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	Abstract.

The rapid development of electronic systems has increased the need for accurate frequency measurement because many electrical and digital devices depend on stable operating frequencies for proper performance. In routine laboratory and field work, digital multimeters are frequently used for frequency checks due to their practicality and availability, yet their readings may be affected by signal conditions and instrument processing limits. This study aims to assemble and evaluate a low-cost digital frequency counter based on the PIC16F628A microcontroller for measuring crystal oscillators and external frequency signals, while benchmarking its readings against a digital multimeter. An experimental quantitative approach was applied that included hardware assembly, schematic reconstruction through PCB trace inspection, block-level functional analysis, and measurement testing using five crystal oscillators and externally generated reference signals derived from a 32.768 kHz source with frequency division. Data were recorded across test points from 1 Hz to 32.768 kHz and summarized through direct comparison between nominal frequencies and instrument readings. The frequency counter produced readings that matched the nominal test frequencies across all external test points within the display resolution limits. Crystal testing also yielded values close to nominal specifications (e.g., 8.0002 MHz for 8 MHz and 11.998 MHz for 12 MHz). The digital multimeter showed small frequency-dependent offsets at higher test points (e.g., 32.770 kHz at 32.768 kHz). These results indicate that the dedicated counter delivers stable measurements across the evaluated range. This work offers a practical reference for electronics education and routine verification by combining schematic reconstruction, reproducible block-level documentation, and empirical validation of a kit-based instrument, providing added value beyond prior studies that emphasize either theory or new system design.
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I.
INTRODUCTION
Frequency measurement is increasingly common in day-to-day electrical and electronics practice because many circuits and devices must operate at specified frequencies and may behave abnormally when frequency drifts. In routine field work, digital multimeters (DMMs) are often used for frequency checks, yet recent evidence shows that their frequency-related accuracy can vary with measurement conditions, signal non-idealities, and operating environments. Comparative evaluations in power-system contexts report that frequency and rate-of-change of frequency (ROCOF) estimates differ across electronic instruments under steady-state and dynamic conditions, reflecting instrument-dependent processing and performance limits [1]. Harmonic distortion and frequency variation can further bias accuracy evaluation in practical measurement chains [2], while environmental stressors can accelerate performance degradation and contribute to divergence between field readings and laboratory expectations [3].Research on precision signal measurement emphasizes that measurement accuracy at higher frequencies can be constrained by noise and time jitter, motivating continued development and evaluation of measurement systems that improve repeatability and uncertainty performance [4].Work focused on DMM reliability has also advanced through traceable validation and automation; recent studies report calibration-validation for low-frequency measurement capability in multiproduct calibrators and automated measurement-and-control software for DMMs to strengthen repeatability and operational consistency [5], [6]. Evidence that translates these findings into a clear laboratory decision boundary when a DMM frequency function becomes unreliable relative to a dedicated counter under controlled sweeps representative of routine electronics tests remains limited [1], [2]. 

