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Abstract

:

The deployment of the 5G mobile network is currently booming, offering commercially available services that improve network performance metrics by minimizing network latency in countries such as the USA, China, and Korea. However, many countries around the world are still in the pilot phase promoted and regulated by government agencies. This is the case in Colombia, where the assignment of the first 5G band is planned for the third quarter of 2021. By analyzing the results of the pilot phase and the roadmap of the Colombian Ministry of Information and Communication Technologies (MinTIC), we can determine the main issues, which contribute to the deployment of 5G mobile technology as well as the plans to achieve a 5G stand-alone network from 4G networks. This is applicable to other countries in Latin America and the world. Then, our objective is to synthesize and share the most important concepts of 5G mobile technology such as the MIMO (multiple input/multiple output) antenna, RAN (Radio Access Network), C-RAN (Centralised-RAN), and frequency bands, and evaluate the current stage of its introduction in Colombia.
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1. Introduction


In recent years, the explosive growth in the volume of communications data has exhausted the possibilities of current 4G mobile communications systems. Wireless data traffic is predicted to be more than 131 exabytes per month by the end of 2024, with more than 90% of wireless data traffic coming from cell phones. With the emergence of fifth generation (5G) mobile networks, network performance is improved to between 100× and 1000× as compared to existing technologies [1]. This is achieved by increasing spectral efficiency that provides massive connectivity, higher transmission speeds, shorter latency, and lower energy consumption [2]. It enables cloud-based applications, increasing the prospects for emerging technologies such as virtual reality (VR), smart cities, and autonomous car applications that adapt to the rapid evolution of the Internet of Things (IoT) and machine-to-machine (M2M) communication [3,4,5,6]. Meanwhile, software-driven network integration (SDN) and network functions virtualisation (NFV) are considered effective solutions in the optimal performance of 5G network functionality with high scalability. They run on a cloud-based architecture that leverages the 5G core network architecture (5G-CN) model to provide versatile network traffic management with distributed multi-controller architecture delivering a wide range of services [7].



The aim of our work is to show the relationship between the 5G mobile network and the multiple input/multiple output (MIMO) systems, the millimeter wave (mm-W), the frequencies from 30 GHz up to 300 GHz, and the Sub-6 GHz bands, describing their main advantages, challenges, and supporting technology that allows us to achieve higher data transfer rates when compared to previous mobile networks based on 4G. The original document supporting the understanding of this topic was taken from a systematic search and review of the Scopus database. In addition, information has been gathered from the official websites and documents of the Colombian Ministry of Information and Communication Technologies, the National Spectrum Agency of Colombia (ANE), the Global System for Mobile Communications (GSM Association), the Global mobile Suppliers Association (GSA), and the mobile operators, which will manage 5G mobile networks. The Government resolutions have been integrated in order to reveal the steps that the Colombian government is taking to implement the 5G mobile telephone network and the current status of its deployment in Colombia.




2. Background


In the next era of 5G (fifth generation) mobile communication, antenna designs for mobile terminals and base stations with higher transmission speeds, lower latency, and higher access speeds are being developed, which have absolute advantages over 4G (fourth generation) networks [8] and predecessors (Table 1).



In the near future, the aggregate data rate in 5G wireless communication systems is expected to be 1000 times faster than 4G with higher wireless link reliability. One of the main factors in achieving this is through MIMO antennas. Unlike 2G, 3G, and 4G systems, where 2 and 4 element MIMO antennas have been used in the mobile terminal, the 5G system requires a larger number of MIMO antenna elements to achieve the expected speed [9].



