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[bookmark: _Toc511236117]Introduction
The use of mmWave bands is essential for the success of IMT-2020/5G mobile communications especially for broadband applications. With the outcome of WRC-19 agenda Item 1.13, frequency bands in 24.25-27.5 GHz, 37-43.5 GHz and 66-71 GHz have been identified to IMT globally with several technical conditions defined in several Resolutions in the Radio Regulations to protect other services. 
3GPP has specified multiple frequency bands support between 24.25-52.60 GHz, mmWave spectrum is important to provide high data rate and capacity, complementing the sub-6 GHz band. 
It is noted that some of the frequency bands above 24.25 GHz have been implemented, planned, or being considered for 5G services in some countries.
With such trends, it is important to capture global trends of 5G developments, ITU-R and 3GPP developments and case studies in some countries. Such information would be helpful to provide guidance to APT countries those who wish to deploy 5G in mmWave band.
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This report addresses the studies of current or intended implementation of 5G in the frequency bands above 24.25 GHz focusing on the following aspects:
−	Global trends of 5G implementation
−	On-going specification developments by 3GPP 
−	ITU-R studies and developments
−	On-going industry developments
−	Case studies in those countries that have implemented or plan to implement 5G


Vocabulary of terms
AAS	Advanced Antenna Systems
AAU	Active Antenna Unit
AR	Augmented Reality
BS	Base Station
CPE	Customer Premises Equipment
CQI	Channel Quality Indicator
DC	Dual Connectivity
EIRP	Equivalent Isotropic Radiation Power
eMBB	enhanced Mobile Broad Band
mMTC	massive Machine Type Communication
ESIM	Earth Station In Motion
FS	Fixed Service
FSS	Fixed Satellite Service
FWA	Fixed Wireless Access
GSO	Geostationary Satellite Orbit
HTS	High Throughput Satellites
IMT	International Mobile Telecommunications
LMDS	Local Multipoint Distribution Service
LoS	Line of Sight
LTE	Long Term Evolution
M2M	Machine to Machine
MIMO	Multiple-Input and Multiple-Output
MNO	Mobile Network Operator
MSS	Mobile Satellite Service
NLoS	Non-Line of Sight
NR	New Radio
NSA	Non-Stand Alone
RAN	Radio Access Network
RR	Radio Regulation
RSRP	Reference Signal Received Power
SA	Stand Alone
TRP	Total Radiated Power
UE	User Equipment
URLLC	Ultra-Reliable and Low Latency Communications
UTRA	Universal Terrestrial Radio Access
VHTS	Very High Throughput Satellites
VR	Virtual Reality
WRC	World Radiocommunication Conference


