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Abstract 

Communication, positioning, navigation, and decision-making abilities have evolved into Positioning, Navigation, 
and Timing (PNT) intelligence during the long process of human migration and hence promoted human evolution. 
This article defines intelligence and smartness from the perspective of biological intelligence. New requirements as 
a result of the development of communication, navigation, time service, and decision making are identified in this 
study. The article points out that there are many radio PNT service methods, such as 5G, the new-generation high-
speed communication networks and the low-latency and ubiquitous mobile communication networks as well as 
Global Navigation Satellite System (GNSS), but the integrated application is especially important in providing techni-
cal support for the adjustment and control of the physical world by intelligent sensing, cognition, decision-making, 
and precise coordination. The fusion of 5G and GNSS [including BeiDou Navigation Satellite System (BDS)] information 
with the corresponding equipment can be embedded into a machine to make it intelligent. Furthermore, the fused 
information of 5G and GNSS together with the environment information may extend human perception and physical 
world control ability in terms of time and space scale. It will help to develop critical information infrastructure in the 
age of intelligence, which will also extend the definition of artificial intelligence. Additionally, the “5G + BDS/GNSS” 
fusion path is analyzed explicitly herein in terms of realization methods, information processing, and new application 
services. On the whole, the application of “5G + BDS/GNSS + satellite-based communication” as a critical infrastructure 
for land, sea, air, space and network spatiotemporal control rights is proposed.

Keywords: 5G, BDS/GNSS, Ubiquitous network, Natural intelligence, PNT intelligence

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

Introduction
Based on the use of changing sounds (including human 
language) and body movements to interact with each 
other and gain the perception of the outside world, 
mutual perception and emotional exchanges are signs of 
human communication intelligence. Walking, migrating 
and land enclosure and settlement are the positioning, 
navigation and timing intelligence that humans acquired 
in the process of evolution for survival. Humans enjoy 
exploration, and tend to explore new environments (such 
as outer space), which is determined by their inherent 
love of discovery. In nature, communication, position-
ing, navigation, and decision-making are integrated, as 
it can be seen in the fact that humans indicated position 
and location by means of call, gesture and language in 

their early stage of development. The current integration 
of 5G with positioning and navigation systems, such as 
BDS and universally compatible other GNSS, abbreviated 
to “5G + BDS/GNSS,” is the most modern integration of 
communication, navigation, timing and decision-making 
intelligence.

PNT infrastructure is the basis for research on sub-
stance, energy, information, and human movements, as 
well as the realization of target management and object 
control. Owing to the development of science and tech-
nology and societal progress, the demand for spatiotem-
poral information has transformed from post-event to 
real-time and instantaneous, from static to dynamic with 
high-speed, from rough to precise and comprehensive, 
from land to marine and air, from regional to wide-area 
and global, and from earth to deep space and the uni-
verse. Currently, the information demand has evolved 
from physical space to virtual network space, as well as 
from nature to humans and society (Liu and Gao 2017). 
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The application of spatiotemporal information is only 
restricted by human imagination. Owing to GNSS-based 
spatiotemporal information service networks, ubiquitous 
networks and other observation technologies, any per-
ceptual substance or human near-Earth activity can be 
measured across time (> 1×10−2  ns)and space (> 1  µm), 
from land, sea, air, space, indoor, underground, and even 
the Internet, the virtual space where human activities 
occur. This is known as “5G + BDS/GNSS,” the time and 
space-based communication fusion that provides the 
basis for the extension of ubiquitous surveying and map-
ping and location-based service for mutual enhancement.

The development of mobile communication, from 
1G to 4G, was driven by technology. From 1G analog 
communication to 2G Global System for Mobile Com-
munications (GSM) technology, followed by time divi-
sion multiple access to 3G code division multiple access 
technology, and then to 4G Long Term Evolution (LTE) 
technology, the major developments of communica-
tion technology were all driven by technological pro-
gress. Although the transition from 4G to 5G is primarily 
driven by demand, the core technology is still LTE. 5G is 
a multi-service and multi-technology converged mobile 
communication network through the evolution and 
innovation of technology that satisfies the rapid develop-
ment needs of various services, including extensive data 
and connections in the future, and improves user expe-
rience. Additionally, the critical new technology of 5G 
is ubiquitous networking, which features multi-system, 
multi-level, multi-cell, and multi-carrier. There may be 
particular a demand for cities to develop another mode 
of networking, since both the population and communi-
cation requirements are greater than those in the coun-
tryside (You et al. 2014; Zhang et al. 2016).

