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1. Introduction 

Donald Trump’s aggressive demands for control over Greenland are more than just a 
reflection of the current zeitgeist; they underscore a broader truth: the Arctic is no longer a 
remote backwater but a strategic frontier where geopolitical competition and technological 
mastery converge. Yet this focus on Arctic sovereignty is only one manifestation of a deeper, 
global struggle - the control of time itself. As nations vie for dominance in the High North, the 
underlying battle for precision timekeeping and synchronization becomes ever more critical. 
This article provides policymakers, regulatory experts, and technology and business strategists 
with a comprehensive overview of how high-precision timekeeping—particularly through 
quantum clocks— is emerging as a disruptive force in global power dynamics. While it delves 
into technical details only where necessary, its core focus is on the geopolitics of time 
synchronization and the technological disruptions (e.g., quantum advances) reshaping 
strategic landscapes. Both themes are not only interconnected but also highly relevant from 
policy, regulatory, and strategic perspectives—whether in the Arctic or beyond. 

Disclaimer: The information, analysis, and recommendations provided in this report are 
based on the best available data and insights at the time of writing. The subject matter 
addressed is highly dynamic, and new developments may emerge that could impact the 
accuracy or relevance of the advice provided. While we have exercised due diligence to 
ensure the quality and reliability of our assessment, we reserve the right to amend, update, 
or revise our conclusions as further information or insights become available. 

 

2. Executive Summary 

In an era where precision timekeeping underpins global infrastructure, spanning 
telecommunications and financial systems to power grids and military operations, time 
synchronization has emerged as a critical, yet often overlooked, geopolitical battleground. 
This report explores two interconnected disruptions: quantum clocks as a transformative 
technological force and the geopolitics of global time synchronization, with a particular focus 
on how these dynamics play out in the Arctic, a region where climate change, great-power 
competition, and technological dependency collide. 

Quantum clocks, with 10⁻¹⁸–10⁻¹⁹ accuracy, are poised to redefine the SI second (potentially 
as early as 2027) and unlock breakthroughs in quantum networks, relativistic geodesy, and 
dark matter detection. Their miniaturization and stability could democratize ultra-precise 
timekeeping, shifting control from national metrology institutes (e.g., BIPM, NIST) to 
corporations or even individuals, while enabling entanglement-based synchronization that 
bypasses traditional hierarchies like GNSS. Yet, as these technologies advance, they also 
intensify global competition over who controls the standards, infrastructure, and 
governance of time. 

Meanwhile, time synchronization has become a tool of power. The GPS (US), Galileo (EU), 
GLONASS (Russia), and BeiDou (China) systems are not merely technical utilities but strategic 
assets, leveraged by states for soft power, military advantage, economic coercion, and 

https://www.bipm.org/en/si-base-units/second
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infrastructure dominance. Nowhere is this more evident than in the Arctic, where GNSS 
jamming, climate-driven disruptions, and external influences from non-Arctic powers (e.g., 
China’s BeiDou expansion, the EU’s restricted Galileo PRS access for select NATO allies that 
are also EU members) are reshaping the region’s PNT landscape. Arctic states, i.e., Canada, 
Russia, the US (Alaska), Norway, Denmark (Greenland), Iceland, Sweden, and Finland, face 
shared vulnerabilities, some of them 1  dependent on foreign GNSS, limited ground 
infrastructure, and geopolitical pressures from both Arctic and non-Arctic actors. 

Canada’s Arctic experience serves as a representative case study of these challenges. With 
the second-longest Arctic coastline (~162,000 km), Canada’s reliance on US GPS for NORAD, 
resource extraction, and Indigenous communities is increasingly at risk from climate-driven 
activity, foreign GNSS disruptions, and great-power competition. Strategic responses, such 
as Telesat’s Lightspeed satellites, DRDC’s quantum sensors, and NATO collaborations, aim 
to mitigate these threats. However, Canada’s lack of a domestic GNSS and limited access to 
Galileo’s encrypted PRS signal (unlike Norway or Iceland) make it particularly vulnerable to 
foreign disruptions, amplifying the urgency of its quantum PNT and resilience strategies. 

Beyond the Arctic, the global stakes of time synchronization are becoming increasingly 
fragmented. Non-Arctic states like China and parts of the EU are actively shaping the region’s 
PNT landscape through technological expansion (BeiDou in Arctic shipping), economic 
leverage (BRI 2  financing tied to BeiDou adoption), and military posturing (GLONASS 
jamming, BeiDou spoofing). For Arctic states, the lesson is clear: PNT resilience is no longer 
optional. Whether through quantum clocks, multi-GNSS receivers, or revived LORAN 
systems, diversifying time synchronization infrastructure is essential to avoid ceding control 
to external powers. 

Ultimately, the future of time synchronization hinges on technological innovation and 
geopolitical maneuvering. As quantum clocks and corporate time networks (e.g., Amazon, 
Huawei) rise, the world may face a fragmented time landscape, where BRICS, NATO, and tech 
giants compete to define the next era of global synchronization. Policymakers and strategists 
must act now to secure resilience, sovereignty, and equity in this evolving paradigm, whether 
in the Arctic or beyond. 

Key Takeaways for Decision-Makers: 

1. Quantum clocks will eventually disrupt traditional timekeeping hierarchies, enable 
new scientific, economic, and military applications, but also intensify global 
competition over standards and control. 

2. The Arctic is a microcosm of global PNT challenges, where climate change, GNSS 
jamming, and external influences (e.g., China’s BeiDou, EU’s Galileo) converge to test 
resilience. 

3. Arctic states like Canada, dependent on foreign GNSS and lacking domestic 
alternatives, must invest in quantum PNT, diversify time sources, and strengthen 
alliances (e.g., NATO, Arctic Council) to mitigate vulnerabilities. 

 
1 i.e., NATO allies that are not EU members. 
2 BRI: China’s Belt and Road Initiative. 
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4. Non-Arctic powers (China, etc.) but also US and Russia are weaponizing PNT, through 
economic leverage, coercion, military posturing, and standardization wars, to assert 
influence in the Arctic and beyond. 

5. The window to act is closing: As quantum technologies mature and geopolitical 
tensions rise, the cost of inaction, whether in critical infrastructure, military 
operations, or economic sovereignty, will only grow. 

3. Quantum Clocks - The Next Disruption in Timekeeping 
3.1. Why Quantum Clocks Matter 

Current (traditional) atomic clocks (e.g., cesium fountains, hydrogen masers) achieve ~10⁻¹⁶ 
accuracy (1 second error over ~100 million years). Optical lattice clocks (OLCs) and other 
quantum clocks push this to ~10⁻¹⁸–10⁻¹⁹, enabling: 

• Redefinition of the SI second: The 26th CGPM (2026) may adopt optical clocks as the 
new standard, replacing traditional cesium clocks. 

• New applications for telecom and science:  
o Quantum networks: Synchronizing quantum computers and quantum 

communication (e.g., QKD) requires sub-nanosecond precision  
o Relativistic geodesy: Measuring Earth’s gravity field with cm-level precision 

via Einstein’s time dilation (e.g., Frontiers in Earth Science, Volume 11, June 
2023). 

o Dark matter detection: Some theories predict dark matter could cause 
temporal fluctuations detectable by ultra-precise clocks. See for example 
here. 

