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Abstract- Seamless navigation between indoor and outdoor environments has become increasingly important in a 

world where accurate positioning and real-time location-based services are essential for applications ranging from 

autonomous vehicles to smart cities. This paper aims at giving an overview of the modern technology that is used in 

outdoor and indoor navigation and these include the GPS and GNSS for the outdoors and the Wi-Fi, Bluetooth, and 

RFID for the indoors respectively. The analysis of hybrid solutions reveals that sensor fusion, geofencing and multi-

sensor tracking can become the solutions for transitions between indoors and outdoors conditions. The current 

developments in AI based algorithms, 5G network and visual positioning systems are all presented in relation to their 

impacts in enhancing navigation. As it stands, there are drawbacks that are often encountered, these include; 

Interference, they are not accurate at all times, and lastly there are privacy issues. Finally, this paper concludes with 

future direction based on futuristic technology like 6G AI and IoT for seamless navigation and possible application 

such as autonomous vehicle applications like augmented reality and smart city infrastructure. The use of these 

innovations will enhance the efficacy of integrated navigation systems to its ultimate potential, particularly in the 

context of addressing the requirements of ‘smart’ cities, redefining urban and transport logistics and conceptualizing 

the user experience. 

    Keywords—Navigation, GPS, Wi-Fi, Hybrid navigation, 5G, AI-    driven Navigation, IoT. 

I. INTRODUCTION 

Navigation technologies have become indispensable in 

modern life, influencing a wide range of applications from 

everyday smartphone usage to advanced logistics and 

autonomous systems. Outdoor navigation, largely powered 

by Global Positioning System (GPS) and other satellite-

based systems, has been highly effective in providing 

accurate and reliable positioning data. These technologies 

have revolutionized how people and goods move through 

outdoor environments, enabling services such as real-time 

mapping, location-based services, and enhanced 

communication between devices. However, as human 

activity increasingly takes place within complex indoor 

environments, from shopping malls to airports, there is a 

growing need for navigation systems that operate seamlessly  

across both indoor and outdoor spaces. 

One essential issue in this context is the switch between 

different positioning technologies, e. g., from outdoor 

systems such as GPS (Global Positioning System) or the 

cell-based GSM (Global system for mobile 

communication)/UMTS  

(Universal Mobile Telecommunications System) to 

indoorsystems such as infrared or Bluetooth and vice 

versa.[1]  The lack of a unified, integrated solution that 

seamlessly bridges the transition between these 

environments has created a significant technical and 

practical barrier.   

This review aims to evaluate the current state of research and 

technological development in seamless indoor and outdoor 

navigation. It explores a range of existing solutions and 

advancements, including hybrid technologies, sensor fusion, 

and the integration of cutting-edge innovations such as 5G 

and artificial intelligence (AI). By critically analyzing the 

strengths and limitations of these approaches, this paper 

seeks to identify key challenges and propose directions for 

future research to achieve truly seamless navigation in both 

indoor and outdoor environments. 
 

                   2. Technological Landscape 
 

Seamless indoor and outdoor navigation requires a cohesive 

integration of various positioning technologies that cater to  

different environments. To understand the challenges of 

achieving this, it is important to first explore the current 

landscape of both outdoor and indoor navigation systems. 

 

2.1 Outdoor Navigation Technologies 

Outdoor navigation has largely been dominated by satellite-

based positioning systems, with the Global Positioning 

System (GPS) being the most widely used. GPS, which 

utilizes a constellation of satellites to provide real-time 

positioning and timing information, has revolutionized 

outdoor navigation by offering accurate location tracking on 

a global scale. Outdoor navigation is an exciting and quite 

varied topic; there are several types of environment that  

require different levels of autonomy and different kind of 

sensors.[3] 

These systems are highly effective in open outdoor 

environments, where signals from satellites can travel 

unimpeded to the receiver. Advances in GPS technology have 

improved accuracy to within a few meters, which is sufficient 

for most applications like driving navigation, asset tracking, 

and outdoor mapping. However, satellite signals degrade 

significantly in dense urban areas (due to buildings blocking 

signals) and are completely unavailable indoors, leading to 

unreliable positioning in such environments 

 