Role of “5G + BDS/GNSS”
“5G + BDS/GNSS” will become the most important 
infrastructure as we enter into the age of intelligence. 
Intelligence and smartness are abilities owned by liv-
ing things for survival and reproductive development. 
Animal intelligence is the highest form of natural evo-
lution, and among them human intelligence reaches the 
highest level. Both biological intelligence and smartness 
rely on the perception and cognition of the surround-
ings, subsequent decision making, and actions taken 
to adapt to the environments based on spatiotemporal 
information. Therefore, intelligence is defined as abili-
ties to sense changes, to learn, memorize, and form 
experiences, to develop knowledge and decision-mak-
ing mindset via reasoning, to achieve precise coordina-
tion for time, location and attitude, and to entirely or 
partly adapt to the outside environment to seek advan-
tages and avoid disadvantages. Based on perceiving 

external changes in a particular space–time range, 
smartness enables animals to recognize the rules and 
mechanisms of the external changes in that range and 
realize the prediction of the future or unknown changes 
for seeking benefits and avoiding disadvantages. For 
example, ants have swarm intelligence, even overtaking 
that of human beings in some aspects. Furthermore, 
crows are smart enough to drink water from a lagena 
by putting stones into the bottle so that the water can 
come up to its neck. These examples demonstrate the 
smartness of living things.

The interconnectivity between the new-generation 
Artificial Intelligence (AI) technology, which is based on 
big data, stronger computing power as well as optimal 
algorithms, and various technologies, will help social 
production and consumption to evolve from industri-
alization to automation and intelligence. Humans are 
entering the age of intelligence, which is the inevitable 
result of technological development and the extension 
of biological intelligence, human intelligence, and smart-
ness to nature, society, and machine for perception, cog-
nition, management, and control by homo sapiens. The 
AI being developed aims to explore and provide natural 
intelligence not only to machines, but also to humans, 
the society and the environment, e.g., the existing intel-
ligent buildings and upcoming intelligent roads and net-
works. Next, we will discuss the role, path, and vision of 
“5G + BDS/GNSS” in a developing intelligence society.

In the age of intelligence, a clear perception of the out-
side environment based on the ubiquitous perception 
network with 5G technology is essential. The ubiquitous 
perception network expands with the essential character-
istics of anytime (time), anywhere (space), anything (the 
inclusion of everything) and omnipresence (ubiquitous 
intelligence). This implies the realizing of people-to-peo-
ple, people-to-objects and objects-to-objects on-demand 
information access, transfer, storage, cognition, manage-
ment, control, decision making, and other services based 
on government, industrial and society needs. The current 
Internet cannot satisfy a higher demand for informa-
tion control and management. However, the 5G-based 
perception network, has strong enough environment 
perception, as well as content perception abilities and 
intelligence, which can provide ubiquitous, adaptive reac-
tion, on-demand, and customized information services 
in addition to management and control applications for 
people, companies and the society.

The concept of information network is expanding from 
the Internet of Things (IoT) to ubiquitous network. IoT 
can connect objects as well as objects with people, not 
including the control of the physical environment. Hence, 
ubiquitous network aims to realize the perception, col-
laboration, integration, and control of both virtual and 
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physical spaces, based on wide-area and global high-pre-
cision time and location-based services.

5G is the infrastructure in the intelligent age, featur-
ing high bandwidth, high speed, high capacity, low power 
consumption, low latency and Internet of everything. It is 
developed to satisfy the industrial or individual needs of 
virtual reality, intelligent manufacturing, automated driv-
ing in the future. However, spatiotemporal information 
is not perceptual or adjustable on the network. Although 
5G has a millisecond-level latency, there are still some 
pending issues, such as the inability to realize the remote 
control of self-driving cars or locate a physical address 
using a virtual address.

Hence, new infrastructure is necessitated, that is BDS/
GNSS. PNT and time itself are biological intelligence 
born out of natural evolution. “5G + BDS/GNSS” in the 
intelligence era can enable biological PNT intelligence in 
machines and environment. The intelligence gained by 
machines and environment is called AI, which encom-
passes a broader scope compared with the early inter-
pretation of AI. The ubiquitous surveying and mapping 
ability based on “5G + BDS/GNSS” provides PNT intel-
ligence to modern technology. It is not only the critical 
infrastructure for the precise perception of wide area 
and global time and space events and target information, 
but also for wide-area and global intelligent cooperative 
control.