3.2. Key Players in Quantum Clocks 

• Academia/Institutes:  
o NIST (US): NIST (US): Optical lattice clock (ytterbium). 
o PTB (Germany): PTB (Germany): Strontium lattice clock 
o University of Tokyo: Optical Lattice Clocks (University of Tokyo) 

• Startups/Companies:  
o Q-CTRL (Australia): Quantum control for clocks (relevant for alternative PNT). 
o Quantum Xchange (US): Commercializing quantum-safe time distribution. 
o Toptica (Germany): Lasers for optical clocks. 

• Space Agencies:  
o ESA: ESA ACES mission (Atomic Clock Ensemble in Space) tested optical clocks 

in orbit. 
o NASA: Deep Space Atomic Clock (mercury-ion, for deep-space navigation). 

 

 

https://www.nist.gov/atomic-clocks/how-atomic-clocks-work/optical-clocks-future-time
https://www.bipm.org/en/cgpm-2026
https://ui.adsabs.harvard.edu/abs/2023FrEaS..1139211B/abstract
https://ui.adsabs.harvard.edu/abs/2023FrEaS..1139211B/abstract
https://news.fnal.gov/2023/07/how-new-atomic-clocks-could-help-in-search-for-dark-matter-and-beyond/
https://www.nist.gov/programs-projects/yb-optical-lattice-clock
https://www.ptb.de/cms/en/ptb/fachabteilungen/abt4/fb-43/ag-432/strontium-lattice-clock.html
https://www.katori-project.t.u-tokyo.ac.jp/
https://q-ctrl.com/
https://quantumxc.com/
https://www.toptica.com/
https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ACES_Atomic_Clock_Ensemble_in_Space
https://www.jpl.nasa.gov/missions/deep-space-atomic-clock-dsac
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3.3. How Quantum Clocks Disrupt the Tradional Timekeeping Hierarchy 

 

Aspect Current System 
(Cesium/H-Maser) 

Quantum Clocks 
(Optical Lattice, Ion 

Traps) 
Impact 

Accuracy 10⁻¹⁶ (1 sec/100M years) 10⁻¹⁹ (1 sec/10B years) 
Enables new science 
(e.g., testing 
fundamental physics). 

Size/Portability Room-sized (e.g., NIST F2) Chip-scale prototypes 
(e.g., Q-CTRL’s work) 

Could deploy in 
satellites, data 
centers, or even 
handheld devices. 

Stability Drifts over days Stable over years 
Reduces need for 
frequent 
synchronization. 

Cost ~$1M–$10M per clock Falling Democratizes ultra-
precise timekeeping. 

Synchronization Relies on TWSTFT/GNSS 

Could use quantum 
entanglement for 
instant, hack-proof 
sync 

Potential to bypass 
traditional hierarchies 
(e.g., BIPM). 

 

3.4. Disruption Scenarios 

1. Decentralization of UTC: 
o If optical clocks become portable and affordable, NMIs might no longer be 

the sole guardians of time. Corporations or even individuals could maintain 
UTC-traceable clocks. 

o Implication: The BIPM’s role could shift from calculating UTC to validating 
and auditing distributed quantum clocks. 

2. Quantum Internet Time Sync: 
o Entanglement-based synchronization: Clocks could be synchronized instantly 

via quantum networks, bypassing GNSS or TWSTFT. 
o Example:  China’s Micius satellite demonstrated entanglement distribution 

over 1,200 km. 
3. New Time Standards: 

o The SI second may be redefined based on optical transitions (e.g., strontium 
or ytterbium) by 2030. 

o Geopolitical implications: Countries with advanced quantum clocks (US, EU, 
China) could push for their preferred standard. 

 

 

https://q-ctrl.com/
https://www.unoosa.org/oosa/en/ourwork/psa/gnss/gnss.html
https://www.nist.gov/pml/time-and-frequency-division/time-distribution/two-way-satellite-time-and-frequency-transfer
https://www.science.org/content/article/china-s-quantum-satellite-achieves-spooky-action-record-distance
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4. Geopolitics of Time Synchronization  
4.1. The Current Power Structure 

 
 

System Operator Time Standard Geopolitical Leverage 

GPS US Space Force GPS Time (≈ UTC - 19s) 
Dominates global PNT; 
US can deny access (e.g., 
during conflicts). 

Galileo EU (ESA, GSA) Galileo System Time (GST, 
aligned to UTC) 

Civilian-controlled; EU 
autonomy from US. 

GLONASS Russia GLONASS Time (≈ UTC + 3h) Military focus; used by 
BRICS allies. 

BeiDou China BeiDou Time (BDT, ≈ UTC) 

Challenges GPS 
dominance; part of 
China’s BRI3 and digital 
silk road. 

IRNSS/NavIC India IRNSS Time Regional autonomy 
(South Asia). 

 

4.2. Key Geopolitical Tensions 

4.2.1. GPS vs. Galileo 

o US: GPS is dual use (military/civilian). The US can degrade civilian signals 
(e.g., Selective Availability in the 1990s). 

o EU: Galileo is civilian-only (though PRS signal is encrypted for government 
use).4  

o Brexit impact: UK lost full access to Galileo’s encrypted signals, prompting its 
own alternative PNT system (e.g., UK’s Space-Based PNT Program) 

4.2.2. China’s BeiDou 

o Global expansion: BeiDou is fully operational (2020) and rivaling GPS in 
Asia/Africa. 

o Belt and Road Initiative - BRI integration: Countries using BeiDou may align 
their time standards with China’s, reducing reliance on UTC. BeiDou’s 
integration with China’s Belt and Road Initiative (BRI) is a strategic fusion of 
technology and geopolitics, designed to expand China’s influence while 
challenging Western dominance in global navigation and timing (PNT) 
systems. 

 
3 BRI – China’s Belt and Road Initiative. 
4  Unlike GPS, Galileo is civilian-controlled but includes a military and security component (PRS), which is 
encrypted and restricted to EU member states and a handful of non-EU allies with formal agreements (e.g., 
Norway, Iceland, Switzerland, and Ukraine). NATO members without EU ties, such as Canada, the US, and Turkey, 
currently lack full PRS access, forcing them to rely on GPS, domestic alternatives, or negotiations with the EU). 

https://en.wikipedia.org/wiki/Selective_Availability
https://www.gov.uk/guidance/space-based-pnt-programme
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o Military use: BeiDou is critical for China’s hypersonic missiles and AI-driven 
warfare. 

4.2.3. Russia’s GLONASS 

o Sanctions resistance: After Ukraine, Russia accelerated GLONASS 
modernization to reduce dependence on GPS. 

o Alliances: GLONASS is used by BRICS nations (Brazil, India, South Africa) as an 
alternative. 

4.2.4. Quantum Clocks as a New Battleground 

o US: NIST and DARPA are investing in portable quantum clocks for military use 
(e.g., DARPA’s Atomic Clock with Enhanced Stability). 

o China: Claims to have space-based quantum clocks (e.g., Cold Atom Clock in 
Space (China) 

o EU: EU iqClock project aims for industrial quantum clocks by 2030. 

4.3. Strategic Implications for Application Scenarios 

• Telecom networks are highly dependent on precise time synchronization. For 
details check the explainer in the box below. 