5G new radius (NR) systems are based on OFDM (Orthogonal Frequency Division Multiplexing) modulation, and each of its sub-carriers is modulated with the binary phase shift keying (PSK) scheme, the quadrature PSK scheme (QPSK), 16-quadrature (16-QAM), 64-QAM, or 256-QAM amplitude modulation [10]. In addition, the flexibility of 5G NR allows support of multiple subcarrier separations, ranging from 15 to 240 kHz, depending on the deployment scenario and application [11]. The initial 5G standard launch by 3GPP (3rd Generation Partnership Project) specifies three different usage scenarios depending on the applications: (i) massive communications between machines (mMTC), designed to communicate one million devices per square kilometer, (ii) enhanced mobile broadband (eMBB) featuring maximum download speeds of 10 Gbps, a reliable user experience data rate of 100 Mbps in urban areas, with a user plane latency of 4 ms, and (iii) ultra-reliable low-latency communications (URLCC) ensuring less than 1 ms latency, very high availability/reliability, and security for support services, such as autonomous vehicles and mobile healthcare [12]. The summary of typical 5G application scenarios is outlined in Table 2 and Figure 1 where they include: massive machine type communications (mMTC) for connecting large numbers of devices to a 5G network that can reach 1 million/km2, making it possible to develop smart homes, smart buildings, and smart cities. In addition, in Figure 1, we have the enhanced mobile broadband (eMBB) as well as ultra-reliable and low-latency communications (uRLLC) [13,14].




3. Frequency Bands in 5G


One of the bands for 5G network coverage is the Sub-6 GHz, which uses a macro cell base for nationwide deployment with a balance between a high transmission rate and a short-latency for end-users [11,17]. The Sub-6 GHz band mainly includes spectrum from the long-term evolution (LTE) bands 42, 43 (3.3∼3.8 GHz), and 46 (5150–5925 MHz) [18,19]. The wavelength at 3500 MHz is 86 mm in free space, which is favorable for deploying several antennas on the mobile terminal [20].



Frequency bands Sub-6 GHz are very crowded and have limited bandwidth available. Therefore, to meet the requirements of 5G in high-performance data transfer, providing an ultra-high-speed mobile broadband several mm-W frequency bands have been proposed and approved in most developed countries. This includes (24 GHz to 29.5 GHz), (37 GHz to 42.5 GHz), (47.2 GHz to 48.2 GHz), and (64 to 71 GHz) [21] with 57 to 66 GHz not requiring a global license [12]. One of the challenges for the use of mm-W in 5G is the design of low-cost, energy-efficient, high-gain broadband antennas capable of overcoming propagation losses [22]. Antennas operating at mm-W are mainly located along the side edge of the mobile device [23].



Advantages and Disadvantages in Frequency Band mm-W and Sub-6 GHz in 5G


Millimeter waves (mm-W) allow for high bandwidth [12], achieving a low latency and high data rate network [1]. However, its major disadvantage is its limited range without line of sight (NOS), poor diffraction capability, loss of surface waves, metallic losses [24], and path loss, all due to the high frequency, short wavelength being susceptible to atmospheric absorption, body absorption, and environmental blockage, such as raindrops, snow, and sand [1,6]. It is considered to implement dense networks of small cells with a large number of antennas (MIMO) to counteract the effects of the mm-W channel [25] by improving the coverage capacity through spatial multiplexing. Since small cells have a reduced effective coverage, their deployment can be multiplied in a given area, thus, increasing the number of devices connected to the network as well as raising data speeds per user. Despite this, small cells have difficulty in supporting multiple operators and accommodating various services, e.g., 3G, LTE, 5G, etc. with each mobile operator needing to implement and manage its own individual base station [12]. Table 3 summarizes the advantages and disadvantages of the frequency bands in 5G.





4. MIMO Systems


Modern wireless communication systems must evolve to support a growing number of subscribers, all of whom are requesting services at the same time. This trend encourages the widespread application of multiple input/multiple output (MIMO) systems. In fact, MIMO techniques can increase data rates, service area coverage, and communication reliability without the need for additional radio frequencies [17]. In other words, MIMO technology can transmit more data with the help of multiple antennas on both the transmitter and receiver sides. MIMO makes use of the multipath phenomenon, in which data are received at the receiver several times with a certain time delay. MIMO performance is measured using envelope cross-correlation (ECC) between the different antennas. The goal of MIMO is to maximize channel capacity by reducing ECC [23]. Additionally, through the use of MIMO technology, multiple independent channels can be achieved in the original spectrum by the diversity method, and multipath fading can be reduced to improve the data rate [27]. In summary, MIMO systems with multiple antenna units on both the transmitter and receiver sides can take advantage of multipath components sufficiently to improve the performance of wireless systems.