Stability-oriented studies continue to position frequency counters as essential tools for characterizing time-domain fluctuations in frequency sources. Allan-variance-based analysis has been applied to monitor free-running oscillators used as entropy sources, reinforcing that stability indicators reflect timing deviations observable through counter-derived measurements [7]. The recent literature, however, is still dominated by metrological interpretation rather than implementation-level reporting that connects stability concepts to the block-level behavior of simplified, low-cost counters commonly used in educational and routine laboratory settings [7].Low-cost embedded and microcontroller-based measurement platforms are widely reported as practical solutions because they can be built from off-the-shelf components and custom firmware. Configurable microcontroller instrumentation has been presented for research environments requiring scalable capability without expensive proprietary systems [8], while smartphone–microcontroller teaching kits have been used to support learning of AC-circuit concepts including frequency and phase in resource-limited settings [9]. Embedded designs also demonstrate maintainable cost-sensitive solutions [10], and high-resolution frequency counting has been achieved using low-cost programmable platforms such as generic FPGA boards and multi-channel acquisition architectures [11], [12].
Recent uncertainty-focused work emphasizes that embedded timing systems require explicit uncertainty analysis rather than purely functional validation [13]. A persistent gap remains in documenting kit-based devices through schematic reconstruction and reproducible block-level explanation, while explicitly linking design choices such as time base, counting strategy, and input conditioning to observed measurement behavior.This study aims to address these documentation and validation gaps by assembling a PIC16F628A-based digital frequency counter kit, reconstructing its circuit schematic through PCB trace inspection, and providing a block-level functional analysis of the input stage, signal conditioning path, crystal-testing oscillator route, reference time base, voltage regulation, and multiplexed 7-segment display control. Experimental validation is conducted using crystal oscillators and external frequency signals across multiple test points, with benchmarking against a digital multimeter to quantify deviations and define practical performance boundaries for routine laboratory and educational use.The study advances the argument that a dedicated frequency counter architecture supported by a stable reference time base, deterministic pulse-counting strategy, and purpose-designed signal-conditioning path delivers more stable and reliable frequency readings than a general-purpose DMM under identical test conditions. It is hypothesized that the PIC16F628A-based frequency counter will exhibit smaller observable deviation and higher reading stability than the DMM frequency function, with the performance difference becoming more apparent as frequency increases, consistent with recent evidence that instrument processing and signal non-idealities materially affect reported frequency behavior across electronic instruments [1], [2].
II. 
METHODS 
This study investigated a PIC16F628A-based digital frequency counter kit as the unit of analysis, treated as a measurable electronic artifact whose functional performance and internal architecture can be examined. The analysis focused on the instrument’s main functional blocks as represented in the system block diagram namely the power supply block, input block (direct frequency input and crystal tester input), processing block (PIC16F628A frequency counting and display control), and output block (five-digit 7-segment LED display, 5611AH, using multiplexed scanning) with the objective of describing how signals and power flow through the kit to produce frequency readings. To clarify the scope of the analysis and the interaction among system components, the overall structure of the frequency counter is represented in the form of a functional block diagram. The diagram illustrates the relationship between the power supply unit, signal input stage, processing core, and output display, which together form an integrated frequency measurement system.
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Fig 1. Frequency Counter System Block

As shown in Fig. 1, the system consists of four main functional blocks. The power supply block converts the external 9–12 VDC input into a regulated +5 VDC voltage required by the microcontroller and peripheral circuits. The input block provides two signal pathways, namely a direct frequency input and a dedicated crystal tester input, both of which deliver frequency signals to the processing unit. The processing block is centered on the PIC16F628A microcontroller, which performs pulse counting, timing control, and numerical conversion of frequency data. The output block employs a five-digit 7-segment LED display driven using a multiplexing scanning technique to present the measured frequency in real time.A descriptive qualitative–experimental design was employed because the study aimed to (i) explain the device working principle at the block and subsystem level and (ii) verify its functionality through controlled measurements rather than to test a population-based hypothesis or estimate parameters statistically. This design was selected to support a practical engineering goal: reconstructing and interpreting the device architecture from a physical kit and then validating whether each block performs its intended function under realistic operating conditions.The data sources consisted of (1) the assembled frequency counter kit, (2) hardware configuration information derived from visual inspection and PCB trace observation of the kit, and (3) measurement outputs produced during bench testing. The measurement outputs included numerical readings shown on the 7-segment display under multiple input conditions. Supporting information was also obtained from the component-level identification on the PCB and from the functional mapping of the block diagram to observed behavior of the instrument.Data were collected through systematic assembly verification and bench observation. 
The kit was powered using an external adapter in the range of 9–12 VDC, and the regulated output was confirmed as +5 VDC to ensure safe operation for the microcontroller and display. Frequency input data were then provided through two pathways: (i) a direct external frequency input and (ii) a crystal tester input dedicated to oscillator crystals, reflecting the two distinct entry routes described in the input block. During each test, the displayed frequency value on the five-digit 7-segment module (5611AH) was recorded, and display behavior was observed to confirm stable multiplexing operation (no missing digits or unstable scanning).Data analysis followed a functional block analysis procedure. First, observations and measurement readings were organized according to the block diagram structure (power supply → input → processing → output). Second, each block’s expected role was compared against empirical evidence from testing: the power block was evaluated based on stable regulation to +5 V; the input block was evaluated based on its ability to deliver measurable frequency signals via both direct and crystal-test pathways; the processing block was evaluated by confirming that the PIC16F628A produced consistent frequency counts and correctly controlled digit scanning; and the output block was evaluated by confirming that the multiplexed display presented readable, stable numerals corresponding to the applied input frequency. This analysis established whether the kit operated coherently as an integrated measurement instrument and whether each subsystem contributed as intended to the final frequency display.