• Electric Grid Synchronization: Power grids rely on PTP (IEEE 1588) for sub-
microsecond sync. Quantum clocks could:  

o Enable self-healing grids with nanosecond precision. 
o Reduce dependence on GNSS (vulnerable to jamming/spoofing). 

• Resilience: A quantum time network (e.g., using fiber or quantum repeaters) could 
make grids immune to GNSS outages. 

• Niche Players: Companies like Q-CTRL (quantum control) or Oscilloquartz (timing 
solutions) could be strategic partners.  

Telecom networks rely on synchronization at the nanosecond or even picosecond level for: 

1. 5G and Beyond: 
o Time Division Duplexing (TDD): 5G networks use TDD to share frequency bands 

between uplink and downlink. Misalignment by even 1 microsecond can cause 
interference, dropped calls, or data corruption. 

o Massive MIMO: Beamforming in 5G/6G requires sub-microsecond 
synchronization across antenna arrays to avoid signal degradation. 

o Network Slicing: Virtualized networks for IoT, autonomous vehicles, and 
industrial applications require synchronized timing to allocate resources 
dynamically. 

2. Backhaul and Core Networks: 

o Synchronous Ethernet (SyncE) and PTP (IEEE 1588) are used to synchronize base 
stations, switches, and data centers. 

o Phase and frequency alignment are critical for coherent optical communications 
(e.g., DWDM systems), where timing errors can cause data loss. 

https://www.darpa.mil/program/atomic-clock-with-enhanced-stability
https://www.nature.com/articles/s41526-024-00407-2
https://www.nature.com/articles/s41526-024-00407-2
http://www.iqclock.eu/
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3. Financial Transactions: 
o High-frequency trading (HFT) relies on nanosecond-level timestamping to 

execute trades.  
o A 1-microsecond delay can cost millions in lost arbitrage opportunities. 

4. Cybersecurity: 
o Encryption protocols (e.g., TLS, quantum key distribution) often use timestamps 

for authentication. Spoofed or delayed time signals can enable man-in-the-
middle attacks. 

5. Emergency Services: 
o E911 and next-gen 911 systems require precise location and time stamps to 

dispatch first responders. GNSS outages (e.g., jamming) could disable these 
services. 

 

4.4. Implications at the intersection between technology and geopolitics 

4.4.1. Theme 1: Weaponization of Time 

o GNSS denial: In a conflict, disabling GPS (e.g., via jamming or cyberattacks) 
could cripple an adversary’s financial systems, power grids, and logistics. 

o Example: Russia blamed for GPS interference affecting flights in Europe (BBC, 
2024). 

o Quantum alternative: Nations with quantum clocks could maintain 
independent time even if GNSS is down. 

4.4.2. Theme 2: The New Space Race for Time 

o Satellite constellations: The race to deploy quantum clocks in space (e.g., 
ESA’s  ACES Mission (ESA) could redefine global time governance. 

o Standardization wars: Will the SI second be redefined by the US, EU, or 
China? (See 2026 CGPM.) 

4.4.3. Theme 3: Corporate Sovereignty 

o Tech giants: Companies like Google (DeepMind), Amazon (AWS Time Sync), 
or Huawei may develop private quantum time networks for cloud services. 

o Regulation: Who controls time? Will it be states (BIPM, ITU), corporations, 
or decentralized networks (e.g., blockchain-based time)? 

4.4.4. Theme 4: The End of UTC? 

o If quantum clocks enable ultra-local time standards, could we see a 
fragmentation of global time? 

o Example: A BRICS Time Standard based on BeiDou + GLONASS + Chinese 
quantum clocks. 

https://www.bbc.com/news/articles/cne900k4wvjo
https://www.bbc.com/news/articles/cne900k4wvjo
https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ACES_Atomic_Clock_Ensemble_in_Space
https://www.bipm.org/en/cgpm-2026
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4.5. Geopolitical Map of Time Synchronization Alliances 
4.5.1. GNSS Systems: The Backbone of Global Time 

GPS (US Space Force) 

• Control: Dual use (military/civilian). 
• Time Standard: GPS Time (≈ UTC - 19 seconds, no leap seconds). 
• Geopolitical Leverage:  

o Dominates global PNT (95% of receivers use GPS). 
o Selective Availability: Historically degraded civilian signals (e.g., 

1990s). 
o Vulnerabilities: Jamming/spoofing (e.g., Russia jamming GPS in 

Ukraine, 2022–2024). 
• Alliances: NATO, Five Eyes, and most Western nations. 

Galileo (EU/ESA) 

• Control: Civilian-controlled (though PRS signal is encrypted for governments). 
• Time Standard: Galileo System Time (GST), aligned to UTC. 
• Geopolitical Leverage:  

o EU strategic autonomy from US GPS. 
o Brexit impact: UK lost full access to encrypted PRS signals, prompting 

its own alternative PNT program. 
• Alliances: EU member states, some African/Asian partners. 

BeiDou (China) 

• Control: Military (PLA) and civilian use. 
• Time Standard: BeiDou Time (BDT), ≈ UTC. 
• Geopolitical Leverage:  

o Global expansion: Fully operational (2020), rivaling GPS in Asia/Africa. 
o BRI integration: BeiDou is part of China’s Belt and Road Initiative, 

encouraging adoption among BRICS nations. 
o Military use: Critical for hypersonic missiles and AI-driven warfare. 

• Alliances: BRICS (Brazil, Russia, India, China, South Africa), Pakistan, African 
Union. 

GLONASS (Russia) 

• Control: Russian military. 
• Time Standard: GLONASS Time (≈ UTC + 3 hours). 
• Geopolitical Leverage:  

o Sanctions resistance: Modernized to reduce dependence on GPS. 
o Alliances: BRICS, some Middle Eastern/Central Asian nations. 

• Vulnerabilities: Limited global coverage compared to GPS/BeiDou. 
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IRNSS/NavIC (India) 

• Control: ISRO (Indian Space Research Organization). 
• Time Standard: IRNSS Time. 
• Geopolitical Leverage:  

o Regional autonomy: Covers South Asia, reducing reliance on GPS. 
• Alliances: India, some Southeast Asian nations. 

4.5.2. Quantum Clocks: The New Frontiers 

United States 

• Key Players: NIST, DARPA, US Naval Observatory (USNO). 
• Projects:  

o NIST F2 (cesium fountain clock). 
o Optical lattice clocks (ytterbium, strontium). 
o Deep Space Atomic Clock (NASA/JPL). 

• Geopolitical Goals:  
o Maintain global time dominance via GPS + quantum clocks. 
o Military applications: Quantum clocks for resilient PNT in contested 

environments. 

European Union 

• Key Players: PTB (Germany), SYRTE (France), ESA. 
• Projects:  

o ACES Mission (ESA) – Space-based atomic clocks. 
o iqClock project – Industrial quantum clocks by 2030. 

• Geopolitical Goals:  
o Strategic autonomy: independence from US GPS. 
o Galileo + quantum clocks for unhackable time distribution. 

China 

• Key Players: University of Science and Technology of China (USTC), National 
Time Service Center (NTSC). 

• Projects:  
o Cold Atom Clock (CAC) on Tiangong-2. 
o Micius satellite – Quantum entanglement distribution (2016). 