BDS/GNSS is the only global high-precision and high-
stability infrastructure providing PNT. Its best advan-
tage is worldwide coverage, which can realize the precise 
synchronization of global time service and enable the 
perceptual ability of time and location to 5G and other 
systems, such as roads, environment, and satellite net-
works, in wide areas and even worldwide. The high-pre-
cision positioning augmentation technology enables the 
mobile communication network and Internet to locate 
the instant position of a mobile information packet and 
its direction and transient flow rate. Additionally, it 
allows mobile Internet to integrate indoor and outdoor 
positioning seamlessly to realize the requirement of 
smart city construction anywhere and anytime (Yin et al. 
2018).

BDS/GNSS and 5G enable and enhance each other to 
generate five abilities of intelligence, namely perception, 
learning, cognition, decision making, and adjustment 
and control, and all of them require microsecond or even 
nanosecond level precision coordination in location and 
time. Although we can currently utilize the physical time 
with the support of current communication technolo-
gies, it is still not sufficiently precise or reliable. However, 
adjustment and control can become difficult at some 
key moments. Precise adjustment and control can be 
achieved in some factories or workshops, but not in the 

global aspect. “5G + BDS/GNSS”can be used to solve this 
problem, based on perception of physical devices with 
wide areas or global distribution. Hence, functions, such 
as computing, communication, precise control, remote 
collaboration, and autonomy, can be performed to extend 
the human ability to perceive and control the physi-
cal world on time and space scales, which is the goal of 
industrial Internet (also known as Cyber Physical System 
(CPS)).

Path toward “5G + BDS/GNSS”
To integrate 5G and BDS/GNSS to serve the industry 
and society, we can follow the rules from easy to diffi-
cult, from simple to complicated, and from architecture 
to application. The suggested steps are outlined as below.

Integration of BDS/GNSS and 5G base stations
The current synchronization of 5G base stations requires 
approximately several microseconds to 10  µs. End-user 
latency consumes 1 ms, which is nearly 1000 times higher 
than 1 µs. The servers of 5G macro and micro base sta-
tions, key gateways, routers and cloud service centers in 
industries may be equipped with self-controllable, multi-
band, multi-mode and low-power consumption GNSS 
boards that are primarily composed of BDS, to provide 
precise coordinate location and time synchronization. 
The GNSS boards may provide unified nanosecond-level 
time and centimeter-level coordinate systems for 5G base 
stations, gateways, routers, and main servers. Hence, the 
“5G + BDS/GNSS” system provides good spatiotemporal 
information services. Moreover, because the BDS/GNSS 
board is power efficient, which typically consumes only 
0.5–2  W of electricity, thus its energy consumption is 
negligible compared with that of 5G network.

Because the base stations of “5G + BDS/GNSS” is a 
ground-based augmentation network with high density 
and high precision, it is a supplement and extension 
of national terrestrial reference frame based on BDS 
data that offers precise positioning, timing and time 
synchronization services for ground users. By repro-
cessing and correcting BDS signals, millimeter-level 
location accuracy and nanosecond-level time accuracy 
can be achieved, and the ability of earthquake moni-
toring, early warning, and prediction can be improved 
based on current national seismic monitoring net-
works and 5G network. The precise modeling of three 
Dimensional (3D) atmospheric wet components for 
wide areas, regions, and local areas, can be established 
by the integrated data of 5G + BDS/GNSS, and the cor-
responding big data service for the precise prediction 
of atmospheric precipitable water can be provided. 
Additionally, it can analyze water content in air at a 
precise location and time as well as provide an accurate 



Page 4 of 8Liu et al. Satell Navig            (2020) 1:23 

forecast in fixed quantities, places and times. For exam-
ple, “9 mm of precipitation tomorrow morning between 
8:30 and 9:50 on the roads in Xi’an high-tech park,” 
which is important for the development of Internet of 
Vehicles (IoV) and intelligent driving. In addition, it 
can realize a precise regional 3D ionospheric model, 
regional soil moisture monitoring, and early warning 
of thunder and lightning positioning. The applications 
mentioned above in the atmosphere, ionosphere, and 
soil moisture are remote-sensing applications enabled 
by the combination of BDS/GNSS and 5G base stations.