III. 
RESULT AND DISCUSSION 
Frequency Counter Kit Assembly and System Readiness

The experimental process began with the physical assembly of the frequency counter kit. Each electronic component was identified using the PCB silkscreen labeling and the accompanying component list. The PCB provided clear reference markings for component orientation, pin alignment, and polarity, enabling systematic placement of resistors, capacitors, diodes, transistors, integrated circuits, voltage regulators, and the 7-segment display module.After component placement, soldering was performed manually using a standard soldering iron and lead-based solder wire. Particular attention was given to pin spacing of the microcontroller socket, voltage regulator pins, and the display connector to avoid solder bridges. Following soldering, electrical continuity tests were conducted using a digital multimeter to verify proper electrical connections between adjacent traces and to confirm the absence of unintended short circuits. Once electrical verification was completed, the system was powered through the DC input connector using a regulated 5 V power supply. The power-on condition was observed directly from the activation of the 7-segment display, indicating that the power distribution network and regulator circuit supplied sufficient voltage to the microcontroller and peripheral components. No abnormal heating, unstable illumination, or intermittent operation was observed during initial energization. The completed physical assembly of the frequency counter kit is presented in Fig. 2.
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Fig 2. The Frequency Counter Kit

This stage confirms that the hardware assembly process produced a fully operational electronic unit suitable for functional testing using both the crystal tester input and the external frequency input.

Crystal Oscillator Measurement Performance
The second phase of testing focused on evaluating the crystal tester function integrated into the frequency counter kit. The PCB includes a dedicated crystal oscillator socket designed to excite and measure external quartz crystals without additional circuitry.Five crystal oscillators supplied with the kit were tested sequentially. The nominal frequencies of the crystals were 8 MHz, 11.0592 MHz, 12 MHz, 16 MHz, and 20 MHz. Each crystal was inserted into the tester socket, and the frequency displayed on the 7-segment module was recorded after the reading stabilized.The measured values obtained during testing were 8.0002 MHz, 11.059 MHz, 11.998 MHz, 15.998 MHz, and 20.000 MHz, respectively. The complete set of nominal and measured frequencies is presented in Table 1.

Table 1. Crystal Oscillator Tester Output

	Nominal Frequency (MHz)
	Measured Frequency (MHz)

	8
	8.0002

	11.0592
	11.059

	12
	11.998

	16
	15.998

	20
	20


Across all test samples, the displayed frequency remained stable with no observable flickering or digit instability during measurement. Small deviations from the nominal values were observed in some cases; however, these deviations remained consistent across repeated measurements of the same crystal. The measurement resolution was limited by the display format of the five-digit 7-segment indicator, which constrained the visible decimal precision. The results obtained from the crystal tester confirm that the oscillator excitation path, frequency counting routine, and display system operated consistently over the tested MHz frequency range.
External Frequency Measurement and Instrument Readings

External frequency measurement was conducted to evaluate the performance of the frequency counter kit over a wider frequency span. The test signal source was derived from a 32.768 kHz quartz oscillator circuit combined with a binary divider integrated circuit. This configuration generated a set of frequency outputs that followed a logarithmic sequence from 1 Hz to 32,768 Hz.The external oscillator and divider configuration used during testing is illustrated in Fig. 3.
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Fig. 3. Simple oscillator and binary counter circuit

Output signals from the divider stages were connected sequentially to the frequency counter input terminal. Frequency values displayed by the instrument were recorded for nominal test points of 1, 2, 4, 8, 32, 64, 128, 256, 512, 1024, 2048, and 32,768 Hz. The readings obtained from the frequency counter kit matched the nominal frequencies at all test points. The complete measurement results are listed in Table 2.