• Geopolitical Goals:  
o BeiDou + quantum clocks to challenge GPS dominance. 
o Belt and Road Initiative (BRI) integration: Export quantum time 

standards to allied nations. 

 

 

https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ACES_Atomic_Clock_Ensemble_in_Space
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Russia 

• Key Players: VNIIFTRI (Mendeleev Institute). 
• Projects:  

o Optical clocks under development. 
o GLONASS modernization with quantum-resistant features. 

• Geopolitical Goals:  
o Reduce dependence on Western GNSS. 
o BRICS time standard (potential future alliance with China). 

Japan 

• Key Players: University of Tokyo, NICT (National Institute of Information and 
Communications Technology). 

• Projects:  
o Cryogenic optical lattice clocks (2024). 
o Space-based quantum clocks (planned for 2030s). 

• Geopolitical Goals:  
o Regional leadership in Asia for quantum time standards. 

 
 

4.5.3. Corporate Players: The Private Sector’s Role 
 
 

Company Country Focus Area Geopolitical Impact 

Q-CTRL Australia Quantum control for 
clocks 

Enables portable quantum 
clocks for defense/grid 
resilience. 

Quantum 
Xchange US Quantum-safe time 

distribution 
Corporate time networks (e.g., 
for cloud services). 

Toptica Germany Lasers for optical clocks Critical for EU/US quantum 
clock development. 

Oscilloquartz Switzerland Resilient PNT solutions Power grid synchronization. 

Orolia France/US GNSS simulation & 
resilient PNT 

Anti-jamming/spoofing for 
military/civilian use. 

SpectraTime Switzerland Space-qualified atomic 
clocks Used in Galileo satellites. 
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4.5.4. Standards and Governance: Who Controls Time? 
 

Organization Role Geopolitical Influence 

BIPM Calculates UTC/TAI from global atomic 
clocks. 

Neutral, but Western-dominated 
(US/EU clocks contribute most). 

ITU Defines global time standards (e.g., 
G.810, G.811). 

UN body, but US/EU/China compete 
for influence. 

IERS Monitors Earth rotation, announces 
leap seconds. 

Scientific consensus, but geopolitical 
tensions over leap second abolition. 

CGPM Redefines SI units (e.g., second). 2026 
may adopt optical clocks. 

US/EU/China pushing for their 
preferred standards. 

 

4.5.5. Geopolitical Fault Lines 

1. GPS vs. Galileo vs. BeiDou: 
o US: Uses GPS dominance as a soft power tool (e.g., denying access to 

adversaries). 
o EU: Unlike GPS, Galileo is civilian-controlled but includes a military and 

security component (PRS), which is encrypted and restricted to EU 
member states and a handful of non-EU allies with formal agreements 
(e.g., Norway, Iceland, Switzerland, and Ukraine). NATO members 
without EU ties, such as Canada, the US, and Turkey, currently lack full 
PRS access, forcing them to rely on GPS, domestic alternatives, or 
negotiations with the EU). 

o UK: Brexit’s impact was asymmetric: The UK lost full access to PRS, forcing 
it to invest £5 billion in a new PNT system, while the EU gained full 
autonomy over Galileo, strengthening its strategic independence from US 
GPS. This shift has benefited the EU far more than it has harmed it, as the 
UK now faces greater vulnerability to GNSS disruptions and dependence 
on foreign systems. 

o China: BeiDou as a challenge to US hegemony, integrated into China’s Belt 
and Road Initiative (BRI). 

2. Quantum Clock Race: 
o US vs. China: Both investing heavily in space-based quantum clocks (e.g., 

NASA vs. CNSA). 
o EU: iqClock project aims to industrialize quantum clocks by 2030. 
o Russia: Lagging but prioritizing quantum-resistant time for military use. 

3. Time as a Weapon: 
o GNSS Jamming: Russia jammed GPS in Ukraine (2022–2024), forcing 

reliance on BeiDou/GLONASS. 
o Quantum Resilience: Nations with quantum clocks could maintain time 

independence even if GNSS is disabled. 
4. Corporate Sovereignty: 

o Tech Giants: Google, Amazon, Huawei may develop private quantum 
time networks for cloud services. 
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o Regulation: Will time be controlled by states (BIPM/ITU) or 
corporations? 

4.5.6. Future Scenarios to Watch 

1. 2026–2030: SI Second Redefinition 
o Optical clocks (strontium/ytterbium) likely replace cesium. 
o Geopolitical battle: US/EU/China may push for their preferred standard. 

2. 2030–2035: Quantum Clocks in Space 
o ESA/NASA/China plan satellite-based quantum clocks. 
o Entanglement-based sync: Quantum internet could enable instant, 

unhackable time distribution. 
3. 2035+: Fragmentation of Global Time? 

o BRICS Time Standard: China/Russia may push for a BeiDou/GLONASS-
based time standard. 

o Corporate Time Networks: Amazon, Google, Huawei could offer private 
time-as-a-service. 

 

 



Time as Power 
 

 
 

Date: 23 May 2026   14 

SERENTSCHY.COM 
SERENTSCHY ADVISORY SERVICES GMBH 

5. The Arctic States’ Perspective: Time Synchronization as a Strategic 
Imperative 

The Arctic5  has emerged as a critical arena for geopolitical competition, where climate 
change, resource extraction, and military posturing intersect with a less visible but equally 
vital challenge: resilient time synchronization.  

 

Source: https://www.worldatlas.com/articles/which-countries-have-coastlines-on-the-arctic-ocean.html 

 
5 The Arctic is the northernmost polar region of Earth, encompassing the North Pole and surrounding lands and 
seas. Depending on the context, its definition ranges from a mathematical boundary to areas defined by climate, 
flora, and politics https://en.wikipedia.org/wiki/Arctic  

https://www.worldatlas.com/articles/which-countries-have-coastlines-on-the-arctic-ocean.html
https://en.wikipedia.org/wiki/Arctic
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As melting ice opens new shipping lanes and extends operational seasons, Arctic states—
Canada, Russia, the US (Alaska), Norway, Denmark (Greenland), Iceland, Sweden, and 
Finland—face shared vulnerabilities in their Positioning, Navigation, and Timing (PNT) 
infrastructure. These challenges are exacerbated by GNSS jamming, limited ground-based 
atomic clock infrastructure, and dependence on foreign systems, making the Arctic a testbed 
for the future of global time synchronization. 

Canada’s experience offers a representative case study of how Arctic states are adapting to 
these pressures, though its geographic scale, governance model, and alliances introduce 
unique nuances. Below, we outline the common challenges across Arctic states, followed by 
an assessment of how Canada’s situation compares to and diverges from its peers. 

5.1. Common Challenges for Arctic States 

All Arctic nations grapple with a set of shared PNT vulnerabilities, driven by the region’s 
extreme environment, remoteness, and geopolitical tensions: 

 

Challenge Impact on Arctic States Examples Across the Arctic 

GNSS Jamming 
and Spoofing 

Disrupts military operations, 
shipping, aviation, and critical 
infrastructure (e.g., power grids, 
telecom). 

Russia jamming GPS in Northern 
Norway/Finland (2022–2024); China 
testing BeiDou spoofing in the 
Barents Sea. 

