
What does it take for time information to appear on the displays of digital devices? Time may be perceived as
something abstract and immaterial, but in the digital age, there are complex infrastructures built for defining,
maintaining,  synchronizing and distributing time. Besides the socio-political structures in the background of
controlling time, we can try to understand the digital time by looking at the material infrastructure and
technologies that sustain it. By Silvia Binda Heiserova. 

Digital Time Materiality

GNSS Satellites

Besides providing geolocation,
global navigation satellite systems

(GNSS) are transmitting time
information to the receiver. The

information is transmitted via
radio signals on specific

frequencies. The time 
information is retrieved 

from atomic clocks 
carried on board

 of each GNSS 
satellite.

Ground Stations Time Servers

A time server is a type of
network server computer
which transmits precise time
information to its network
clients (Meinberg). When
devices communicate over a
network, having synchronized
time is crucial.  For instance,
when you send an email or
update a file, having accurate
timestamps is essential for
maintaining the chronological
order of events (Lenovo). 

End Users

From smartphones to missile
systems, the end users of
digital time include both
civilian and military sectors.
Three main tools help keep
track of time in end users
devices: hardware real time
clocks (RTCs), hardware
GNSS receivers designed for
compact applications, and
time synchronization via
data received from time
servers.

"Timekeeping has always been critical for
national defense and it’s not surprising

that GPS started out as a military
technology, proving particularly effective

[to] out-navigate the enemy and fire

with pin-point precision" (Sodders, 2024).
"Military applications of GNSS are

extremely widespread from the
mobilization of troops to supply of arms

and amenities; it is also used in rescue

operations and missile guidance" (Bhatta,
2021).

Caesium Atom
Caesium is a soft, gold-coloured alkali metal that is quickly

attacked by air and reacts explosively in water. One of its most

important uses is in the ‘caesium clock’. The most common use

for caesium compounds is as a drilling fluid. Caesium is found in

the minerals pollucite and lepidolite. Pollucite is found in great

quantities at Bernic Lake, Manitoba, Canada and in the USA,

and from this source the element can be prepared. However,

most commercial production is as a by-product of lithium

production (Royal Society of Chemistry). 

As of April 2025, there are 160
operational GNSS satellites

orbiting around the Earth.

160

 
GPS 31

GLONASS 26

Galileo 32

BeiDou 58

QZSS 5

NavIC 8

Source: n2yo.com 
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radio signals

Antennas

GNSS Monuments

GNSS Stations
Besides a GNSS antenna

mounted on a  vertical
structure, a GNSS station

consists of a GNSS receiver,
connected to the antenna

with an antenna cable. The
receiver should have the

ability to store a reasonable
amount of raw data. A
GNSS station needs a

reliable, and continuous
power supply (igs.org).

GNSS monument GNSS  receiver

antenna

cable

data storage

>1218

9 192 631 770 Hz
In 1967, the International System of Units (SI) redefined 

the unit of time, the "second," as the duration of 9 192 631 770
oscillations of microwave radiation from a caesium-133 atom.

This definition established the caesium atom as the primary
standard for time measurement (NIST, Bhatta, 2021).

A GNSS antenna mounted
outdoors on a permanent vertical

structure, which can be a steel
grid tower or a concrete pillar, is

called a "GNSS Monument."
The monument of a GNSS site

should be designed to provide a
stable and securely

anchored structure to which the
antenna is mounted (igs.org). 
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Total weight of GNSS
satellites currently orbiting

around Earth is
approximately 187 tons.

Most of its material consist
of aluminium alloys and

titanium alloys.   

187 000 kg

6 billion units is the estimated amount of mounted
GNSS receivers in smartphones, wearables,

tourism and health devices worldwide (European
Union Agency for the Space Programme).  The

estimated world population in 2025 is 8,2 billion.

6 000 000 000

The global Real-Time Clock (RTC)

Integrated Circuit (IC) market
was valued at over USD 3.5

billion in 2021 and is estimated to

reach a value over USD 5.2 billion
by the end of 2031 (Transparency

Market Research).

$5,2B

ZARA00ESP

Although the name GPS (Global Positioning
System) is often used interchangeably for

navigation services, it is "a U.S.-owned utility
that provides users with positioning,

navigation, and timing services" (gps.gov). 

GPS

USA flag at GPS III processing facility. 
Photo: Lockheed Martin.

"It is estimated that more than four billion military,
commercial and civil users world-wide connect

with GPS"(Lockheed Martin Corporation, 2018). 

4 000 000 000

Atomic Clocks
Each GNSS satellite carries multiple atomic

clocks, also known as time standards. The clocks

need to provide continuously a known stable
frequency and a well-defined Time epoch. Three

types of atomic clocks are currently used in GNSS
satellites: rubidium (Rb) vapor cells, cesium (Cs)

atomic beams, and hydrogen (H) masers 

(Hollberg, 2021; Bhatta, 2021).

Rb clock in Galileo.
Image: ESA. 

The signals are so accurate, time can
be figured to within a microsecond

(a millionth of a second).

0,000001 s

The radio signals, which contain time

information, travel from satellites 
through space at the speed of light{c}, 

more than 299 792 km/second.

