The synthesized electrical circuit of the block
in Quartus is presented in Figure 4.

The frequency counter block consists of four
decade counters connected in parallel with respect
to the sync inputs and in series with respect to the
data inputs. The input signal we are measuring is
applied to the input of the first counter. Then, at
its output, tenths of the measured frequency will
be generated at a frequency of 100 Hz. If we feed
the most significant bit to the input of the second
counter, we will obtain units at its output. Sim-
ilarly, we generate tenths and hundredths of the
input pulse count within 10 ms. Therefore, if we
input 154.3 kHz, we will obtain the number 1543
at the counter output, and we only need to light up
the corresponding decimal point on the display.

The storage block is organized based on a library
of parameterized elements. Specifically, a 16-bit D
flip-flop with dynamic control is created. It is syn-
chronized with a 1 Hz signal and stores the fre-
quency value obtained from the counter. All the
counters used are also created based on parameter-
ized elements. This also indicates the advantages of

using FPGA technology, as it is challenging to obtain
a counter with a radix of 251 using rigid logic chips.

The next block is the display block, whose elec-
trical circuit in Quartus is shown in Figure 5. The dis-
play block consists essentially of a 16-bit D flip-flop
and seven-segment code decoders. However, there is
a problem in that we lack a two-digit display for dis-
playing the frequency. Therefore, we will combine
the microchips together. All the calculations will be
performed by the FLEX10K due to its speed, and we
will transmit the values of the two most significant
bits through a jumper to the MAX7000S, which will
simply perform the functions of two seven-segment
code decoders. This will be the most optimal con-
figuration. Of course, instead of using 8 outputs for
transmission, we can use only 3 to transmit pulses
to the two most significant counters and synchro-
nization pulses, but this would increase the already
significant error due to the asynchrony between the
measurements of the higher and lower counters.

The frequency counter should perform accuracy
verification of measurements. Therefore, an addi-
tional block has been introduced, which is a fre-
quency synthesizer with frequencies of 0.8, 1.6, 25,
400, 200, and 100 kHz. The electrical circuit of the
frequency synthesizer block is depicted in Figure 6.

Fig. 4. Synthesized electrical circuit of the counter block in Quartus
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Fig. 5. Synthesized electrical circuit of the frequency value indication block in Quartus

It essentially functions as the same frequency
divider, but it outputs a single signal that is taken
from the outputs of the counters. The selection of
the desired signal is accomplished using switches
located on the board. The seventh switch feeds the
input signal from an external source to the output of
the synthesizer.

Results of the digital frequency counter
research. The Quartus package includes a utility
for device simulation, where input signals and
simulation time can be defined. Let’s choose a

simulation time of 30 ms. This will be sufficient
for the circuit to settle and for all processes to
be observed. To investigate, we will display the
main signals: the input signal from the reference
generator, the states of the selection switches for
reference signals, the sync pulse, the “needle”
pulse, the output signal from the synthesizer, and
the output digits. Specifically, the two least sig-
nificant digits will be displayed in seven-segment
code, while the two most significant digits will be
displayed in a four-digit code.

Fig. 6. Synthesized electrical circuit of the frequency synthesizer block in Quartus
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Fig. 7 shows the process of forming the “nee-
dle” pulse from rectangular pulses with a 50% duty
cycle. As a result, pulses with a period of 10 ms and
a duration of 19 ns are generated. Considering that
all the digital elements we use operate from the sync
pulse’s rising edge, this will be entirely sufficient for
our purposes.

As already described, the counter consists of
4 decade counters that directly count the input pulses
and reset upon the arrival of the sync pulse rising
edge. Figure 8 shows the waveforms of the input and

output signals at a frequency taken from the synthe-
sizer, which is 25 kHz.

As can be seen from the figure, after the first sync
pulse, the counters are reset and begin counting until
the next sync pulse occurs. At the same time, the
D flip-flop “memorizes” the values of the signals at
the outputs of the counters and sets them as inputs to
the seven-segment decoders.

After examining the operation of the main compo-
nents, let’s consider the operation of the entire device.
The voltage waveforms are shown in Figure 9.

Fig. 7. Timing diagram of the sync pulse formation

Fig. 8. Simulation Results of the Counter Operation

Fig. 9. Results of simulating the operation of the digital frequency counter
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Fig. 10. Circuit diagram connecting the counters and binary-to-decimal decoders together
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Fig. 11. Analysis of the delay time of individual components of the digital frequency counter on the PLIC
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From the oscillograms, it can be seen that
the output signals remain static for a duration
of 10 ms. They do not change unless the input sig-
nal changes.