Dependence on 
Foreign GNSS 

Sovereignty risks if foreign systems 
(e.g., GPS, GLONASS, BeiDou) are 
denied or degraded. 

Canada relies on US GPS; 
Norway/Finland use Galileo + GPS; 
Russia depends on GLONASS. 

Limited Ground 
Infrastructure 

Few atomic clocks or fiber-optic 
time distribution networks in the 
Arctic. 

No ground-based atomic clocks in the 
Canadian Arctic, Greenland, or 
Svalbard. 

Climate Change 
Disruptions 

Melting permafrost and ice damage 
ground-based infrastructure (e.g., 
fiber optics, radio towers), increasing 
reliance on satellite-based time. 

Thawing permafrost in Siberia 
disrupts Russian GNSS stations; 
Alaska’s coastal erosion threatens US 
early-warning radars. 

Solar Activity 
Vulnerability 

Arctic’s high latitude makes it highly 
susceptible to space weather (e.g., 
solar flares), which can disrupt GNSS 
for hours/days. 

2023 solar storm knocked out GPS in 
Northern Canada and Scandinavia. 

Geopolitical 
Competition 

Rivalry over Arctic sovereignty (e.g., 
Northwest Passage, Northern Sea 
Route) amplifies PNT stakes. 

Russia’s GLONASS jamming near 
NATO borders; China’s BeiDou 
expansion in Arctic shipping. 

Indigenous and 
Remote 

Communities 

Limited access to resilient PNT for 
safety, economic development, and 
traditional navigation. 

Inuit communities in Canada; Sámi 
herders in Norway/Sweden; 
Indigenous groups in Alaska. 

Quantum PNT as 
a Solution 

Opportunity to reduce GNSS 
dependency via quantum clocks, 
inertial navigation, or LORAN. 

US/Canada testing quantum sensors; 
Norway reviving eLORAN; Russia 
deploying GLONASS with quantum-
resistant features. 
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5.2. Canada as a Case Study: Representative but Unique 

Canada’s Arctic time synchronization challenges illustrate the broader Arctic dilemma, but 
with distinct characteristics that make it a useful—though not universal—example for other 
Arctic states. Below, we assess how Canada compares to its peers across key dimensions: 

5.2.1. Geographic Scale: A Vast and Remote Arctic 

• Canada’s Arctic:  
o 162,000 km of coastline (second-longest after Russia).6 
o Sparse population: ~150,000 people across 40% of Canada’s landmass. 
o Extreme remoteness: No ground-based atomic clocks in the Arctic; 

limited fiber-optic infrastructure. 
• Comparison to Other Arctic States:  

o Russia: Longest Arctic coastline (~200,000 km); more ground stations 
(e.g., GLONASS monitoring in Murmansk, Norilsk). 

o US (Alaska): Smaller Arctic footprint but stronger military infrastructure 
(e.g., NORAD, US Space Force). 

o Norway/Finland/Sweden: Smaller coastlines but denser infrastructure 
(e.g., Tromsø Satellite Station, fiber networks). 

o Greenland (Denmark): Massive land area but almost no local PNT 
infrastructure (relies on Denmark and NATO). 

• Representativeness:  
o ✅ High: Canada’s vast, remote Arctic mirrors the infrastructure gaps 

faced by Russia and Greenland. 
o ❌ Low: Unlike Norway or Iceland, Canada lacks existing fiber-optic or 

atomic clock networks in the Arctic. 

5.2.2. Dependence on Foreign GNSS 

• Canada’s Situation:  
o Primary reliance on US GPS for military (NORAD), aviation, shipping, and 

telecom. 
o Limited Galileo access: PRS (encrypted signal) restricted to EU members; 

Canada uses open signals only. 
o No BeiDou integration: Security concerns prevent military use; civilian 

trials (e.g., scientific research) are limited. 
• Comparison to Other Arctic States:  

o Russia: Relies on GLONASS but also uses GPS as backup; jams GPS in its 
Arctic territory. 

 
6  The Arctic is changing rapidly. The dataset, created by researchers from the University of Turku and the 
University of Helsinki, tracks coastal erosion and accretion in the Arctic from 1984 to 2023 using Landsat imagery. 
Eight percent of the sampled locations are experiencing rapid change, defined as coastal erosion or accretion of 
more than ten meters per year. Arctic coastlines are some of the most rapidly changing coastlines on Earth. The 
combined impact of warming, rising sea levels, glacial retreat, and permafrost thaw has destabilized many 
coastlines, making them vulnerable to erosion.  

https://science.nasa.gov/missions/landsat/shifting-coastlines-in-the-arctic/
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o US (Alaska): Fully dependent on GPS but controls the system (via US 
Space Force). 

o Norway/Finland: Dual-use GPS + Galileo (PRS access as NATO/EU 
members). 

o Greenland (Denmark): Depends on GPS + Galileo (as part of Kingdom of 
Denmark). 

o Iceland: Uses GPS + Galileo; no domestic GNSS. 
• Representativeness:  

o ✅ High: Like Greenland and Iceland, Canada is a non-GNSS-operator 
dependent on foreign systems. 

o ❌ Low: Unlike Russia or the US, Canada does not control its own GNSS, 
making its vulnerability more acute. 

5.2.3. Climate Change and Infrastructure Disruptions 

• Canada’s Situation:  
o Permafrost thaw disrupts ground-based infrastructure (e.g., fiber optics, 

radio towers). 
o Increased shipping in the Northwest Passage raises PNT demands for 

navigation and safety. 
• Comparison to Other Arctic States:  

o Russia: Permafrost thaw damages GLONASS ground stations in Siberia; 
Northern Sea Route shipping drives PNT modernization. 

o US (Alaska): Coastal erosion threatens early-warning radars (e.g., 
AN/FPS-117). 

o Norway/Sweden/Finland: Less permafrost but increased Russian 
jamming near borders. 

o Greenland: Melting ice opens new shipping lanes, increasing GNSS 
dependency. 

• Representativeness:  
o ✅ High: Canada’s climate-induced infrastructure challenges are shared 

by Russia, the US, and Greenland. 

5.2.4. Geopolitical Pressures 

• Canada’s Situation:  
o Northwest Passage sovereignty: Disputed by the US (which sees it as 

international waters). 
o Russian/Chinese Arctic ambitions: BeiDou expansion in Arctic shipping; 

GLONASS jamming near NATO borders. 
o NATO alliances: Shares intelligence on GNSS threats with US, Norway, 

Denmark, Iceland. 
• Comparison to Other Arctic States:  

o Russia: Aggressive Arctic militarization (e.g., reactivated Soviet bases, 
GLONASS jamming). 
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o US: NORAD and missile defense rely on GPS timing; competes with 
Russia/China for Arctic influence. 

o Norway/Finland/Sweden: Frontline NATO states facing Russian GNSS 
jamming; Galileo PRS access. 

o Greenland (Denmark): Balances US (Thule Air Base) and EU (Galileo) ties. 
o Iceland: No military; relies on NATO for PNT security. 

• Representativeness:  
o ✅ High: Like Norway and Greenland, Canada faces Russian/Chinese PNT 

threats in the Arctic. 
o ❌ Low: Unlike Russia or the US, Canada lacks a military GNSS (e.g., 

GLONASS, GPS), making it more vulnerable to foreign disruptions. 