299 792 km/s

C O R S

GNSS Monuments in Greenland, Austria, 
Finland (left to right).  Sources: SONEL, EPN. 

In Zaragoza, Spain, there is one permanent GNSS station in
the EPN network. "This GNSS station is built on a 3 m high

steel tower welded to a steel main beam of the
National Meteorological Institute building." It was installed
on April 25th, 2006. It uses an antenna of type TRM29659
and has the serial number 0220369431. Its ID within the

EPN network is ZARA00ESP (epncb.eu).

A real time clock module is a digital clock with a
primary function to keep accurate track of time even

when a power supply of a device is turned off. RTC’s
are comprised of a controller, oscillator, and an

embedded quartz crystal resonator. RTC contributes
to system stability by providing a reliable reference for

time-related operations (Meaney, Lenovo). 

Real Time Clock (RTC)

The heart of any RTC is the crystal oscillator. The
oscillator must work properly and go undisturbed in

order for the clock to be accurate over long periods of
time. A crystal’s frequency is determined by its size

and shape (RAMTRON, ESC).

DS130 Real Time Clock module.

Crystal Oscillator

32768 Hz is the output frequency of a quartz
crystal typically used in the clocks of most

electronic devices. This frequency was chosen

because it is a power of 2 value (215) . You can get
a precise 1 second period (1 Hz frequency) by

using a 15 stage binary counter.    

Quartz crystal oscillator by ECS Inc.,
dimensions: 1,6 x 1,2 mm.

32 768 Hz

Civilian Users

"Initially, GPS and GLONASS were conceived
to serve military purposes; civilians were not

allowed to use these signals. On 1
September 1983, Soviet fighter jets shot

down a Korean Airlines Flight 007 which had
strayed into Soviet airspace. This resulted in
the death of all 269 passengers on the flight.

To help avert such future tragedies, US
President Ronald Reagan announced that
GPS signals would be made available for

international civilian use as the system came
on line" (Bhatta, 2021). 

Military Users

GNSS receivers

routers
network cables
wireless signals

"The user’s GNSS receiver is the user
segment of the GNSS system. In general,

GNSS receivers are composed of an
antenna (internal or external) tuned to

the frequencies transmitted by the
satellites, receiver–processors, and a

highly stable clock (often a crystal

oscillator). In fact, every smartphone is
equipped with GNSS receivers." One of

the major tasks of a receiver is to provide
accurate time (Bhatta, 2021).

GNSS receiver chip by Broadcom, 
dimensions: 2.4 × 2.7 × 0.65 mm.

Continuously Operating Reference
Station (CORS) are GNSS stations

which provide continuous time
tracking using high accuracy

receivers and have facilities allowing
rapid data transmission either to an

operational data centre or directly to
users (igs.org). Some CORS integrate
terrestrial atomic clocks, enhancing

long-term timing accuracy even
during GNSS signal outages.

As of April 2025, there are

at least 4672 active public
NTP servers around the

globe (ntppool.org).

4672

Sites

Time servers are physically distributed across the
world. They can be found in data centers (run by

tech companies, universities, government
agencies), telecommunications facilities, military

bases, research institutions, observatories or
 public infrastructure providers.

Hardware
Time server by Timebeat.

A time server is a specialized
device that provides precise time

to a network.  It typically
includes a high-stability

oscillator for accuracy, and
multiple network interfaces for
reliable time distribution. Many
types also feature built-in GNSS

receivers.

NTP
The Network Time Protocol (NTP) is a

protocol designed to synchronize the clocks
of computers over a network to a common

timebase. NTP ensures the reliability of
billions of devices around the world, under

the sea, and in space (ntp.org).  NTP
software clients for personal computers
and network elements (such as routers)
make a single timing request to a signal

server and then use this information to set
their computer's clock (NIST). 

Stratum

Master Clocks

More than 1218 operational stations worldwide
contribute to global time monitoring, forming part of
reference systems like EUREF Permanent Network
(EPN), International GSSN Service (IGS), Sistema de
Referencia Geocéntrico para las Américas (SIRGAS).

NTP uses Stratum to describe the distance
between a network device and an authoritative

time source. Stratum 0 would be the GNSS
Satellite itself. Stratum 1 NTP Time Servers
reference GNSS Satellites directly and are

considered the most accurate, because there is
no network delay. A Stratum 2 device receives

its time from a Stratum 1 Time Server (ESE).

GNSS ground stations employ specialized antennas
engineered to minimize signal distortion. Common
designs include dome-shaped chokering antennas,
null-steering and blade antennas. These antennas

are calibrated to ensure stable phase center
variations, which is critical for precise time

measurements.

GNSS antenna types. Source: Grewal et al., 2001.

The so-called "master clocks" act as
the primary reference sources for

time servers. This "authoritative time
source" initiates the synchronization

cycle, while subordinate devices
(called "slaves") adjust their local

clocks based on the master’s timing.

GPS Time
"The signals transmitted by GPS satellites are referenced

to GPS (System) Time. A particular epoch is identified in

GPS Time as the number of seconds that have elapsed

since the previous Saturday/Sunday midnight.  One must

also indicate in which week the epoch is. GPS weeks start

with week 0 on January 6, 1980, and are numbered

consecutively" (Langley, 1991). 