1. Global Positioning System (GPS): 

Global positioning system uses a network of satellites to 

provide real-time location tracking anywhere on Earth. It 

operates independently of any internet connection, which 
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makes it ideal for outdoor navigation in remote areas. GPS 

offers a wide range of applications in outdoor areas, 

including military, weather forecasting, vehicle tracking, 

mapping, farming, and many more. In an outdoor 

environment, an exact location, velocity, and time can be 

determined by using GPS. Rather than emitting satellite 

signals, GPS receivers passively receive them. [5] 

 

2. Global Navigation Satellite System (GNSS): 

The Global Navigation Satellite System (GNSS) is the 

primary technology today for addressing the Position, 

Navigation and Timing (PNT) needs of society. Combining 

GNSS with other sensors, such as a self-contained inertial 

navigation system (INS), provides an ideal position and 

attitude determination solution in some environments [4]. 

The availability of multiple GNSS systems such as GPS, 

GLONASS, Galileo, and BeiDou ensures improved 

reliability, accuracy, and global coverage. 

 

3. Geographic Information Systems (GIS): 

Geographical Information Systems  is used to capture, store, 

manipulate, analyze, and present spatial or geographic data. 

It allows for complex route planning, mapping, and spatial 

analysis. Spatial representations such as Geographical 

Information Systems based maps can use already developed 

interfaces as a powerful human-robot interaction tool, 

specially in environments like urban areas [6]. Geographical 

Information Systems are commonly used in navigation apps 

and tools to provide users with detailed map data, elevation 

profiles, and various route options. 
 
 

2.2 Indoor Navigation Systems 

Indoor Navigation Systems are designed to assist users in 

navigating indoor environments where traditional satellite-

based systems are ineffective. They are crucial for improving 

accessibility, safety, and operational efficiency in complex 

indoor settings, offering real-time navigation and location 

services.  

There has been a wide array of research on indoor 

positioning systems which utilize different kinds of physical 

layers such as electromagnetic waves (e.g. ultra wide band 

radio, RFID, wireless sensor networks), infrared, ultrasonic 

waves [7], vision, and optics. Indoor navigation is used in a 

variety of contexts, enhancing the overall user experience by 

providing seamless transitions between indoor and outdoor 

environments. 

 

1. Wi-Fi-based Positioning: WiFi networks are widely 

used in various indoor environments such as homes, 

hotels, shopping malls, offices, campuses, and 

hospitals. Most smartphones, laptops, and other 

portable user devices currently support WiFi [8]. 

Wi-Fi positioning systems (WPS) can utilize either 

signal strength or fingerprinting methods, where the 

environment is pre-mapped based on signal 

patterns.  The objective of WiFi indoor positioning 

is to achieve positioning detection and tracking 

tasks in complex environments using a wireless 

local area network composed of wireless access 

points (including wireless routers). It uses a 

combination of empirical tests and signal 

propagation models to locate the connected mobile 

devices based on the location information of 

network nodes [8]. 

2. Bluetooth Low Energy (BLE): Bluetooth low 

energy (BLE) technology is a standard for wireless 

personal area network technology developed by 

Bluetooth Special Interest Group (SIG). BLE, as 

known as Bluetooth Smart, is a part of Bluetooth 

4.0 standard, however, it has other differentiated 

various functions with compared to classic 

Bluetooth [9]. BLE beacons offer more precise 

positioning than Wi-Fi, typically with accuracy 

within 1-3 meters. BLE works by deploying a 

network of beacons that transmit signals detected 

by a user’s device, allowing for proximity-based 

location tracking. Applications of BLE or Bluetooth 

Smart that are commonly discussed are as follows: 

health care, sports and fitness, car electronics, 

generic sensors, proximity sensing, wearable 

devices [9]. 

 

3. Radio Frequency Identification (RFID): Radio 

frequency identification (RFID) mainly uses radio 

frequency integrated circuits for two-way data 

communication of electromagnetic wave signals. 

RFID positioning systems are generally composed 

of RFID readers and electronic tags, and the two 

communicate with each other via a fixed 

protocol[8]. RFID was invented during the Second 

World War II and was first used by Britain to 

identify aircraft as part of the refinement of the 

radar [10]. RFID is commonly used in logistics and 

retail, where small RFID tags communicate with 

fixed readers to provide location data. While highly 

accurate within short ranges. 