5.2.5. Indigenous and Remote Communities 

• Canada’s Situation:  
o Inuit communities rely on GPS for hunting, search-and-rescue, and 

navigation. 
o Traditional knowledge (e.g., stars, ice patterns) is integrated with 

modern PNT. 
• Comparison to Other Arctic States:  

o Russia: Indigenous groups (e.g., Nenets, Evenki) use GLONASS for 
reindeer herding. 

o US (Alaska): Alaska Native communities depend on GPS for subsistence 
hunting. 

o Norway/Sweden/Finland: Sámi herders use GPS + traditional methods. 
o Greenland: Inuit hunters face GNSS outages in remote areas. 

• Representativeness:  
o ✅ High: Canada’s Indigenous PNT challenges are mirrored across the 

Arctic. 

5.2.6. Strategic Responses: Quantum PNT and Resilience 

• Canada’s Situation:  
o DRDC (Defense Research): Testing quantum accelerometers and clocks 

for Arctic military bases. 
o Telesat Lightspeed: LEO satellites (2026+) to provide PNT backup for the 

Arctic. 
o NATO Cooperation: Shares GNSS threat intelligence with allies. 
o Indigenous Partnerships: Integrates traditional navigation with modern 

PNT. 
• Comparison to Other Arctic States:  

o Russia: GLONASS modernization with quantum-resistant features; 
eLORAN as backup. 

o US: DARPA’s quantum clocks; GPS III satellites with enhanced anti-
jamming. 

o Norway: Reviving eLORAN; Galileo PRS access. 
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o EU (Galileo): iqClock project (industrial quantum clocks by 2030). 
o Greenland/Denmark: Relies on EU/NATO for PNT resilience. 

• Representativeness:  
o ✅ High: Canada’s quantum PNT pilots and satellite backups are like 

US/Norway/EU efforts. 
o ❌ Low: Unlike Russia or the US, Canada lacks a domestic GNSS, making 

its resilience strategies more reactive. 

5.2.7. Conclusion 

Canada is a highly representative example of the challenges faced by non-GNSS-
operating Arctic states (e.g., Greenland, Iceland, Norway, Finland, Sweden). Its vast 
geography, GNSS dependency, climate vulnerabilities, and geopolitical pressures 
mirror those of its peers.  

However, its lack of a domestic GNSS (unlike Russia or the US) and limited Galileo PRS 
access (unlike Norway) make it more vulnerable to foreign disruptions. This dynamic 
that amplifies the urgency of Canada’s quantum PNT and resilience strategies. 

5.3. Key Takeaways for Arctic States 
5.3.1. Shared Vulnerabilities 

o All Arctic states face GNSS jamming, climate disruptions, and foreign 
dependency, but Canada, Greenland, and Iceland are most exposed due to 
lack of domestic GNSS. 

5.3.2. Divergent Strategies 

o GNSS Operators (Russia, US): Control their own systems (GLONASS, GPS) but 
still vulnerable to jamming/spoofing. 

o Non-Operators (Canada, Greenland, Iceland): Depend on foreign GNSS and 
are pursuing quantum PNT, LORAN, or satellite backups. 

o EU Members (Norway, Finland, Sweden): Access to Galileo PRS provides 
greater resilience than non-EU Arctic states. 

5.3.3. Canada as a Microcosm 

o Canada’s Arctic PNT challenges—GNSS dependency, climate risks, 
Indigenous needs, and geopolitical pressures—reflect the broader Arctic 
experience, making it a useful case study for policy, regulatory, and strategic 
discussions. 

5.3.4. Lessons for the Future 

o Quantum PNT is a gamechanger for Arctic resilience, but cost and 
deployment timelines remain barriers. 
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o Collaboration (e.g., NATO, Arctic Council) is critical to counter GNSS threats 
from Russia/China. 

o Indigenous knowledge can complement modern PNT, enhancing local 
resilience. 

 

6. Non-Arctic States and the Arctic PNT Battlefield: External Influences 
on Time Synchronization 

While Arctic states grapple with local PNT vulnerabilities, non-Arctic powers, particularly 
China and the EU, are actively shaping the region’s time synchronization landscape through 
technological expansion, economic leverage, and strategic partnerships. Their involvement 
transforms the Arctic from a regional challenge into a global geopolitical arena, where 
control over time synchronization becomes a tool of soft power, economic coercion, and 
military advantage. 

6.1. China: BeiDou as a Trojan Horse in the Arctic 

China, though not an Arctic state, has aggressively positioned itself as a major player in the 
region through its Polar Silk Road initiative (an extension of the BRI) and the global expansion 
of BeiDou. Its strategy combines economic incentives, technological dependency, and 
military posturing to erode Western dominance in Arctic PNT. 

6.1.1. BeiDou’s Arctic Expansion 

• Polar Silk Road Integration:  
o China’s 2018 Arctic Policy explicitly links BeiDou adoption to its Polar Silk 

Road vision, which aims to create a "Digital Silk Road" in the Arctic. 
o Shipping and Logistics:  

§ BeiDou is mandated for all Chinese Arctic shipping, including 
icebreakers (e.g., Xue Long 2) and commercial vessels transiting 
the Northern Sea Route (NSR). 

§ Impact: Russian and Nordic ports (e.g., Murmansk, Kirkenes) are 
encouraged to adopt BeiDou to facilitate trade with China, 
creating dependency on Chinese PNT. 

o Infrastructure Projects:  
§ China is funding Arctic ports, rail links, and telecom networks 

(e.g., Yamal LNG project in Russia) that rely on BeiDou for timing 
and navigation. 

§ Example: The China-Russia Arctic Railway (planned) will use 
BeiDou for train synchronization. 
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6.1.2. Dual-Use Military Applications 

• BeiDou’s Encrypted Signals:  
o While civilian BeiDou signals (B1C, B2a) are open to Arctic states, military 

signals (B3) are restricted to China and its allies (e.g., Russia, Pakistan). 
o Implication: Arctic states that integrate BeiDou into critical infrastructure 

(e.g., power grids, telecom) risk enabling Chinese military operations in 
the region. 

• GNSS Jamming and Spoofing:  
o China has tested BeiDou spoofing in the Barents Sea and East Siberian 

Sea, potentially disrupting NATO operations. 
o Example: In 2023, Norwegian authorities detected BeiDou signal 

interference near Svalbard, coinciding with Chinese Arctic expeditions. 

6.1.3. Economic Leverage and Coercion 

• BRI Ties:  
o China links BeiDou adoption to BRI financing. For example:  

§ Russia: Uses BeiDou in Yamal LNG and Arctic rail projects in 
exchange for Chinese investment. 

§ Iceland: Explored BeiDou for its fishing fleet as part of a 2022 
trade deal with China. 

o Risk: Arctic states that resist BeiDou (e.g., Canada, Denmark) may face 
trade restrictions or exclusion from BRI projects. 

• Huawei’s Role:  
o Huawei’s 5G and telecom infrastructure in the Arctic (e.g., Greenland, 

Finland) relies on BeiDou for timing, creating backdoor access for 
Chinese intelligence. 