It is a difficult task to achieve a desirable isolation of each antenna element of the MIMO system within a compact size at future 5G terminals, with mutual coupling of the adjacent antenna, especially for dual-band arrays, being one of the urgent difficulties to overcome [28,29].



4.1. Comparison of MIMO in 5G vs. 4G


2 × 2 MIMO systems are successfully used for 4G mobile networks, and a large number of antenna elements are added for 5G communications. Several types of antennas have recently been proposed for 5G MIMO smartphones. Cell phones that operate with several 5G MIMO antennas at frequencies Sub-6 GHz must be accommodated in a limited size environment and coexist with the frequency antennas used by previous generations. The scheme of 5G MIMO antennas for smartphones is to have four or eight antenna elements in separate regions of the antenna itself where isolation is ensured by the distance between the elements obtaining low mutual coupling on unrelated channels. This is a difficult task for space limited smart phones. For this reason, the locations for the 3500 MHz 5G band antenna on the mobiles is along the two long edges of the chassis ground, as the 4Gs usually occupy the space along the short edges. For example, some 4G services like Long Term Evolution (LTE) and GSM 850/900 have the primary antenna size of 45 × 15 mm while the 5G auxiliary antenna size is 19 × 15 mm [27,30].




4.2. MIMO and 5G


Since spectrum resources are valuable and limited, the fifth generation of mobile communications commonly known as 5G new radio (NR) improves spectrum efficiency by increasing communication channel capacity. It relies heavily on the use of MIMO antennas in mobile terminals, demonstrating multipath propagation with a higher data rate and link reliability, which are the main features of 5G. MIMO, with multiple transmittances receive antennas builds of huge information flows, thus, improving the channel capacity along with the advantages of high data rates and performance within the Gigabit/sec range without the need for power, bandwidth expenditure, or additional retransmission devices, while operating at frequencies of Sub-6 GHz [31]. On the other hand, MIMO antennas work better when they fully utilize a rich dispersion environment. Many studies show that MIMO antennas at relay nodes play an important role at 5G by providing extended coverage at cell edges as well as for indoor applications, even though they require high bandwidth and high gain to reduce atmospheric disturbances at millimeter frequencies [4,10,18].




4.3. Massive MIMO and 5G


The 5G network helps increase the number of applications that make use of artificial intelligence and mobile computing because they require higher wireless data speeds. In 5G NR, this is achieved by adopting massive MIMO and carrier aggregation (CA) with a wide channel bandwidth (BW) of up to 200 MHz [32]. The concept of traditional MIMO is taken to another level, moving from tens to hundreds or thousands of antennas at the base station (BS) by serving a large number of autonomous terminals [33] with the goal of increasing antenna gains through appropriate fairly narrow beam-forming techniques, such as through accurate channel status information (CSI) [5]. Massive MIMO is a wireless physical layer technology [33]. Gives interference robustness, low latency, and security [3] by improving power output and system spectral efficiency [5] as a result of spatial multiplexing and providing uniform quality of service in different environments, especially in urban and suburban areas, while complementing or even replacing the process of densification of the ultra-network [25] able to support a large number of users [34]. Massive MIMO has good affinity with mm-W communications because the antenna gains compensate for the propagation loss inherent in the VHF (Very High Frequency) band [6]. The massive antenna at base stations can be deployed in co-located or distributed configurations. In co-located massive MIMO, all antennas are located in a compact area and have the advantage of low backhaul requirements. In contrast to distributed massive MIMO systems, the antennas are distributed over a large area, offering a much higher coverage probability than co-located massive MIMO (mMIMO), at the expense of higher backhaul requirements [35]. Although the ideal bands for mMIMO are the millimetre bands (frequencies from 30 GHz upwards) [36], the MinTIC only plans to auction up to the 3.5 GHz band for the time being [37].





5. Radio Access Network (RAN) in 5G


The radio access network (RAN) architectures that have been mainly deployed for 5G are the C-RAN, which stands for centralised, clean, cloud, and collaborative RAN, and the distributed RAN (D-RAN). This latter one is the classic deployment most used on mobile networks today [38,39,40].