To determine the performance and other param-
eters of the digital part of the frequency counter
implemented on the FPGA, we will perform analysis
using the Quartus II software environment.

As seen in Figure 10, the main functional compo-
nent that requires calculation is the binary-to-deci-
mal decoders, as they provide the “commands” for
the displays. Additionally, to increase the bit depth
of the frequency counter, it is necessary to reset
the counter to 0 when a certain number is reached
and propagate the pulse to the higher-order coun-
ter. This number is 10,0 = 1010,. To perform the
reset, logical multiplication of the ql and g3 out-
puts of the counter is applied, and the result is fed
to the carry-in (C) input of the higher-order counter,
simultaneously with the scl input of the main coun-

ter. The circuit diagram of this connection method
is shown in Figure 10.

During compilation and simulation, the following
data was obtained, as shown in Figures 11-13.

As seen from the obtained results, the frequency
counter implemented on the PLIC can operate at the
maximum frequency of around 33-45 MHz without
loss of accuracy.

During the device modeling, the maximum signal
propagation delay from input to output was measured
at 38.500 ns, which is acceptable for measurements.

The frequency measurements of the synthesizer
are shown in Table 1.

From Table 1, it can be observed that the devel-
oped frequency counter has decent parameters, as
indicated by the small measurement error. However,
there is an existing error, especially at the boundaries
of the frequency range, which can be attributed to the
high frequency of the synchronizing signal and the
simplicity of the design.

k[t et T PR
1§ “worsh-casze tco M4 |Mone 30,002 ne Ipm_counter]:inst1Ellpm_count... |HLG[Z] Fx 0
2| Clock Setup: 'Fa' Mis [Mone 45,19 MHz [ period = 22130 ng || lpm_counter] :inst1Bllprm_count... | lpm_counter]:instlipm_counterlp... |Fx Fu 0
3| Clock Setup: 1HZ' M [Mone 4519 MHz [ period = 22130 ng )| lpm_counter]:ingt1 Bllpm_count... | lpm_counter instlipm_counterlp... [1Hz 1Hz 0
41 Total number of falled paths 0

Fig. 12. Overall timing analysis of the digital frequency counter on the PLIC

Fig. 13. Timing diagrams of the operation of the digital portion of the frequency counter on the PLIC
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Table 1
Frequency Measurement Error Evaluation Results
) ) Input Signal Indicator Value Indi?ator Va'lue Absolute Error, Relative
Input Signal Period Frequency, during Simulation during D.eV1ce Hz Error,
Hz urmg Operation %
1,275483439 mc 784 0,8 0,8 16 2
637740825 mKc 1568 1,6 1,6 32 2
39,858839 mxc 25088 25,0 25,0 88 0,3
2,50818 Mkc 399,869 400,0 400,0 131 0,03
5,001257 mxc 199,949 200,0 200,0 51 0,02
10,061358 mkc 99,390 99 99,0 390 0,3
Conclusions. The authors conducted an analysis REFERENCES

of various frequency counter construction methods to
determine the most practical and accurate approach.
They focused on analyzing different design solutions
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and material costs for implementation. A functional
frequency counter circuit was synthesized using
ALTERA’s PLIC technology, developed with the
Quartus software. The synthesized circuit proved to
be a successful solution for creating an efficient dig-
ital frequency counter.

An analysis of measurement errors was per-
formed, revealing that the developed digital fre-
quency counter demonstrates high accuracy in fre-
quency measurement up to 1 MHz. The developed
frequency counter is capable of competing with stand-
ard devices, considering its accuracy and potential
for developing measurement and control equipment.

The PLIC-based frequency counter developed
represents an effective device with precise frequency
measurements. Its optimal size and material costs
make it attractive for wide-ranging applications in
various fields, including telecommunications, medi-
cal diagnostics, scientific research, and others.