6.1.4. Scientific and "Soft Power" Influence 

• Arctic Research Stations:  
o China operates four Arctic research stations (e.g., Yellow River Station in 

Svalbard), all of which use BeiDou for data collection and timing. 
o Implication: These stations double as intelligence-gathering hubs, 

monitoring NATO activities and climate data. 
• Standardization Push:  

o China is lobbying the International Maritime Organization (IMO) to 
recognize BeiDou as a standard for Arctic shipping, alongside GPS and 
GLONASS. 

6.2. The EU: Galileo as a Tool for Arctic Sovereignty and NATO Cohesion 

The EU, though not an Arctic state, wields significant influence in the region through 
Galileo’s PRS (Public Regulated Service) and its Arctic member states 
(Denmark/Greenland, Finland, Sweden). The EU’s strategy focuses on countering Russian 
and Chinese PNT dominance while strengthening NATO and EU defense integration. 
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6.2.1. Galileo PRS: A NATO Force Multiplier 

• PRS Access for Arctic Allies:  
o The EU has granted Galileo PRS access to Norway (2022) and Iceland 

(2023), enhancing their military and critical infrastructure resilience. 
o Impact:  

§ Norway: Uses Galileo PRS + GPS for Arctic surveillance (e.g., P-8 
Poseidon patrols) and early warning systems. 

§ Iceland: Relies on Galileo PRS for search-and-rescue and maritime 
domain awareness. 

o Canada’s Dilemma: As a non-EU NATO member, Canada lacks full PRS 
access, forcing it to negotiate with the EU or develop alternatives. 

6.2.2. Countering Russian and Chinese Influence 

• Galileo as a GPS Alternative:  
o The EU markets Galileo as a "neutral" alternative to GPS, appealing to 

Arctic states wary of US or Chinese control. 
o Example: Finland and Sweden (now NATO members) integrate Galileo 

PRS into their defense systems to reduce GPS dependency. 
• Arctic Council Engagement:  

o The EU (as an observer to the Arctic Council) promotes Galileo adoption 
in Arctic search-and-rescue and environmental monitoring. 

6.2.3. Quantum and Futureproofing 

• iqClock Project:  
o The EU’s €100M iqClock project (2024–2030) aims to industrialize 

quantum clocks for Galileo satellites and Arctic ground stations. 
o Goal: Reduce reliance on GNSS by deploying quantum time networks in 

the Arctic. 
• Collaboration with Arctic States:  

o The EU is partnering with Norway and Denmark to test quantum PNT in 
Svalbard and Greenland. 

6.2.4. Economic and Regulatory Leverage 

• Trade and Standards:  
o The EU ties Galileo adoption to trade deals with Arctic states. For example:  

§ Greenland (Denmark): Uses Galileo for fishing and shipping as part of 
its EU-Arctic partnership. 

§ Canada: The EU-Canada Comprehensive Economic and Trade 
Agreement (CETA) includes provisions for Galileo cooperation, but 
PRS access remains restricted. 

• Cybersecurity Standards:  
o The EU is pushing for Galileo-based timing in critical infrastructure (e.g., 

power grids, telecom) to counter Chinese BeiDou influence. 
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6.3. Russia: GLONASS as a Tool of Arctic Dominance 

(Note: While Russia is an Arctic state, its external influence on other Arctic nations—e.g., 
through GLONASS jamming and BRI partnerships with China—warrants inclusion here.) 

• GLONASS Modernization:  
o Russia has upgraded GLONASS with quantum-resistant features and 

deployed ground stations in the Arctic (e.g., Murmansk, Norilsk). 
o Impact: Jamming GPS in the Arctic (e.g., 2022 incidents near 

Norway/Finland) to force neighbors to rely on GLONASS. 
• Partnership with China:  

o Russia and China coordinate GNSS strategies in the Arctic, including:  
§ Joint Arctic patrols with GLONASS + BeiDou synchronization. 
§ BRI-GLONASS integration: Chinese Polar Silk Road projects (e.g., 

Yamal LNG) use both GLONASS and BeiDou. 

6.4. The US: GPS and the Arctic Security Dilemma 

• GPS as the Default:  
o The US dominates Arctic PNT through GPS, but its dual-use nature 

(military/civilian) creates dependencies and vulnerabilities. 
o Example: NORAD and US Space Force rely on GPS for missile defense but 

jamming near Alaska (2023) exposed gaps in resilience. 
• Countering China/Russia:  

o The US is accelerating GPS III satellites (with anti-jamming features) and 
testing quantum PNT in the Arctic (e.g., DARPA’s Atomic Clock with 
Enhanced Stability). 

o Alliance Coordination:  
§ The US shares GPS threat intelligence with Canada, Norway, and 

Denmark via NATO’s Arctic PNT Working Group. 

6.5. Why This Matters for Arctic States 

1. The Arctic is a Battleground for PNT Influence: 
o Non-Arctic states (China, EU, US, Russia) are competing to define the 

region’s time synchronization standards, with implications for 
sovereignty, security, and economic development. 

2. Dependency = Vulnerability: 
o Arctic states that rely on foreign PNT systems (e.g., Canada on GPS, 

Greenland on Galileo) risk coercion or disruption from external powers. 
o Example: If China denies BeiDou access to a BRI partner (e.g., Iceland), its 

Arctic shipping and telecom could be crippled. 
3. Quantum PNT as a Gamechanger: 

o Canada, the EU, and the US are investing in quantum clocks and resilient 
PNT to reduce foreign dependency. 
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o China and Russia are weaponizing GNSS (e.g., jamming, spoofing) to 
assert Arctic dominance. 

4. Alliances and Fragmentation: 
o NATO members (Canada, Norway, Denmark) coordinate on PNT 

resilience, but non-NATO Arctic states (Russia, Iceland) face divergent 
pressures. 

o Example: Norway benefits from Galileo PRS + GPS, while Canada is 
locked out of PRS and must develop its own solutions.  

6.6. The Big Picture: Arctic PNT as a Global Power Struggle 

The Arctic’s time synchronization challenges are no longer a regional issue but a 
microcosm of global PNT competition. Non-Arctic states like China and the EU are 
actively shaping the Arctic’s PNT landscape through: 

1. Technological Expansion (e.g., BeiDou in Arctic shipping, Galileo PRS for NATO 
allies). 

2. Economic Leverage (e.g., BRI financing tied to BeiDou adoption, CETA’s Galileo 
provisions). 

3. Military Posturing (e.g., Russian GLONASS jamming, Chinese BeiDou spoofing). 
4. Standardization Wars (e.g., IMO recognition of BeiDou, ITU standards for 

quantum PNT). 

For Arctic states, the lesson is clear: PNT resilience is no longer optional. Whether through 
quantum clocks, multi-GNSS receivers, or revived LORAN systems, the Arctic must diversify 
its time synchronization infrastructure, or risk ceding control to external powers. 

 

7. Background Information 

7.1. The Traditional Hierarchy of Timekeeping - Who’s in Charge? 

There is no single "master clock" for the world. Instead, time synchronization relies on a 
hierarchical, distributed system of atomic clocks and standards, coordinated by international 
agreements and organizations. 

7.1.1. Primary Standards - The Definition of Time 

• SI Second: The international standard for time is defined by the International System 
of Units (SI), based on the cesium-133 atom’s resonance frequency (9,192,631,770 
transitions = 1 second). 