In distributed RAN architecture (D-RAN) places, all baseband units (BBUs) and re-mote radio heads (RRHs) at each cell site [41] communicating between them with the common public radio interface (CPRI) and its data exchange between the BBU and the core is over the backhaul, as shown in Figure 2a.



Likewise, in C-RAN, proposed by the China Mobile Research Institute, most of the RAN functionalities are centralised in a resource pool consisting of BBUs. C-RAN split Base Station (BS) to BBUs and remote radio heads. That is, it moves the BBU to a high-performance hosting datacenter with DSP (Digital Signal Processor). The fronthaul transport network provides high-bandwidth optical fibre linking between the BBU to the RRHs [42]. The RRH, containing the local oscillator, transforms the digital signal into an analog signal for transmission [43,44] (see Figure 2b).



C-RAN has evolved to novel Virtual RAN (V-RAN) and Open RAN (O-RAN) [45]. On the one hand, V-RAN virtualizes BBUs in vBBUs deployed on multiple NFV platforms on standard x86 hardware [46] and grouped in centralized data centers, while RRHs continue to be located at their respective base stations [40]. As we can see in the Figure 2c) a key element of O-RAN is V-RAN [47]. O-RAN applies principles of openness through standardized and open interfaces and intelligence using artificial intelligence and machine learning to automate operational network functions [45,48].




6. 5G Deployment Architecture Options from LTE (4G)


There are two approaches to deploy the 5G mobile network from LTE (4G). The SA (StandAlone) comprises architectures of 5G radio access without any interaction with an existing 4G core, while NSA (Non-StandAlone) comprise architectures that provide 5G built over an existing 4G network. Service providers who want to implement 5G speeds as soon as possible will start with NSA 5G networks aided by existing 4G infrastructure. This allows us to amortize the 4G core networks. Once 5G coverage may be established widely, then StandAlone 5G will be implemented [49].



The NSA option 3 family does not require 5G Core and provides dual connectivity supporting legacy 4G devices and the 5G devices [50,51], being a crucial feature connect to gNB (5G base station) and the eNB (4G base station) wirelessly with the user equipment (UE) [52]. It is composed for the master node (eNB) and the secondary node (gNB) and the RAN is connected to the 4G Core (Evolved Packet Core—EPC) [51,53]. Specifically, in the control plane Option 3x, the eNB is connected to the EPC, and the gNB operates with the eNB. With regard to user plane traffic, EPC can transmit/receive it to/from both the eNB and the gNB. The gNB can steer the received user plane traffic toward the UE directly wirelessly or indirectly through the eNB [51].




7. 5G Network Mobile Deployment in Colombia


Colombia adopts the technology neutrality scheme, meaning that, although the spectrum orientation is for specific services, the government does not specify what type of technology has to be used in these services (4G or 5G). To improve the quality of service, it must acquire more spectrum because it only has 30% of the spectrum recommended by the Organization for Economic Cooperation and Development (OECD). Therefore, prioritizing the auction of spectrum to connect 70% of Colombians by 2022 and bring Colombia to 5G is the government’s effort today.



7.1. Road Map of Colombia Government


The schedule outlined by the MinTIC for the first quarter of 2019 and third quarter of 2021 is described in Table 4, according to Reference [54]. During the fourth quarter of 2019 (Q4-2019), MinTIC prepared and published the plan for the adoption of 5G technology. In the second quarter of the year 2020 (Q2-2020), the frequency bands and spectrum requirements in 5G were identified. By the third quarter of 2020 (Q3-2020), MinTIC will promote the development of 5G applications. Regulatory adjustments will be made in the last quarter of 2020 (Q4-2020). Subsequently, by the second quarter of 2021 (Q2-2021), the ANE and MinTIC will initiate the regulation of the frequency bands.



Supported by 5G technology and the International Mobile Telecommunications standard 2020 (IMT-2020), it is expected to improve the wireless infrastructure to connect it to the world in Colombian society, generating new ICT (Information and Communication Technologies) markets, in order to reduce the digital divide, and promoting new forms of communication that allow the sharing of content at any time/place, using any device. It also offers new forms of education with access to digital textbooks stored in the cloud, promoting e-learning, e-health, and e-commerce applications. In addition, it will promote energy efficiency in a variety of sectors of the economy, supporting machine-to-machine communications in smart grid solutions, video conferencing, logistics, and intelligent transport.