 

4. Magnetic Field (MF): Magnetic field variations 

inside buildings are found in iron, cobalt, or nickel 

and also occur from man made sources such as steel 

structures, electric power systems, and electronic 

appliances. If these variations or anomalies are 

identified, they provide a unique fingerprint or 

profile for places inside buildings where they exist 

[11].  These magnetic signature created by 

distortions which can be mapped and used for 

indoor positioning. 

 

2.3 Limitations of Traditional Systems for Seamless 

Navigation: 

The primary challenge in delivering seamless indoor and 

outdoor navigation lies in the significant differences between 

the technologies used for each environment. Outdoor 

systems like GPS rely on satellite signals that are entirely 

ineffective indoors, while indoor systems depend on 

localized infrastructure such as Wi-Fi access points, BLE 

beacons, or RFID tags. These systems are typically designed 

to operate in isolation, leading to a fragmented user 

experience when transitioning between indoor and outdoor 

environments. 
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For outdoor positioning, the GPS can always support with 

high accuracy, but Indoor Positioning Systems (IPS) face 

more challenges than outdoor positioning due to pervasive 

hindrances and interaction interference [5], multi-path effect, 

fading, reflecting, deep shadowing effect, and delay 

deterioration. 

Additionally Indoor positioning is more challenging 

compared with outdoor positioning owing to the complex 

nature of indoor environments. The following factors must 

be considered: (1) the presence of physical obstacles, (2) 

signal fluctuation and noise, (3) wall blockage, (4) multiple 

available signal propagation paths, (5) non-line-of-sight 

distance (LoS) between two points, (6) movement of 

personnel and objects, (7) temperature variation, and (8) 

interference from electrical signals. Therefore, indoor 

positioning requires higher robustness and positioning 

accuracy[8]. 

The key to overcoming these challenges lies in hybrid 

solutions that integrate both indoor and outdoor technologies, 

ensuring smooth transitions and consistent accuracy 

regardless of the environment. This integration remains a 

central focus of ongoing research in the field. 

 

      3.  Integration and Hybrid Solutions 

 
The limitations of traditional indoor and outdoor navigation 

systems have led to the development of hybrid approaches 

that integrate multiple technologies to create seamless 

navigation experiences across diverse environments. These 

solutions aim to combine the strengths of individual 

technologies while minimizing their weaknesses, providing 

more accurate and continuous positioning for users.  

Hybrid positioning system is a combination of GPS with 

LPS to track items in both outdoor and indoor environments. 

These systems were created to address the limitations of 

GPS, which is extremely accurate in open spaces but fails to 

perform well indoors or between tall buildings. Better 

position estimations can be determined by hybridizing the 

positioning information from different technologies. This 

way, the combination can enhance the system's accuracy and 

availability in diverse locations [12].  

3.1 GPS and Wi-Fi Integration 

A common hybrid approach involves combining GPS for 

outdoor navigation with Wi-Fi for indoor positioning. When 

a user transitions from outdoors to indoors, the system 

switches from GPS-based tracking to Wi-Fi-based 

positioning without noticeable disruption. Wi-Fi 

fingerprinting or signal triangulation techniques are used 

indoors to maintain location accuracy. In urban areas with 

weak GPS signals, Wi-Fi can also serve as a supplementary 

source of positioning data, improving accuracy through 

fusion with GPS. 

3.2 IMU and GPS Integration 

Integrating inertial sensors with GPS is another common 

hybrid technique. IMUs, which consist of accelerometers, 

gyroscopes, and magnetometers, can estimate a user’s 

position through dead reckoning when GPS signals are 

unavailable (e.g., in tunnels or underground). This sensor 

fusion method compensates for GPS signal loss, although 

IMUs can introduce drift over time, requiring periodic 

recalibration from GPS or other positioning data. 
 

 

3.3 Bluetooth and UWB Integration 

In environments where high accuracy is required, such as in 

industrial or medical settings, integrating BLE and UWB 

technologies can deliver superior positioning. BLE beacons 

provide general proximity-based positioning, while UWB 

enhances precision down to a few centimeters. The fusion of 

these technologies allows for both broad coverage and fine-

grained location tracking. 

