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NTP status 2 Load & Stability (15 NTP clients with 12.1ms latency), and (4) Power
Raspberry pi Efficiency (2.8W online; 1.2W offline). Results confirm the system’s

reliability in maintaining sub-second accuracy amid network instability while
being highly energy-efficient. The study offers recommendations for active
cooling, GPS-assisted RTC calibration, and solar-powered integration to
NTP-RTC design improve scalability in rural applications. The novelty of this work lies in its
pragmatic hybrid architecture, combining affordable software-defined NTP
with hardware-based RTC failover, tailored for infrastructural constraints. Its
contribution is a validated, replicable model that delivers reliable time
synchronization at a fraction of commercial costs, addressing critical gaps in
affordable timekeeping for infrastructure-limited regions.
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1. INTRODUCTION

Network Time Protocol (NTP) server is a system designed to provide accurate and consistent time
references to various devices in a computer network. NTP works by synchronizing the internal clock of the
client device with a standard time obtained from a trusted source, such as an atomic clock, GPS satellite, or a
higher-layer NTP server (stratum 0/1) [1], [2]. This protocol functions in a hierarchical architecture consisting
of several levels (stratum), where the server at a higher level becomes a reference for the level below it. With
the use of an NTP server, time synchronization between devices can be maintained in the range of milliseconds
to microseconds, depending on the configuration and network conditions. This time accuracy is very important
to support time-sensitive applications such as system logs, financial transactions, real-time communications,
to industrial control systems and cybersecurity [3]-[5].
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In Kab. Kerom, the problem of time synchronization on digital mosque clocks has become a serious
problem that affects the accuracy of prayer schedules. Currently, most mosques rely on direct connections to
the BMKG NTP server (ntp.bmkg.go.id) via unstable cellular networks. Network unreliability causes digital
clocks to often experience clock drift, even stopping working when the internet is disconnected. This condition
disrupts religious activities such as determining prayer times and the call to prayer, which require adequate
precision.

The existing solutions have various weaknesses. Dependence on BMKG NTP without backup makes the
system vulnerable to network disruptions. Meanwhile, the use of manual clocks is error-prone and impractical.
A more stable commercial NTP server is not feasible to implement because it costs tens of millions of rupiah.
On the other hand, building an independent network time server with GPS is also less suitable because it
requires additional investment for the signal receiver module.

From the various backgrounds presented, the novelty of this research lies not in the invention of a new
protocol or the pursuit of nanosecond-level accuracy, but in the design of a practical, cost-effective, and robust
middle-ground solution specifically tailored to address time synchronization issues in areas with limited
infrastructure. Its primary innovation is the integration and implementation of a Raspberry Pi-based stratum 2
NTP server that combines a two-layer safety net (layered redundancy): periodic synchronization to the BMKG
NTP server when online and a high-quality RTC module (DS3231) backup during offline periods. This hybrid
approach bridges the gap between full reliance on an unstable network and the investment in expensive
commercial solutions, thereby offering a replicable model that is feasible for solving concrete field problems,
such as the case of digital mosque clocks in Kab. Kerom

The study "Clock Synchronization in Industrial Internet of Things and Potential Works in Precision Time
Protocol" [6] examines in depth various time synchronization approaches in the IloT context, with an emphasis
on the advantages and limitations of Precision Time Protocol (PTP) over Network Time Protocol (NTP). The
study also highlights the challenges of implementing synchronization in edge environments, such as high
latency, device limitations, and interoperability requirements. Meanwhile, "The Time Synchronization
Problem in Data-Intense Manufacturing" [4] highlights the importance of time precision in time-series data-
driven manufacturing systems, and classifies in-situ and ex-post time synchronization approaches to maintain
the integrity of data analysis.