Considering the optimal size and material costs
of the developed frequency counter, it can be recom-
mended for broad application in different industrial
sectors and research areas.
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Hana poOoTa mpucBsueHa cuHTe3y HHU(POBOro YacTOTOMIpa Ta BUOOPY eneMeHTHOT 0a3u A oro peanizalii. Y pobo-
Ti pO3MISIHYTO JIBAa METOAY BUMipIOBAHHS YaCTOTH — METOJI AUCKPETHOTO MMiAPAXyHKY Ta METOJ 3aOBHEHHS. JI1Is1 Kparoro
PO3YMIiHHS MPUHIMITIB POOOTH MUX METOIB OylH CKIaJeHI CTPYKTYPHI CXEMH YacTOTOMIpiB, IO 0a3ylOThCS Ha HHUX.
ABTOpH pO3DIISHYJIM TIEPEBArd Ta HEJONIKM PI3HUX €JIEMEHTHHUX 0a3, TAKHX K MIKPOCXEMH YOPCTKOI JIOTiKH, MiKpO-
KOHTPOJIEPH Ta TEXHOJIOT1s MPOrpaMoBaHuX JoTiuHKX iHTerpanbHux cxeM (ITJIIC). BusiieHo, 110 MikpocXeMH KOpCTKOT
JIOTIKM HE 3a[J0BOJBHIIOTH BUMOTH 10 MAIHX TabapuTiB Ta MAOTh 0OMEXECHY MOXKIIMBICTh BUKOHAHHS apU(QMETHYHHX
omnepauiil. MikpoKOHTposepH, X0o4a i MaloTh Majli rabapuTH, Bif3HAUAIOTHCS HU3BKOIO POOOUOI0 YACTOTOO, 110 MOXKE
OyTH HEIOCTATHBOKO JUTS ACSKUX 3acTOCyBaHb. 3acTocyBanHs [1IJIIC-TexHOMOTI] BUABIIIOCS HAHONITHMANBHIIIMM BapiaH-
TOM, OCKUTBKH BOHA TIO€THY€ BUCOKY POOOTY YaCTOTY, HEBEIUKI rabapyTH Ta JOCTYIHY LiHYy. Y poOOTi aBTOPH CHHTE3Y-
BaJIM BUCOKOTOYHUIA gactotoMip 3 BukopuctanHsaM [1JIIC-rexnomorii. [TJIIC-TexHOMOTIsA Hala€ MOTESHINAN TS PO3POOKH
KOHTPOJILHO-BUMIPIOBAIBHOI allapaTypH, sIKa MOke KOHKYPYBaTH 31 CTAHIAPTHUMH MIPUCTPOSIMH. [lOCATHYTI pe3ynsraTu
BKa3yIOTh Ha Te, [0 o0paHa exeMeHTHA 6a3a Ha ocHOBI [JIIC-TexHoMOTI{ BUsABHIACS €(EKTUBHOIO 1 JO3BOJISIE OTPUMATH
BUCOKOTOYHI pe3y/IbTaTH BUMIPIOBAHHS 4acTOTH B Aiama3oHi 4actot 10 1| MI'. Y npaktuuHiit yactiHi podotu Oyao pos-
PpoOIIeHO TPOTOTHIT YaCTOTOMIpa HAa OCHOBI 00paHoi CTpyKTypHOI cxeMu. JlonaHi OIOKM CHHTE3aTopa YacTOT Ta BXiZHOTO
ceJIeKTopa IO3BOJISIOTh MEPEBIPUTH MPABUIIbHICTh BUMIPFOBAHHS Ta BUKOPUCTOBYBATH Pi3Hi BXiIHI CUTHAJIHN JJIsl BUMIpIO-
BaHHS. [ po3poOku npoTtotuiry Oyimu Bukopuctani Mikpocxemu Gipmu ALTERA ta CAIIP Quartus. J{ani pe3ynbsrati
MOXYTh OyTH BUKOPHCTAHI B IONAIBIIHX TOCTIKEHHAX Ta po3poOkax y cepi KOHTPOIbHO-BUMIpIOBAILHOT TeXHIKH. Ha
OCHOBI OTPHMAaHHX PE3y/bTaTiB MOKHA PO3POOIIATH HOBI IPUCTPOT IS TOYHOTO BUMIPIOBAHHS YaCTOTH B PI3HUX raly3sX,
TaKuX K TEIEKOMYHiKallil, MeM4Ha JiarHOCTHKA, HAayKOBI HOCIIIKEHHs Ta 6arato iHmux. CHHTE30BaHMH 4aCTOTOMIp
Ha ocHOBi [IJIIC TexHomorii cTaHOBUTH €(eKTUBHUN MPUCTPIH 3 TOUHUM BUMIPIOBaHHSM 4yacToTH. Moro rabaputu Ta
MaTepiajbHi 3aTPaTH € ONTUMAIBHIMH, IO POOHUTH HOTo MPHBAOIMBUM UL MIMPOKOTO 3acTOCyBaHHs. OTpUMaHi eKCIIe-
PUMEHTAJIBHI Pe3yJIbTaTH MiITBEPIKYIOTh BUCOKY TOUHICTh Ta €()eKTUBHICTh 3aIIPOIIOHOBAHOTO YaCTOTOMIpA.

Kurouosi cioBa: yacroromip, [TJIIC, ALTERA, BuMiptoBaHHS.
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