[bookmark: _Toc511236121]Global trends of 5G implementation
The World Radiocommunication Conference 2019 (WRC-19) have identified additional radio-frequency bands for IMT, in Article 5 of the Radio Regulations for the frequency bands 24.25-27.5 GHz (RR No 5.532AB), 37-43.5 GHz (RR No 5.550B), 45.5-47 GHz (RR No 5.553A), 47.2-48.2 (RR No 5.553B) and 66-71 GHz (RR No 5.559AA) for the deployment of IMT (e.g. for 5G networks). Resolutions 241 (WRC-19), 242 (WRC-19), 243 (WRC-19), 244 (WRC-19) and 750 (Rev. WRC-19) apply. 
The Radio Regulations contain measures to ensure existing services remain protected, including limits to protect the Earth Exploration Satellite Services, used for meteorological and other passive services in adjacent bands. 
In total, 17.25 GHz of spectrum has been identified for IMT by the Conference, in comparison with 1.9 GHz of bandwidth available before WRC-19, which will facilitate the development of 5G mobile networks.
Administrations are considering multiple candidate frequency bands suitable for 5G, including mmWave bands. Although there are some differences in frequency bands between administrations it is generally considered that the frequency bands below 6GHz will be mainly used to provide continuous coverage, basic capacity and high mobility of 5G systems, and mmWave frequency bands will be mainly used to optimize 5G transmission rate and increase system capacity.
4.1	Rollout of 5G mmWave
· 192 operators in 48 countries/territories have been investing in 5G mmWave (testing, trialling, planning, acquiring licences, deploying, or operating networks)
· 26/28 GHz
· 37-40 GHz
· 47-48 GHz
· Plus historically some trials at 66-71 GHz
· At current time there is no information provided on the deployment of commercial 5G/IMT in the band above 37GHz
· 140 operators in 24 countries/territories hold licences enabling mmWave deployment in one of 26/28 GHz, 37-40 GHz and 47-48 GHz
· 28 operators in 16 countries identified as actively deploying mmWave spectrum for 5G
[image: ]
Figure1: Status of mmWave 5G roll out
To be successful in 5G, timely development and ramping up of the ecosystem is essential. The Figure above shows a clear commitment from the chipset and device vendors in the mobile industry towards increasing the vibrant 5G ecosystem in mmWave spectrum.
Strong eco-system is emerging around mmWave bands.  
· 57 vendors have announced mmWave devices
· Announced / available
· Any mmWave: 		152 
· n257(26.5-29.5GHz):		41
· n258(24.25-27.5GHz):	31
· n261(27.5-28.35GHz):	73
· n260(37-40 GHz) : 		71 
· Supported by mmWave chips from five vendors
· Indoor and outdoor CPE nearly 20% of all announced devices
· Phones 45% of all announced models
· Commercially available: 97 devices 
· 44 of which are phones
· mmWave devices 17% of all commercial devices. 
5G Standardization activities
5.1	ITU-R
The World Radiocommunication Conference 2019 (WRC-19) identified additional radio-frequency bands for IMT in the frequency bands 24.25-27.5 GHz, 37-43.5 GHz, 45.5-47 GHz, 47.2-48.2 and 66-71 GHz, which will facilitate the development of 5G mobile networks. This is provided for in the ITU Radio Regulations (RR), through; RR 5.532AB, Resolution 242 (WRC-19), RR 5.550B & 5.553B Resolution 243 (WRC-19), RR 5.553A Resolution 244 (WRC-19) and RR 5.559AA, Resolution 241 (WRC-19). The Resolutions contain a number of measures that need to be taken into account by Administrations wishing to implement 5G in these frequency bands.
In addition, in regard to WRC-23, it is noted that APG-23 and ITU-R Working Party 5D are currently discussing WRC-19 Document 550 “Verification of No. 21.5 for the notification of IMT stations operating in the frequency band 24.45-27.5 GHz which use an antenna that consists of an array of active elements”. ITU-R is invited to study, as a matter of urgency, the applicability of the limit specified in RR No. 21.5 of the Radio Regulations to IMT stations, that use an antenna that consists of an array of active elements, with a view to recommend ways for its possible replacement or revision for such stations, as well as any necessary updates to RR Table 21-2 related to terrestrial and space services sharing frequency bands. Furthermore, the ITU-R is invited to study, as a matter of urgency, verification of RR No. 21.5 regarding the notification of IMT stations that use an antenna that consists of an array of active elements, as appropriate.” 
These discussions in the ITU and subsequently at WRC-23 may lead to possible outcome in accordance with WRC-19 Document 550.
Descriptions of TRP and EIRP for AAS
AAS is a beamforming antenna based on an antenna array and consists of a number of identical radiating elements located in the yz-plane with a fixed separation distance, see Figure below. 
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Figure 2: AAS layout (Source Recommendation ITU-R M.2101)
Total Radiated Power (TRP) is to be understood here as the integral of the power transmitted from all antenna elements in different directions over the entire radiation sphere
 and
Where
:      		Elevation angle from 0 to 180 degree
:   		Azimuth angel from -180 to 180 degree
: 	power level with given elevation angle() and azimuth angle (
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Figure 3: Antenna beams and TRP.
EIRP (Equivalent Isotropic Radiated Power) is a power level in the main beam direction, EIRP = , see Figure below. 
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Figure 4: EIRP
5.2	3GPP
3GPP was early to specify some frequency bands prior to WRC-19 and have continued its work on various mmWave bands. Table mentioned below shows the most recent status.
3GPP has include new 5G/NR bands in Release 15, which are being defined in the following two frequency ranges (FR) in Table below.
Table 1: Definition of 3GPP frequency range
	Frequency range designation
	Corresponding frequency range 