 

3.4 Wi-Fi and Magnetic Field Integration 

Wi-Fi and magnetic field integration in indoor navigation 

systems offers a hybrid approach that improves location 

accuracy and reliability in environments where traditional 

GPS is ineffective. The hybrid system exploits the ANN 

algorithm and combines Wi-Fi RSSI and magnetic field 

values, plus other algorithms such as BT and knowledge of 

the real floor map together to facilitate the achievement of 

real time user location tracking [13]. This combination 

leverages the widespread availability of Wi-Fi networks and 

the natural variations in the Earth's magnetic field caused by 

building materials, creating a robust solution for indoor 

positioning. 

 

4.  Case Studies and Implementations 
 

Several real-world systems and case studies demonstrate the 

effectiveness of hybrid solutions in seamless indoor-outdoor 

navigation: 

• HERE Technologies: HERE, a leading provider of 

mapping and location data, has developed a hybrid 

solution that integrates GPS, Wi-Fi, and Bluetooth 

for seamless navigation. HERE’s technology is 

used in smart city applications, where the system 

dynamically switches between GPS outdoors and 

Wi-Fi/Bluetooth indoors. The platform also 

incorporates sensor fusion techniques to improve 

accuracy in challenging environments such as dense 

urban areas or underground parking structures. 

• NavCog: Developed by Carnegie Mellon 

University, NavCog is an example of a hybrid 

system designed for indoor navigation, particularly 

for visually impaired users. The system uses a 

combination of BLE beacons, Wi-Fi, and 

smartphone sensors to guide users through complex 

indoor environments like hospitals and universities. 

It provides voice-based instructions, dynamically 

switching between different positioning 

technologies depending on the environment. 

• Apple’s Indoor Positioning with iBeacons: Apple 

has implemented iBeacon technology as part of its 

indoor positioning framework. iBeacons are small 

BLE transmitters that enable precise location 

tracking indoors. When combined with GPS for 

outdoor navigation, this hybrid approach allows 

iOS devices to switch between outdoor and indoor 

positioning seamlessly, offering a smooth user 
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experience for apps like Maps and indoor 

navigation systems in retail stores and airports. 

 

                         5. Recent Advancements 

 
In recent years, significant technological advancements have 

emerged that hold the potential to transform the field of 

seamless indoor and outdoor navigation. These cutting-edge 

technologies not only address the limitations of traditional 

navigation systems but also pave the way for more precise, 

efficient, and context-aware solutions. This section explores 

innovations such as 5G, artificial intelligence (AI) and 

machine learning (ML) models, and visual positioning 

systems, while also analyzing recent research in seamless 

navigation algorithms and hardware improvements. 

Additionally, the potential of augmented reality (AR) and 

wearable devices to enhance user experiences in navigation 

is discussed. 

 

5.1 5G Signals 

5G has attracted intensive attention due to its high speed, 

high reliability, and low latency in communication. 

Compared with previous cellular technologies[15]. The 

higher density of 5G base stations allows for more precise 

positioning data, improving the accuracy of outdoor 

navigation.It has also been envisioned that these innovative 

technologies of 5G are beneficial to wireless positioning, 

which have drawn a lot of researches on the positioning 

based on 5G NR signals [14].  

 

5.2 Artificial Intelligence and Machine Learning Models 

AI and ML models have played a key role in advancing 

seamless navigation by improving the accuracy and 

adaptability of positioning systems. One of the earliest 

frameworks that explored the use of machine learning (ML) 

for WiFi fingerprinting based indoor navigation with mobile 

embedded devices was LearnLoc [16] in 2015. This 

framework explored multiple ML algorithms including K 

Nearest Neighbor (KNN) and Deep Neural Networks (DNN) 

deployed on Android smartphones and found that the DNN 

approach provided the highest accuracy that varied between 

1 to 3 meters on average.LearnLoc was also the first 

framework to optimize energyefficiency of a smartphone-

based indoor navigation solution during deployment [17]. 

5.3 Augmented Reality 

Augmented reality (AR) represent a rapidly growing area of 

innovation in navigation. It is a visual enhancive technology 

whereby the computer-generated graphics being 

superimposed on  the user‟s real view to create the mixture 

of virtual and reality effects [18]. These technologies 

enhance the user experience by providing real-time, context-

aware information overlaid on the user’s view, enabling 

more intuitive navigation. 