• International Atomic Time (TAI): A weighted average of ~400 atomic clocks (mostly 
cesium and hydrogen masers) in national metrology labs worldwide. TAI is a 
continuous, stable timescale with no leap seconds. 
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7.1.2. Coordinated Universal Time (UTC) 

• UTC is the primary time standard used globally. It is derived from TAI but adjusted by 
leap seconds to account for Earth’s irregular rotation (due to tidal friction, 
geophysical events, etc.). 

• Who decides? The International Earth Rotation and Reference Systems Service 
(IERS) announces leap seconds, and the International Bureau of Weights and 
Measures (BIPM) in France calculates UTC based on TAI and Earth’s rotation data. 

7.1.3. National Metrology Institutes (NMIs) 

• Each country (e.g., NIST in the US, NRC Canada, PTB in Germany, NPL in the UK) 
maintains its own atomic clocks and contributes to TAI/UTC. 

• These institutes distribute traceable time signals via:  
o Radio broadcasts (e.g., WWV in the US, DCF77 in Germany). 
o Network Time Protocol (NTP) and Precision Time Protocol (PTP) over the 

internet. 
o Satellite-based systems (e.g., GPS, Galileo). 

7.2. How Navigation Satellites Fit In 

Satellite navigation systems, aka GNSS (GPS, Galileo, GLONASS, BeiDou) are both users and 
providers of time synchronization: 

7.2.1. Satellite Constellations as Time Distributors 

• Each constellation (e.g., GPS) has its own system time, synchronized to UTC but with 
offsets (e.g., GPS Time is currently 19 seconds behind UTC due to leap seconds not 
being applied).7 

• Atomic clocks on satellites: Each satellite carries 2–4 atomic clocks (e.g., cesium or 
rubidium). These are synchronized to the ground-based master clocks of the 
system’s control segment.  

o Example: GPS uses a master control station (at Schriever AFB, Colorado) to 
synchronize all satellites to UTC(USNO), the US Naval Observatory’s version of 
UTC. 

7.2.2. How Satellites Synchronize with UTC 

1. Ground stations monitor satellite clocks and compare them to UTC(NMI), where NMI 
is the national metrology institute (e.g., USNO for GPS). 

2. Corrections are uploaded to satellites to align their clocks with the system’s 
reference (e.g., GPS Time). 

 
7  GPS Time is currently 19 seconds behind UTC due to leap seconds not being applied. This sounds 
counterintuitive, especially given how critical GPS Time is for global infrastructure. For details see here: 
https://gssc.esa.int/navipedia/index.php/Transformations_between_Time_Systems  

https://www.iers.org/IERS/EN/Home
https://www.iers.org/IERS/EN/Home
https://www.bipm.org/en/
https://www.bipm.org/en/
https://nrc.canada.ca/en/research-development/research-collaboration/research-centres/metrology-research-centre
https://gssc.esa.int/navipedia/index.php/Transformations_between_Time_Systems
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3. Users (mobile phones, ships, power grids) receive signals from multiple satellites, 
each stamped with their atomic clock time. The receiver calculates its position and 
the precise time by solving for the time offset between the satellite clocks and its 
own clock. 

7.2.3. Inter-System Synchronization 

• GPS, Galileo, GLONASS, BeiDou are not synchronized to each other by default, but 
their timescales are traceable to UTC via:  

o Common-view time transfer: Comparing signals from the same satellite at 
different ground stations. 

o Two-way satellite time and frequency transfer (TWSTFT): Used for high-
precision synchronization between NMIs. 

• Galileo is the only system directly aligned to TAI/UTC (no intentional offset), making 
it a reference for other systems. More about the Galileo Ground Segment can be 
found here. 

7.3. The Global Synchronization Network 
7.3.1. Time Transfer Techniques 

To synchronize clocks across the globe, metrologists use: 

1. Two-Way Satellite Time and Frequency Transfer (TWSTFT): 
o Two stations send signals to each other via geostationary satellites (e.g., 

Intelsat). 
o Measures round-trip delay to cancel out satellite path delays. 
o Used by NMIs to compare clocks at the nanosecond level. 

2. Global Navigation Satellite Systems (GNSS) Common-View: 
o Two receivers at different locations observe the same satellite. 
o By comparing the time differences, they can synchronize their clocks. 

3. Fiber-Optic Time Transfer: 
o Uses dedicated optical fibers to transmit time signals with sub-nanosecond 

precision (e.g., between NMIs in Europe). 
4. Network Time Protocol (NTP) / Precision Time Protocol (PTP): 

o NTP: Synchronizes computer clocks over the internet (millisecond precision). 
o PTP (IEEE 1588): Used in industrial/telecom networks for microsecond or sub-

microsecond precision. 

7.3.2. The Role of the Bureau International des Poids et Mesures (BIPM) 

• The BIPM collects data from ~80 NMIs and computes UTC by:  
1. Comparing all atomic clocks via TWSTFT, GNSS, and fiber links. 
2. Applying a weighted average (more stable clocks contribute more). 

https://gssc.esa.int/navipedia/index.php/Galileo_Ground_Segment
https://www.nist.gov/pml/time-and-frequency-division/time-distribution/two-way-satellite-time-and-frequency-transfer
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3. Publishing UTC Time Offset tables (e.g., BIPM Circular T) showing how each 
NMI’s clock deviates from UTC.8 

7.4. Practical Example: How Mobile Phones Gets the Time 

1. GNSS (GPS/Galileo): Mobile phones receive signals from satellites, each with a 
timestamp from their atomic clocks. By solving for the time offset, it gets UTC-based 
time (adjusted for the system’s offset, e.g., GPS Time + 19 seconds). 

2. NTP (Network Time Protocol):9 If no GNSS signal is available, mobile phones syncs 
via NTP to servers like time.nist.gov or pool.ntp.org, which are traceable to UTC. 

3. Cellular Networks: Operators synchronize their base stations to UTC via GNSS or 
NTP, and mobile phones gets time from the network. 

7.5. Challenges and Future Trends 

• Leap Seconds: Debate over abolishing them (decision expected at the 2026 CGPM). 
• Quantum Clocks: Next-gen optical lattice clocks (e.g., at NIST, PTB) could redefine 

the second with 100x better accuracy. 
• Alternative Systems: Some countries (e.g., China with BeiDou) are pushing for 

independent time scales, raising geopolitical questions about global synchronization. 
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8 BIPM Circular T is a monthly publication of BIPM’s Time Department, source of traceability to Coordinated 
Universal Time (UTC) for the local realizations UTC(k) maintained by national institutes. Circular T provides the 
values of the differences [UTC – UTC(k)] every five days, for about 80 institutes regularly contributing clock and 
clock comparison data to the BIPM. 
9 The pool.ntp.org project is a big virtual cluster of timeservers providing reliable, easy to use NTP service for 
millions of clients. The pool is being used by hundreds of millions of systems around the world. It's the default 
"time server" for most of the major Linux distributions and many networked appliances. 
 

https://www.bipm.org/en/time-ftp/circular-t
https://www.nist.gov/pml/time-and-frequency-division/time-distribution/internet-time-service-its
https://www.ntppool.org/en/
https://www.bipm.org/en/cgpm-2026