5G network serves the role of BDS/GNSS augmentation PNT 
service
The 5G base station is not only responsible for receiving 
BDS signals for positioning and timing service, but also 
for sending navigation information and ranging signals 
similar to that of BDS (Deng et  al. 2017). The signals 
from the 5G stations can be used for BDS-based pre-
cise positioning, as each base station has its own pre-
cise and uniform position and time determined by BDS. 
Supported by 5G stations, many applications related 
to precise PNT information will emerge, such as smart 
city construction, management and control, natural 
resource planning, management and supervision, smart 
agriculture, precision agriculture, catastrophic insur-
ance, intelligent transport monitoring and risk control.

Application and service in IoV and Intelligent Connected 
Vehicle (ICV) operation
Based on previous 5G + BDS/GNSS augmented PNT 
information, “5G + BDS/GNSS”-based IoV can be 
established. The IoV system includes vehicle road coor-
dination, as well as the timing and location sensing of 
vehicles based on “5G + BDS/GNSS.” With the support 
of PNT information provided by “5G + BDS/GNSS,” the 
IoV regional cloud service center can be immediately 
connected to public security traffic management cent-
ers, relevant insurance companies, car owner units and 
relatives, as well as relevant 4S shops. Information ser-
vice systems based on updates of real-time road con-
dition information and spatiotemporal information are 
required in high-precision maps and crowdsourcing. 
Furthermore, the IoV includes an information service 
system based on the entire process sensing and control 
of the road after each intelligent and connected vehi-
cle is started. Using the PNT information provided by 
“5G + BDS/GNSS” and the real time sensing for vehi-
cles and environments, the centimeter-level location 
control and nanosecond-level time control of IoV and 
ICV, respectively can be realized.

Industrial Internet/CPS fusion system
Based on “5G + BDS/GNSS,” a high-precision PNT ser-
vice network, routers, gateways, and key servers can be 
constructed to realize measurable, calculable, traceable, 
and adjustable high-precision CPS systems. Therefore, 
intelligence is achieved via the information control of the 
physical world, which also satisfies the definition of AI by 
Simon (1995), a Nobel Prize and Turing Award winner. 
With some technological enhancements, this AI system 
can be realized with the support of “5G + BDS/GNSS” 
augmented PNT information.

However, the integration of BDS/GNSS and 5G does 
not mean putting them together simply like building 
blocks. There are many problems need to be solved. For 
example, the unified time system with nanosecond syn-
chronization accuracy based on BDS is one of the key 
technologies to achieve our expectation. But the truth 
is that the timing accuracy of normal receivers of GPS/
GNSS range from 20  ns to 50  ns, which cannot satisfy 
the requirements of applications that need stricter syn-
chronization, and is not suitable for the integration of 
BDS/GNSS and 5G. With the support of national key 
research and development program of China, we pro-
posed a one-way timing system based on a ground-based 
augmentation system (Niu et al. 2019). The system esti-
mates real-time high precision satellite clocks using the 
ground-based augmentation network as the time refer-
ence. Moreover, the time reference is transferred to the 
terminal through real-time Precise Point Positioning 
(PPP). Finally, the timing receiver synchronizes its local 
clock to the reference through real-time clock adjustment 
to realize high precision timing. Based on this, we have 
developed a high-precision, high-stability BDS/GNSS 
timing terminal which can achieve sub-nanosecond level 
accuracy. The terminal uses an Oven Controlled Crys-
tal Oscillator (OCXO) controlled by external voltage to 
generate basic frequency, and works by the PPP method. 
It mainly depends on BDS, and is also compatible with 
other GNSS systems. We compared the 1 Pulse Per Sec-
ond (PPS) output of the timing receiver with that of the 
National Time Service Center (Fig. 1).

The sub-nanosecond result could be seen obviously 
within all the seven days. And Fig.  2 gives the Allan 
deviations of the frequencies in this system, which can 
achieve approximately 6× 10

−14 in one day.
With this terminal, we designed a network speed per-

formance test and measured different network delays, 
from the network connected directly by a cable to the 
network connected with a router and server. By calcu-
lating different data package latencies under different 
situations, such as when it travels across routers or serv-
ers, or when the router/server is undertaking other tasks 
simultaneously. According to the test, the data package 
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latency differs according to the scene, so the terminal can 
be used for network anomaly detection or software virus 
detection.