Complementing these approaches, "BioSync: Offline Synchronization of Time-Series Data Using Bio-
Inspired Semantic Synchronization Strategies" [7] introduces offline time synchronization strategies inspired
by human biological-cognitive mechanisms in understanding the sequence of events. This solution is
particularly useful in industrial systems with limited real-time connectivity. On the security side, “Attack
Detection and Multi-Clock Source Cooperation-Based Accurate Time Synchronization for PLC-AIoT in Smart
Parks” [8] combines Deep Q-Network (DQN) with multi-clock source management to improve
synchronization accuracy and resilience to anomalies in PLC-AloT systems. Finally, “Enhancing Industrial
IoT with Time Synchronization: Integration and Performance of IEEE 1588 in Distributed Sensing Networks”
[9] proposes a Unified Sensing Network (USN) architecture that integrates PTP and gPTP protocols to
efficiently achieve sub-microsecond synchronization in distributed sensing networks. These five studies
demonstrate that innovation in time synchronization focuses not only on technical accuracy, but also on system
resilience, infrastructure flexibility, and adaptability to real-world conditions.

This study proposes a middle-ground solution in the form of a Raspberry Pi 3-based NTP stratum 2 server
connected to BMKG's NTP as stratum 1 [1], [10]-[14]. This system is specifically designed to overcome
network instability with two layers of security, namely the first periodic synchronization via cellular network
when online, and the second RTC module (DS3231) as a backup when the connection is lost. This approach
bridges the need for accuracy with infrastructure limitations in remote areas.

The implementation of this system offers several strategic advantages. First, the affordable production
cost makes it feasible to be implemented in many mosques. Second, the centralized architecture allows uniform
synchronization of all digital clocks in the area. Third, the use of RTC as a backup ensures continuity of service
even without internet for several days.

This study will test three main aspects, namely first, synchronization stability in fluctuating network
conditions [15], second, time accuracy when switching to RTC mode, and feasibility of implementation in real
environments. The results are expected to be a replication model for other areas with similar characteristics.
With this solution, mosques in Kerrom Regency can have a more independent and reliable timekeeping system.

2. METHOD
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This study adopts the prototyping method as shown in Figure 1 as an approach to developing a Raspberry
Pi 3-based NTP stratum 2 system that utilizes the main time source from the ntp.bmkg.go.id server equipped
with an RTC module (DS3231) as a backup. The selection of this prototyping method is specifically based on
its ability to facilitate a fast and adaptive iteration process in evaluating various aspects of system functionality
comprehensively, from time synchronization accuracy to system resilience in the face of fluctuating network
conditions. This approach is considered the most effective in overcoming complex technical challenges,
especially those related to the instability of cellular network connections that are characteristic of remote areas,
while ensuring the development of solutions that are in accordance with the real needs of users.

Prototyping
Initial o [+ C _
Requirements 7] Design Evaluation Satisfied
Review & Update
A 4
Maintai - Test - Development

Figure 1. Prototyping method

Initial Requirements

The research began with an in-depth analysis of the specific needs of digital mosque clocks in Kerrom
Regency. Based on field observations, three main needs were identified, namely, first, time accuracy with a
maximum deviation tolerance of 1 second to ensure the accuracy of the prayer schedule, then affordable system
implementation costs, and the ability to operate independently when the internet connection is lost. The main
components specified include Raspberry Pi 3 as core hardware, cellular modem for connectivity, RTC DS3231
module as time backup, and integration with the BMKG NTP server as a stratum 1 source. This analysis also
includes a study of local cellular network limitations, such as high latency and packet loss, which are considered
in system design.

Prototyping

This stage involved designing the system architecture around Chrony, a versatile software suite renowned
for its ability to maintain highly accurate time synchronization, particularly in environments with intermittent
network connectivity. The system was specifically configured to prioritize synchronization with the BMKG
NTP server and to automatically failover to the local RTC module upon a loss of internet connection. A
physical prototype was then constructed by integrating a Raspberry Pi 3 with a 4G cellular modem and
connecting the high-precision DS3231 RTC module via the 12C interface, as illustrated in Figure 2.
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Figure 2. System model of raspberry pi 3-based NTP stratum 2 with RTC and GSM

To monitor the connection, a Python script was developed that periodically checks the internet status using
ping to ntp.bmkg.go.id. If a disruption is detected, the system will activate local mode with RTC and send a
notification to the admin via Telegram API. The Chrony configuration is optimized with local stratum 10 and
makestep 1.0 3 parameters to minimize time drift.