• AR Navigation: AR-based navigation systems 

leverage the camera and sensors of smartphones or 

AR glasses to provide visual guidance. By 

overlaying arrows, markers, or digital signs onto the 

real-world environment, AR systems enhance user 

understanding of their surroundings and improve 

the accuracy of navigation in both indoor and 

outdoor settings. AR also offers a more immersive 

experience, making navigation more engaging and 

user-friendly. 

 

                      6. Challenges and Gaps 

 
Despite recent advancements in navigation technologies, 

there remain significant challenges and gaps that hinder the 

realization of truly seamless indoor and outdoor navigation 

systems. These issues range from technical limitations in 

positioning accuracy and power consumption to concerns 

about privacy and data security. This section explores the 

most pressing challenges and highlights the areas where 

further research and development are needed. 

6.1 Technical Challenges 

While advancements in sensor fusion, 5G, AI/ML models, 

and visual positioning systems (VPS) have improved 

navigation performance, several technical barriers persist: 

• Accuracy and Reliability: One of the primary 

challenges in achieving seamless navigation is ensuring 

consistent accuracy across different environments. GPS 

offers high precision outdoors, but its accuracy 

deteriorates in dense urban areas or under heavy foliage. 

Indoor positioning systems, such as Wi-Fi or Bluetooth, 

often struggle to provide reliable accuracy within a few 

meters, which can result in disjointed user experiences. 

Even visual positioning systems, which rely on image 

recognition and landmarks, can face challenges in low-

light conditions or environments with rapidly changing 

visual elements. 

⚫ Signal Interference and Multipath Effects: Indoor 

environments are prone to signal interference and 

multipath effects, where signals bounce off walls or 

objects, leading to inaccurate location estimates. This is 

especially problematic for technologies like Wi-Fi and 

Bluetooth, which are sensitive to environmental 

changes. Even UWB, known for its accuracy, can 

experience signal degradation in complex indoor 

settings. 
 

 

6.2 Integration and Scalability 

• Fragmented Infrastructure: Seamless navigation 

systems require the integration of various 

technologies and infrastructure components, such as 

GPS satellites, Wi-Fi access points, Bluetooth 

beacons, and UWB transmitters. However, not all 

environments are equipped with the necessary 

infrastructure to support these technologies. For 

example, many indoor locations do not have 

sufficient beacon coverage or lack consistent Wi-Fi 

signals, which can limit the effectiveness of hybrid 

solutions. Deploying and maintaining the necessary 

infrastructure across different environments is both 

costly and logistically challenging. 

⚫ Standardization Issues: Another major challenge is the 

lack of standardization across navigation technologies. 

With different vendors and systems using proprietary 

protocols, it can be difficult to achieve interoperability 

between indoor and outdoor systems. For example, 
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some indoor positioning systems rely on specific 

Bluetooth or RFID standards that may not work with 

other technologies, hindering seamless integration. 

Without industry-wide standards for navigation 

technology, achieving true seamless navigation across 

environments is challenging. 

 

6.3 Privacy and Data Security Concerns 

As navigation systems become more integrated and data-

driven, privacy and security concerns are becoming 

increasingly prominent. Seamless navigation often involves 

collecting and processing vast amounts of data from users' 

devices, including location history, sensor readings, and 

behavioral patterns. 

• Data Collection and User Consent: One of the 

primary concerns is the collection of location data 

without explicit user consent. Many navigation 

systems continuously track users, even when they 

are not actively navigating, raising concerns about 

privacy and surveillance. Ensuring that users have 

control over their data, including the ability to opt-

in or out of tracking, is essential for maintaining 

trust in these systems. 

• Data Security: Seamless navigation systems often 

rely on wireless communication channels (e.g., Wi-

Fi, Bluetooth) to transmit positioning data, making 

them vulnerable to hacking, spoofing, or data 

breaches. For example, location spoofing attacks 

can disrupt navigation systems by providing false 

position data, potentially leading users astray. 

Ensuring that these communication channels are 

secure and encrypted is critical for protecting users’ 

data and preventing malicious attacks. 

 

6.4 Usability and User Experience Challenges 

 

• Complexity of Multi-Sensor Systems: While 

multi-sensor systems improve navigation accuracy, 

they can also introduce complexity in terms of user 

experience. For example, frequent handoffs 

between different technologies (e.g., GPS to Wi-Fi) 

can result in delays or fluctuations in the user 

interface, which may confuse or frustrate users. 