Therefore, we performed some network security tests. 
We measured the delay of the packets passing through 
the network devices (e.g. router) based on the high-pre-
cision timing terminal. As shown in the Fig. 3, the delay 
distribution of the six different routers are different. The 
hardware and the software program of different routers 
may cause different delay. Furthermore, the small delay 
slip of software program can be detected with the high-
precision time stamp even if it’s changed in instruction-
level. This shows that the high-precision timing terminal 
can be used to detect the changes of network devices (e.g. 
router), including both the hardware change and soft-
ware change. The experiment result shows that the time 
stamp with high-precision BDS terminal can detect delay 
changes of devices in the network.

Furthermore, the cyclic latency slip can be detected 
by the high-precision and high-stability BDS time ser-
vice terminal. This shows that the high-precision and 
high-stability BDS time service terminal can detect com-
puter hardware and software latency abnormalities as 

Fig. 1 Daily standard deviations of 1 PPS results

Fig. 2 Frequency stabilities of our timing system
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computer hardware and software are processing instruc-
tions. The process is similar to performing a “CT” scan 
on both the hardware and software environment to verify 
if any instruction-level change occurs in the internal pro-
cessing procedure and precisely calculate which kind of 
change has happened. The experiments show that the 
high-precision location stamp, time stamp with high-
precision and high-stability BDS terminal can detect 

instruction-level changes in the internal processing pro-
cedures of the tested network devices. These experiments 
provide a technical basis for future remote control and 
information security work.

The Internet typically uses random routing protocols 
for data packages to obtain a faster route to the destina-
tion. To solve this uncontrollability of the network, we 
must first develop a virtual private network (VPN) that is 

Fig. 3 The delay distribution of the six different routers
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detectable, calculable, and controllable in the 5G mobile 
network. Subsequently, we should develop intelligent 
optimal routing protocols and render local area network 
data packages measurable, calculable, controllable, trace-
able, and interceptable in the 5G mobile network. We 
can then further develop the standards and protocols for 
remote and intelligent optimal control of wide area net-
work in the 5G mobile network. Finally, we must avail 
BDS time and location services to help 5G mobile net-
works realize remote control, multi-task handling, and 
cooperative sensing control of the industrial Internet.

Realization of indoor/outdoor integrated PNT
This is the most challenging task, as land, sea, space, air, 
underwater, indoor, and underground should all be con-
nected to the “5G + BDS/GNSS” indoor/outdoor inte-
grated network. Furthermore, the perception, cognition, 
decision making, controllability, and seamless continuity 
of space and time should be realized.

Possible applications and vision of “5G + BDS/GNSS”
The application of “5G + BDS/GNSS” means the inte-
gration of five data resources: data provided by the BDS, 
ground-based augmentation system, 5G communication 
network, “Gaofen” satellite remote sensing, and the Inter-
net, to construct an integrated system. The system should 
be fundamental, environmental, intelligent, ubiquitous, 
secure, and controllable for supporting extensive indus-
trial applications, such as IoV, intelligent energy, wireless 
robot, and drone cloud control. For intelligent energy, the 
current grid time standards that has remained unchanged 
since the age of Tomas Edison are out of date. The cur-
rent phase synchronization precision is 18°, which means 
that the maximum time gap should be less than 18° (1/20 
cycle, which equals to 1 ms); otherwise, it will cause high 
energy consumption. In the future, “5G + BDS/GNSS” 
will enable the centimeter-level location and nanosec-
ond-level time control of national grids and realize the 
nanosecond-level phase synchronization of the input and 
output voltages of grid devices.

The national security control over land, sea, space, air, 
and information right can be traced back to the spati-
otemporal control rights. It requires precise and reliable 
spatiotemporal information. “5G + BDS/GNSS + satel-
lite-based communication” is the critical infrastructure 
to realize the spatiotemporal control rights of land, sea, 
space, air and information network. The vision of com-
munication-navigation-remote sensing integration, and 
space-based, ground-based, PNT augmentation integra-
tion have been proposed previously (Liu 2018). Among 
international GNSS orbiting satellite constellations, only 
BDS with global coverage (BDS-3) satisfies this standard 
(Yang et al. 2019, 2020).

Conclusion
The rapid fusion of “5G + BDS/GNSS” and a low Earth 
orbiting (LEO) satellite-based augmentation system with 
mutual intelligence empowerment will ease the perception, 
calculation, measurement, and control of the intelligent 
society. In the process of achieving this goal, there will be 
a large number of opportunities and more significant chal-
lenges. Therefore, more technical issues will need to be 
addressed, and we must develop transformative technolo-
gies to enable a more modernized future.
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