Prototyping Evaluation

The prototype was tested in three scenarios: first stable network (ping 30ms), second poor network (packet
loss 20%), and third totally offline. The results showed: accuracy of 0.5 seconds (online), drift of 1.2
seconds/hour (offline), and power consumption of 3.2W. The main problems identified were failover delay (8
seconds) and RTC temperature fluctuation (+2°C) which affected the accuracy.

Coding the System

Based on the evaluation, code optimizations were performed: (1) implementation of a weighted moving
average algorithm for RTC drift compensation, (2) reduction of failover delay to 3 seconds through
multithreading, and (3) addition of automatic calibration using NTP when the connection is restored. The code
was developed with Python 3.9 using the gpiozero library for the RTC interface and requests for network
health-check. The final version consists of 1,200 LOC with comprehensive documentation.
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Figure 3. System logic flowchart of the hybrid NTP-RTC time synchronization protocol

Testing the System

System testing was conducted using a multi-stage approach to verify its performance across various
operational scenarios. The first stage involved basic functional testing in a laboratory environment, where the
system was evaluated under three network conditions: stable connection (latency <50ms), degraded network
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(packet loss 15-30%), and total offline conditions. This testing utilized network simulation tools such as TC
(Traffic Control) to engineer latency and packet loss conditions in a controlled manner. The second stage
consisted of an endurance test, running the system continuously for 72 hours while varying the processor load
using stress-ng scripts. The third stage was a limited field test at three locations with different network
characteristics, measuring power consumption with a digital multimeter and failover response time using a
high-speed logger. All testing adhered to the standard IEEE 1588-2019 protocol [9] for network time system
evaluation, with test parameters including: maximum time offset, clock drift frequency, synchronization
latency, and recovery time after disruption. Data was collected automatically through Python scripts integrated
with the monitoring system.

System Usage

The field deployment phase will cover five strategically selected mosques across Kerom Regency, Papua
Province—a region characterized by unstable internet connectivity and uneven mobile network coverage. This
selection is designed to rigorously test the system's resilience by representing a diverse spectrum of network
conditions, from areas with sporadic and weak signals to those with complete lack of cellular access.
Implementation sites include: Al Ittihad Arso 14, Al Muhajirin Arso 13, Baiturrahman Arso 5, Nurul Tagwa
Arso 3, and Al Azhar Arso 4 mosques.

3.  RESULTS AND DISCUSSIONS

This research conducted four primary tests: (1) Time Accuracy Testing, (2) Failover and Recovery Testing
to evaluate RTC transition during network outages, (3) Load and Stability Testing assessing performance under
multiple NTP clients, and (4) Power Consumption Testing analyzing energy efficiency. These tests were
designed to verify system reliability prior to field implementation.

Time Accuracy Testing

Timekeeping accuracy validation assessed the system's synchronization stability under controlled
conditions, evaluating three network states: (1) ideal connectivity, (2) impaired channels with 20% packet loss,
and (3) complete disconnection to test RTC fallback performance.

Table 1. Time accuracy testing

Network Condition Average Offset (second) Max Deviation(Second)
Online (4G Stabil) 0.12 0,45
Online (Packet Loss 20%) 0,35 1.20
Offline (RTC Mode) 0.85 / hours 2.10/hours

The system demonstrates highly satisfactory performance in maintaining time accuracy. Under stable 4G
network conditions, it achieves an average time deviation of just 0.12 seconds with a maximum deviation of
0.45 seconds. When tested under 20% packet loss, the system maintains reliable accuracy with an average
deviation of 0.35 seconds. Most impressively, in RTC offline mode, the system's temperature-based drift
compensation and weighted calibration mechanisms limit deviations to 0.85 seconds per hour (average) and
2.10 seconds per hour (maximum). These results validate the effectiveness of the implemented drift
compensation algorithm.