7.2. 5G Pilot Tests in Colombia


The electromagnetic spectrum is a natural resource and public good in Colombia, subject to regulations and laws that guarantee equal access opportunities to avoid monopolies and promote the development and investment of technologies that make use of it [55,56,57]. In this sense, with the resolution [58], the call for pilot tests of 5G technology was launched to obtain preliminary information and evaluate future challenges under real conditions. In total, 76 expressions of interest were received from more than 52 entities and 24 individuals. Figure 3 details the frequency bands requested during the call. The 3.3 GHz–3.7 GHz band reached the highest number of interested parties (27) for the configuration of future 5G services in Colombia. Nevertheless, there were 56 applications for mm-W because they plan to offer 5G technology services that demand high bandwidth, low latency, and a high data rate. Due to mm-W having high bandwidth, they can accommodate more connected devices in a 5G deployment, offering not only greater speed but also better quality of service.



Permits for the radio spectrum use were granted for technical tests or approval of equipment for a period of 6 months, with the possibility of extending this period once for a further 6 months.



The pilot tests of 5G mobile technology in Colombia allow MinTIC, the ANE, and the CRC (Communications Regulation Commission) to have greater knowledge of aspects related to the efficient use of frequencies for the deployment of 5G networks and services, as a reference for possible measures linked to the deployment of these networks. The permits for the 5G pilot tests are not commercial in nature and are issued under the principle of non-interference without representing a risk of affecting sensitive communications, such as aeronautical radio navigation, radio astronomy, search/rescue operations, and mobile communications, among others. The resolution [59] established the schedule for requesting pilot test permits and setting up test beds in the field of 5G mobile technology and use cases in the following frequency bands: 3.3–3.7 GHz, 24.25–27.5 GHz, 37–43.5 GHz, 45.5–47 GHz, and 47.2–48.2 GHz [56], which was modified in its dates (Table 5) by the resolution [60] due to the COVID-19 pandemic.



Figure 4 sets out the number of entities associated with future 5G-related projects that responded to the call [56]. Smart Cities was the one with the highest demand. A smart city is first and foremost a connected city, which assumes connectivity without limitations for things as well as people, with 5G being the standard upon which a connected city must be built in order to efficiently manage security, transport, or health resources, improving the quality of life of citizens in terms of economy, access to services, and territorial sustainability.



The licensed period for the 3.5 GHz band will be 20 years, extendable for an additional 20 years [61]. At the same time, MinTIC is focusing on the transition from 2G and 3G networks to 4G [62], expanding coverage in 3658 locations in Colombia’s 32 departments. In addition, the MinTIC continues to make progress in 5G trials by granting permits to six companies to deploy 42 5G pilots test in Bogotá, Medellín, Cali, Barrancabermeja, and Tolú [63] by running the tests for mobile phone networks in the 3500–3600 MHz frequency range [64]. Regarding 5G pilot tests, the telephone operator Movistar was conducted a trial at the Central Military Hospital in Bogotá to support ICU-COVID-19 patient care through videoconferencing equipment and rooms for medical remote consultations supported by a medical trolley and tele-triage. In this test, they achieved a latency of less than 10 milliseconds and offer a throughput of 1.62 Gbps downlink (DL) and 176 Mbps uplink (UL) with an outdoor node in the 3.5 GHz band, plus a 5G Core [65,66]. Mobile operator Claro, in its private 5G network trial in the 3.5 GHz band at the Plaza Claro shopping centre in Bogotá, achieved throughput of up to 864 Mbps in Download and 103 Mbps in Upload [67,68,69] using the 3X scenario of the model 3GPP 5G Non-StandAlone [70]. In relation to the millimeter band, the company Claro in January 2018 carried out a demonstration in Colombia in the 28 GHz band reaching throughput of 10 Gbps and latencies of less than 1 millisecond within the controlled environment of a laboratory [71]. In July of the same year, the mobile operator Telefonica and Ericsson reached throughput between 27 and 31 Gbps with latencies of 5 ms in the 28 GHz band at Ericsson’s facilities in Bogotá [54,72,73].