Additionally, users may be required to adjust device 

settings or permissions, such as enabling location 

services, Wi-Fi, or Bluetooth, to ensure the system 

functions correctly. 

• Over-Reliance on Visual Feedback: Systems like 

visual positioning systems (VPS) and augmented 

reality (AR) navigation rely heavily on visual 

feedback, requiring users to constantly hold up their 

devices or wear AR glasses. This can lead to user 

fatigue and reduce the overall practicality of the 

navigation system, particularly in fast-paced 

environments or situations where hands-free 

operation is preferred. Finding a balance between 

visual and non-visual cues, such as voice guidance 

or haptic feedback, is essential to improve usability 

 

7. Potential Applications 

Seamless indoor-outdoor navigation systems have a wide 

range of potential applications, benefiting various industries 

and enhancing user experience in complex environments. 

Smart Cities and Urban Planning: As cities 

become smarter, seamless navigation systems can 

assist in urban planning by providing real-time data 

on pedestrian and vehicle movement, enabling 

better traffic management and efficient public 

transportation systems. These systems also allow 

citizens to navigate complex urban environments, 

transitioning between indoor and outdoor spaces 

effortlessly. 

Healthcare and Hospitals: Navigation systems can 

help patients, visitors, and healthcare staff easily 

find their way through sprawling hospital 

complexes. This reduces stress for patients and 

ensures efficient movement within the hospital, 

particularly in emergencies where time is critical. 

Airports and Transportation Hubs: Large, multi-

terminal airports and transport hubs can be 

overwhelming for travelers. Indoor-outdoor 

navigation systems can guide passengers from 

outdoor parking areas or drop-off points to their 

gates, baggage claim, or other important facilities 

seamlessly. They can also provide real-time updates 

on flight or transport schedules. 

Tourism and Cultural Sites: In tourist 

destinations, museums, or historical landmarks, a 

seamless navigation system could offer guided 

tours that transition between indoor exhibits and 

outdoor pathways, providing tourists with 

contextual information in real-time, based on their 

location. 

Autonomous Vehicles and Drones: For 

autonomous systems, seamless navigation is critical 

to ensure smooth transitions between outdoor GPS-

based navigation and indoor environments where 

GPS signals are weak. Applications include 

delivery drones, autonomous cars in smart cities, 

and robots for last-mile deliveries. 

Military and Defense: Seamless navigation systems are 

highly beneficial in military operations, where soldiers and 

equipment must navigate through both indoor and outdoor 

environments in unfamiliar territories. They can help in 

planning and executing complex missions. 

                                      8. Conclusion 

• Seamless indoor and outdoor navigation 
represents a rapidly evolving field, driven by 
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advancements in sensor technologies, wireless 
communication, and artificial intelligence. 
Throughout this review, we have examined the key 
technologies that enable outdoor and indoor 
navigation, such as GPS, Wi-Fi, Bluetooth, and 
UWB, and explored the hybrid solutions that 
integrate these systems to bridge the gap between 
different environments. While promising progress 
has been made, challenges such as signal 
interference, power consumption, and privacy 
concerns continue to hinder the development of 
truly seamless navigation systems. Moreover, 
technical issues like inconsistent accuracy and the 
complexity of sensor fusion further highlight the 
need for continued research. 

• The future of seamless navigation looks bright, 
with the potential of emerging technologies such 
as 6G networks, AI-driven algorithms, and 
augmented reality. These advancements, coupled 
with the growth of smart city infrastructure and 
IoT-enabled environments, promise to make 
navigation more precise, responsive, and context-
aware. Real-world applications such as 
autonomous vehicles, wearable devices, and smart 
buildings will benefit from these innovations, 
transforming industries from transportation and 
healthcare to logistics and retail. 

• As society becomes more connected, the potential 
impact of seamless navigation on daily life will be 
profound. It will enhance urban mobility, improve 
accessibility for individuals with disabilities, 
optimize logistics and supply chains, and enable 
the widespread adoption of autonomous systems. 
However, achieving this vision requires addressing 
the current challenges and gaps in technology, 
infrastructure, and user experience. Through 
continued research, development, and 
collaboration across industries, the path towards 
seamless navigation can unlock a future where 
location-based services are intuitive, reliable, and 

deeply integrated into our environments. 
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