Failover & Recovery Testing
The failover testing process was designed to measure the system's response to sudden network disruptions.
Test scenarios included both manual internet disconnections and simulated packet loss injections, with results
detailed in Table 2.
Table 2. Failover & recovery testing

Metrics Result
Time to Disruption 2.8 seconds
Transition to RTC 3.1 seconds
Re-sync to recovery 8.5 seconds (Including NTP)

The system's failover mechanism demonstrates highly responsive performance, with an average disruption
detection time of just 2.8 seconds and a complete transition to RTC mode in 3.1 seconds. Compared to the
initial prototype's 8-second failover duration, this final version shows significant improvement through
multithreading implementation. The recovery process upon network restoration takes 8.5 seconds, which
includes network stability validation and re-synchronization with the NTP server.
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Load and Stability Testing

The system load testing was conducted to evaluate performance under heavy operational conditions. NTP
client simulations were run incrementally from 5 to 30 clients at 5-minute intervals. Monitored parameters
included processing latency, CPU/RAM usage, and processor temperature fluctuations. The test ran
continuously for 6 hours to identify potential memory leaks or long-term performance degradation.

Table 3. Load and stability testing

Client Number Latency Processing (ms) CPU Usage(%)
5 5.2 12%
15 12.1 34%
30 28.3 68%

Load testing demonstrated the system's good scalability. With 5 NTP clients, processing latency was only
5.2 ms with 12% CPU usage. At 15 clients - the design target load - latency increased to 12.1 ms with 34%
CPU utilization. When tested with 30 clients, the system remained functional with 28.3 ms latency despite
reaching 68% CPU usage. These tests revealed that active cooling is required for long-term high-load
operation, as CPU temperatures can reach 72°C at peak load.

Power Consumption Testing

The system's energy efficiency evaluation was conducted using a programmable DC load to measure
power consumption across various operational modes. The testing covered three scenarios: idle condition,
normal operation with active NTP synchronization, and failover mode. Measurements were taken at varying
ambient temperatures from 25°C to 40°C to assess thermal effects on power efficiency. Data was collected
every second over a 24-hour period to obtain comprehensive consumption profiles, as shown in Table 4.

Table 4. Power consumption testing

Mode Power (Watt)
Online 2.8
Offline 1.2

Failover 3.1

The system demonstrates excellent energy efficiency, consuming only 2.8 watts in online mode and
dropping to 1.2 watts when operating in RTC offline mode. The failover process requires slightly higher power
at 3.1 watts due to additional processing demands. This low power consumption makes the system particularly
suitable for deployment in remote areas with limited power supply, such as solar-powered installations.

4. CONCLUSION

The test results confirm that this Raspberry Pi-based NTP Stratum 2 system successfully meets all design
specifications. The system maintains excellent timekeeping accuracy, demonstrating an average deviation of
just 0.12 seconds on stable 4G networks and 0.85 seconds per hour when operating in RTC offline mode. Its
rapid 3.1-second failover capability and low power consumption of 2.8 watts make it particularly suitable for
deployment in remote areas with unreliable infrastructure. During stress testing, the system proved capable of
handling up to 15 NTP clients simultaneously while maintaining latency below 15 milliseconds, confirming its
operational reliability across various network conditions.

For future enhancements, three key improvements are recommended. First, implementing an active
cooling solution would address CPU temperature issues during sustained high-load operations. Second,
integrating GPS-assisted automatic RTC calibration could further improve long-term timing accuracy. Finally,
developing a more user-friendly monitoring interface would simplify system management for end-users in field
deployments. These upgrades would optimize the system's performance while maintaining its core advantages
of energy efficiency and reliability in challenging environments.
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