In the case of the millimeter bands for Colombia, they are expected to be released for 5G use from 2027 (See Table 6), being valuable until the experiences of other countries in the Latin American region. For example, Ericsson’s 5G network deployments, working in the 28 GHz mm-W band with beamforming functionalities in base station antennas, achieve coverage of 300–400 m2 in urban areas and up to 2 km in rural areas in Puerto Rico. These speeds vary inversely with the distance to the base station, fluctuating by approximately between 50 Mbps (at 2 km from the base station) and 2 Gbps (at 50 metres from the base station with line of sight—LOS). Here, mobile terminals make use of Dynamic Spectrum Sharing [74] so that the millimetre band used interacts with other bands of lower frequency, but with better signal strength quality and lower latency, in order to guarantee better speed rates.




7.3. Current Situation and Future Deployment


The ANE is the entity in charge of advising the Ministry of Information Technologies and Communications in the design and formulation of policies, plans, and programmes related to the radio spectrum [75]. Reported in August 2020 that the 26 GHz and 38 GHz millimetre bands would be available from 2027 and 2028, respectively, the 3500 MHz band in the third quarter of 2021, while the 700 MHz, 1900 MHz, 2500 MHz, and 3500 MHz bands for the deployment and provision of 5G terrestrial mobile services in Colombia before the end of the current national government (before September 2022) [63,76]. This information is summarized in Table 6. The 3500 MHz band is the “fundamental enabler” for the commercial deployment of 5G because it is the globally cleared (harmonised) band for this purpose [77]. Colombia has 400 MHz released between the ranges 3300 MHz–3700 MHz in the 3.5 GHz [61] with a suggested GSA (Global Mobile Suppliers Association) block of 80 or 100 MH necessary for each operator to maximize efficiency and affordability in the first phase of deployment [77]. This band, belonging to the C-band for 5G (3300 MHz–4200 MHz), will be auctioned in the third quarter of 2021 (Q3-2021). Therefore, Colombia continues to research on 5G before its launch for commercial use, following similar road maps to other countries in the world, as shown in Figure 5.



It is estimated by 5G operators that, in its commercial introduction, the radio access network in Colombia will take advantage of part of the elements of the 4G network to reduce costs such as by reusing basebands. In the case of Ericsson-branded BBUs, they could be reused if they are no more than 5 years old, leaving most of the capital investment in the radio and spectrum without the need to upgrade the entire network.



Most of the mobile operators in both Colombia and Latin America, for the initial phase of the 5G network commercial deployment, estimate that it will be almost 100% D-RAN. However, they envision C-RAN for particular cases, such as in industrial areas, in a small percentage of the 5G network. The use of C-RAN in Colombia and Latin America is in its beginnings and is currently more inefficient than D-RAN in terms of energy resource consumption and processing. Tests carried out in Ericsson laboratories reveal that moving distributed BBU functions to COTS X86 (“Commercial of the Shelf”) type servers, which are currently the resources available on the market in data centres, are not yet 100% optimised to run telecommunications applications. Then, more servers are required and, therefore, greater energy consumption to match the capacity of the BBU are necessary, which needs 1.5 U (rack unit) per site to process several technologies at the same time. Another scenario is to make BBU-Hotels or BBU-Pool, but there are limitations on the distance of the Fronthaul (10 to 15 km) between the RRH (remote radio head), and the BBU [79] to ensure a latency of fewer than 100 microseconds and a minimum channel capacity of 10 Gbps [80,81]. These latency and throughput rates are different from the access network we have today, and we should expect a higher cost per access point. Therefore, it is not a recommended alternative for mass deployments of C-RANs at this time.





8. Conclusions


Colombia is planning to provide commercial service of the 5G mobile phone network from the last quarter of 2021 (4Q-2021) to align with the plans of other countries. In a similar way to other European and American countries, pilot test phases were began to determine the performance and robustness of the tested 5G networks.



To understand the efforts, costs, and difficulties that a full deployment of 5G mobile networks may involve to all stakeholders, we analysed some of the most relevant issues and characteristics behind 5G. All this contributes toward achieving its real penetration, to improve the coverage and performance for the next generation of connected applications, such as the Internet of Things, Telemedicine, and Industry 4.0, among others.