Table 2. Frequency test results using a frequency counter kit

	Nominal Test Frequency (Hz)
	Instrument Reading (Hz)

	1
	1

	2
	2

	4
	4

	8
	8

	32
	32

	64
	64

	128
	128

	256
	256

	512
	512

	1024
	1024

	2048
	2048

	32768
	32768


During testing, the display remained stable across the full frequency range. No missing digits, scanning artifacts, or transient jumps were observed during steady-state operation. A representative display reading obtained at the 1024 Hz test point is shown in Fig. 4.
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Fig 4. The reading from the frequency counter kit at the test point was 1024 Hz.

For comparison purposes, the same frequency outputs were measured using a digital multimeter equipped with a frequency measurement function. The recorded readings were 1, 2, 4, 8, 32.01, 64.01, 128, 256, 512.1, 1024, 2048, and 32,770 Hz corresponding to nominal frequencies from 1 Hz to 32,768 Hz. The digital multimeter measurement results are summarized in Table 3.
Tabel 3. Frequency measurement results with a Digital Multimeter

	Nominal Test Frequency (Hz)
	Instrument Reading (Hz)

	1
	1

	2
	2

	4
	4

	8
	8

	32
	32.01

	64
	64.01

	128
	128

	256
	256

	512
	512.1

	1024
	1024

	2048
	2048

	32768
	32770


A representative multimeter display reading at the 1024 Hz test point is shown in Fig. 5.
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Fig 5. Digital multimeter readings at test point 1024 Hz

Across repeated measurements, the digital multimeter produced stable readings at lower frequencies, while slight numerical offsets were observed at higher frequency values. These recorded values form the quantitative basis for subsequent discussion regarding instrument behavior and comparative performance.

Discussion

The results of this study demonstrate that the PIC16F628A-based frequency counter kit is capable of performing stable and accurate frequency measurements across a wide operational range, including crystal oscillator testing in the megahertz domain and external signal measurement from 1 Hz to 32.768 kHz. The experimental findings show consistent numerical agreement between nominal and measured frequencies when using the dedicated frequency counter, while minor deviations were observed when measurements were conducted using the frequency function of a digital multimeter. These outcomes confirm that the developed system operates reliably under controlled laboratory conditions and fulfills its intended role as a low-cost yet functional frequency measurement instrument.The observed measurement behavior can be explained by fundamental differences in signal processing architecture between a dedicated frequency counter and a general-purpose digital multimeter. The frequency counter employs a deterministic pulse-counting mechanism governed by a fixed reference time base, allowing the microcontroller to directly count rising signal edges within a defined gate interval. This approach ensures that frequency estimation is derived from integer pulse accumulation, which remains largely unaffected by waveform distortion or amplitude variation as long as logic-level thresholds are satisfied. In contrast, digital multimeters typically rely on internal sampling, filtering, and frequency extraction algorithms that are optimized for multifunction operation rather than continuous high-resolution frequency counting. 
As frequency increases, limitations related to sampling rate, trigger uncertainty, and internal averaging processes may introduce small systematic offsets, which were reflected in the gradual upward deviation observed at higher test frequencies.These findings align with recent literature emphasizing the sensitivity of frequency measurement to time-domain uncertainty and signal-processing methodology. Studies have shown that frequency stability assessment remains highly dependent on the characteristics of the counting process and the quality of the reference time base, particularly when measurement systems are exposed to timing jitter and non-ideal signal conditions [7], [14]. While previous research has largely concentrated on high-end reciprocal counters and Allan-variance modeling, the present study extends these principles to a simplified microcontroller-based implementation. Unlike most recent works that focus on statistical modeling or advanced metrological instrumentation, this research provides empirical evidence that even modest embedded platforms can produce stable frequency measurements when architectural fundamentals such as time base integrity and deterministic counting are correctly implemented.Comparison with recent embedded measurement studies further highlights the contribution of this work. Prior investigations have demonstrated the feasibility of low-cost microcontroller systems for frequency-related applications, including educational kits and laboratory instrumentation [8], [9]. High-resolution implementations using FPGA or multi-channel architectures have also reported strong performance for sensor-based frequency measurements [11], [12]. 
However, most of these studies emphasize system development outcomes rather than documenting how internal block structures influence observable measurement behavior. The present study contributes novelty by reconstructing the circuit schematic through PCB trace analysis and explicitly linking input conditioning, time base selection, gate operation, and display multiplexing to the measured frequency output. This block-level transparency is rarely documented in recent literature yet is critical for education, troubleshooting, and reproducibility.From a broader perspective, the results carry important implications for applied electronics practice. Frequency measurement remains central to diagnostics in oscillators, digital timing circuits, communication modules, and control systems. The demonstrated stability of the frequency counter kit indicates that dedicated instruments can provide clearer and more interpretable readings than multifunction devices when frequency accuracy is critical. This distinction is particularly relevant in teaching laboratories, small research facilities, and field environments where instrument availability is limited and digital multimeters are often used beyond their optimal operating scope.The findings also reveal functional and practical trade-offs. On the positive side, the microcontroller-based frequency counter offers predictable measurement behavior, low cost, ease of repair, and clear signal flow that supports learning and system verification. On the negative side, limitations remain in terms of display resolution, fixed gate timing, and dependence on the accuracy of the onboard crystal reference.
 These constraints restrict ultimate precision compared to high-end commercial counters but do not compromise functional reliability within the intended educational and laboratory range.Based on these results, several actionable implications can be identified. Educational institutions and small laboratories may benefit from integrating dedicated frequency counter kits alongside digital multimeters to reduce misinterpretation during frequency testing. Curriculum development may incorporate schematic reconstruction and block-level analysis to strengthen conceptual understanding of time-domain measurement principles. From a technical perspective, future implementations may improve performance through temperature-compensated reference oscillators, adaptive gate timing, or hybrid counter–timer algorithms to extend accuracy at higher frequencies.Overall, this study reinforces that accurate frequency measurement is governed not merely by instrument availability but by architectural suitability. Dedicated frequency counters, even when implemented using low-cost microcontrollers, remain fundamentally superior for stable frequency evaluation when compared to general-purpose measurement tools. The results provide practical evidence supporting informed instrument selection in both educational and applied electronics environments, while offering a reproducible framework for future development and validation of low-cost frequency measurement systems.