Generally speaking, a wide 5G deployment in higher and lower frequency bands by use of Dynamic Spectrum Sharing improves the access and coverage to mobile networks for sparse and dense population areas. For this reason, to mitigate the attenuation in mm-W band, when there is no free line of sight over short and long distances, a combination of Dynamic Spectrum Sharing, mMIMO system, and beamforming functionalities can be used to give a better connectivity experience.



Finally, we put a spotlight on the stakeholders, future use cases, and advance in Colombian implementation, which may serve as a point of reference for researchers in the area of telecommunications, specifically the deployment of 5G mobile networks with other countries in the world.
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Figure 1. International Mobile Telecommunications (IMT) future for the typical application scenarios of 5G communication technology [15,16]. 
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Figure 2. Scheme for: (a) Distributed-Radio Access Network (D-RAN) architecture. (b) Centralized Radio Access Network (C-RAN) architecture. (c) C-RAN evolution to V-RAN and O-RAN. 
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Figure 3. Number of stakeholders by frequency bands [58]. 
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Figure 4. Number of stakeholders with respect to use cases [58]. 
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Figure 5. C-Band for 5G (3300 MHz–4200 MHz) and mm-W band for 5G at 26/28 GHz situation in the worldwide map by December 2020 for 5G [78]. 
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Table 1. Evolution of mobile networks.
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	1G
	2G
	3G
	4G
	5G





	Approximate date of implementation
	1980s
	1990s
	2000s
	2010s
	2020s



	Theoretical download speed
	2 kbps
	384 kbps
	56 Mbps
	1 Gbps
	10 Gbps



	Latency
	N/A
	629 ms
	212 ms
	60–98 ms
	<1 ms
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Table 2. Typical 5G mobile technology application scenarios.
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	Massive Machine Type Communications (mMTC)
	Enhanced Mobile Broadband (eMBB)
	Ultra-Reliable, Low-Latency Communications (URLLC)





	IoT, asset tracking, smart agriculture, smart cities, energy control, smart homes, and remote monitoring.
	Better quality broadband for both indoor and outdoor use, virtual, and augmented reality.
	Autonomous vehicles, intelligent electrical networks, remote patient monitoring, and telehealth and industrial automation services.
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Table 3. Advantage and disadvantage in 5G band frequency [26].
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	Band Frequency
	Advantage
	Disadvantage





	<1 GHz
	Greater coverage than higher frequencies (1 GHz–6 GHz), (mm-W bands up to 66 GHz)
	Lower channel capacity than other frequencies (1 GHz–6 GHz), (mm-W bands up to 66 GHz)



	1 GHz–6 GHz
	Balanced combination of coverage and channel capacity for 5G services

drives the first wave of 5G deployments
	There are other mobile bands in the 1 to 6 GHz range, currently used for 3G and 4G services, which could be gradually reallocated for their use in 5G.



	>6 GHz
	Lower coverage than other frequencies (1 GHz–6 GHz) and (mm-W bands up to 66 GHz)

Supports ultra-fast mobile broadband speeds envisioned for 5G technology

Will include unlicensed mobile bands
	Higher data rate than other frequencies (1 GHz–6 GHz), (mm-W bands up to 66 GHz)
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Table 4. Colombia’s MinTIC timeline for 5G implementation [37].
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	Development and Publication of the 5G Plan
	ANE -MinTIC
	ANE-MinTIC
	Communications Regulation Commission (CRC)
	Analysis of Frequency Band Management Mechanisms
	MinTIC





	Q4-2019
	Q2-2020
	Q3-2020
	Q4-2020
	Q2-2021
	Q3-2021



	MinTIC
	
	-

	
Identify radio spectrum requirements in accordance with the World Radiocommunication Conference (WRC-19)




	-

	
Frequency Release Resolution






	Call for the development of applications or use cases in 5G technology
	Consult regulatory adjustment needs
	ANE-MinTIC
	3500 MHz band allocation.
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Table 5. Chronology of the 5G network pilot testing process in Colombia.
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	Activity
	Date





	Opening of the call process
	As of the issuance of this resolution



	Closing reception of applications
	29 May 2020



	Evaluation of applications, frequency studies, and requests for clarification
	1 to 12 June 2020



	Publication of the evaluation report on applications submitted
	19 June 2020



	Issuance of resolutions to grant permission to use the radio spectrum for 5G technical tests
	23 to 30 June 2020



	Publication of the assignment report
	1 July 2020
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Table 6. Details of 5G frequency bands in Colombia.