IV. 
CONCLUSION 
This study demonstrates that a microcontroller-based digital frequency counter can provide stable, consistent, and accurate frequency measurements across a broad operating range when its measurement architecture is properly designed. Experimental results show that the PIC16F628A-based frequency counter successfully measured both crystal oscillators in the megahertz range and externally generated signals from 1 Hz to 32.768 kHz with no observable deviation within the display resolution limits. In contrast, small but systematic offsets were identified in digital multimeter readings at higher frequencies, confirming that instrument architecture and measurement strategy play a decisive role in frequency accuracy under practical laboratory conditions.The primary scientific contribution of this research lies in bridging theoretical frequency-measurement principles with practical low-cost instrumentation. Unlike prior studies that emphasize statistical modeling or advanced metrological systems, this work provides an integrated experimental framework that combines schematic reconstruction through PCB trace analysis, functional block-level explanation, and empirical performance validation. The study contributes reproducible evidence that deterministic pulse-counting mechanisms supported by a stable reference time base can deliver reliable frequency measurements even within simplified embedded platforms. 
This approach offers practical value for electronics education, laboratory verification, and instrumentation development, while reinforcing the importance of architectural transparency in measurement-system design.Several limitations must be acknowledged. The measurement resolution is constrained by the fixed gate time and the five-digit 7-segment display, limiting fine-grained frequency discrimination at higher ranges. The reference clock accuracy is dependent on the onboard crystal oscillator, which is not temperature-compensated and may introduce long-term drift under varying environmental conditions. In addition, the experimental evaluation was conducted under controlled laboratory settings and did not include noise-intensive or non-sinusoidal signal environments. Future research may extend this work by incorporating adaptive gate timing, higher-stability reference oscillators, uncertainty quantification analysis, and comparative testing under distorted or high-noise signal conditions to further enhance measurement robustness and application scope.
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