Table 6. Details of 5G frequency bands in Colombia.





	Band Frequency (MHz)
	Total Free Spectrum in Band (MHz)
	Spectrum to be Assigned Per Block (MHz)
	Planned Auction Year/Available Band
	Source





	700
	10
	10
	Before September 2022 (Auction).

For 4G use, most of this frequency band was licensed in December 2019.
	[62,82,83,84,85,86]



	1900
	5
	5
	Before September 2022 (Auction).

For 4G use, most of this frequency band was licensed in December 2019.
	[62,82,83,84,85,86]



	2500
	20
	10
	Before September 2022 (Auction).

For 4G use, most of this frequency band was licensed in December 2019.
	[62,81,83,84,86]



	3500
	400
	80 or 100
	Third quarter of 2021 (Auction).
	[87,88]



	26,000
	1000
	56 or 112
	Available in 2027
	[61,87]



	38,000
	1000
	There are no ITU-approved channelisations for this frequency band
	Available in 2028
	[87]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
D-RAN
[ (¢ ) CPRI
a) . ( ) RRH BBU .- Backhaul CORE
T Cell Site, . . . . ..
C-RAN
| (copoy)
: RRH Fro”fhau/
.. .. CellSite BBU | Backhaul
b) I pOoL ——— CORE
: : \
: (( )) RRH 1. ﬂoﬁ\«\a\)

Cell Site

c)

C-RAN Evolution

O-RAN

V-RAN

C-RAN






nav.xhtml


  electronics-10-00922


  
    		
      electronics-10-00922
    


  




  





media/file2.png
10 Gbps

Enhanced Mobile Broadband

(eMBB)

18

Gigabytes
per second

Massive Machine Type
Communications (mMTC) 1 million/km

2

3D videos, Ultra High
Definition screen

Games and work in the cloud

Augmented Reality

.-)
—

Industry Automation

Critical applications,

e.g. e-health

Ultra-reliable and Low Latency
Communications (URRLC) 1ms






media/file5.jpg
37t 435GHz 45,5 to 47 Ghz
Frequency Band






media/file3.jpg
D-RAN

(«

)
) e

EZE

s [ e

<)

C-RAN Evolution

O-RAN

V-RAN

C-RAN





media/file1.jpg
10 Gbps
Enhanced Mobile Broadband
(emBB)

Gigabytes

30 videos, Ultra High
per second G—J Definition screen

Smart homes/buildings

smartciy,
“Zl) crticat aplications,
- —

e.g. e-health

Massive Machine Type Ultra-reliable and Low Latency
Communications (mMTC) 1 million/km? Communications (uRRLC) 1ms






media/file7.jpg
»

Usecase






media/file10.png
»
3./

7\

5G Spectrum Band Cases (December 2020)

1.- C-Band assigned 3.- C-Band Planned assigment 5.- mm-W Ongoing assigment
2.- C-Band Ongoing assigment 4.- mm-W assigned 6.- mm-W Planned assigment

fAlEE s 1,6 2 25 IENsAEEEN s






media/file9.jpg
1
5G Spectrum Band Cases (December 2020)

1.-C-Band assigned 3. C-Band Planned assigment 5. mm-W Ongoing assigment
C-Band Ongoing assigment 4 mm-W assigned 6. mmW Planned assigment

s e 2 2,5 NN SA SN s






media/file0.png





media/file8.png
Number of stakeholders

[

n

Use case






media/file6.png
Number of stakeholders

30 T T T I | I

3.3t0 3.7 GHz 24.25t027.5 GHz 37t043.5GHz 45.,5to 47 GHz 47.2 to 48.2 GHz 26.5 to 29.5 GHz
Frequency Band