	FR1
	410 MHz – 7125 MHz

	FR2
	24250 MHz – 52600 MHz



For the frequency band above 24.25GHz, the operating bands for 5G/NR are defined as n257 to n261 in 3GPP TS 38.104.
Table 2: NR operating bands in FR2
	NR operating band
	Uplink (UL) and Downlink (DL) operating band
BS transmit/receive
UE transmit/receive
FUL,low   –  FUL,high
FDL,low   –  FDL,high
	Duplex mode

	n257
	26500 MHz – 29500 MHz
	TDD

	n258
	24250 MHz – 27500 MHz
	TDD

	n259
	39500 MHz – 43500 MHz
	TDD

	n260
	37000 MHz – 40000 MHz
	TDD

	n261
	27500 MHz – 28350 MHz
	TDD

	n262
	47200 MHz – 48200 MHz
	TDD




5G industry studies on development scenario 
6.1	Study on deployment scenario
In Figure below some different characteristics of various deployment scenarios are studied together with frequencies used. The usability depends on deployment and building characteristics, but the interworking between lower bands and high bands are crucial to achieve good coverage and extreme capacity at the same time.
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Figure 5: Summary of several simulation studies on frequencies and deployments
5G at mid and high bands is well suited for deployment at existing site grid, especially when combined with low-band LTE. Adding new frequency bands to existing deployments is a future-proof and cost-efficient way to improve performance and meet the growing needs of mobile broadband subscribers and deliver new 5G-based services. 
Beamforming and antenna technology means that the need for site densification is much smaller than anticipated. In Figure below the result of a simulation study of NR in 26 GHz with 200 MHz bandwidth showing the coverage in London while using an existing site density. It shows that there is very good outdoor downlink coverage, but also to some extent indoor coverage in low-loss buildings near sites.
[image: ]
Figure 6: Urban area coverage in 26 GHz downlink with existing site density
Also the uplink coverage is good in outdoor environments in the 26 GHz band using the existing site density in an urban environment especially along major streets and squares as seen in Figure  below.
[image: ]
Figure 7: Urban area coverage in 26 GHz uplink with existing site density
When considering also interworking between LTE and NR and then in various frequency bands the performance is increased. In this study 100 MHz of NR in the 3.5 GHz band was added to the 200 MHz in 26 GHz band, as well as 2x10 MHz of LTE in 800 MHz band and 2x20 MHz LTE in both 1800 and 2600 MHz bands. The result is shown in Figure below for downlink achieving data rates above 1 Gbps in many major streets and squares with indoor coverage.
[image: ]
Figure 8: Interworking of LTE+NR downlink in 0.8-26 GHz using existing site density
The corresponding result for uplink is shown in Figure below with very good outdoor coverage complemented with low-band indoor coverage. 
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Figure 9: Interworking of LTE+NR in 0.8-26 GHz using existing site density
It is shown above that combining 5G NR with LTE and using a various frequency band gives a very good wide area performance in urban areas by using the existing site density. Densification is thus not needed from the start when launching 5G but can happen at later stage and may also be difficult in some countries/cities. Additional information can be found in the Ericsson Technology Review entitled “5G NR with LTE at existing sites”[footnoteRef:1]. [1:  https://www.ericsson.com/en/reports-and-papers/ericsson-technology-review/articles/the-advantages-of-combining-5g-nr-with-lte] 

6.2 GSA perspective of 5G implementation on country specific study on mmWave
GSA has published report in 2020 on mmWave considering co-existence and 5G implementation aspects in India. GSA has considered some of the 5G features for evaluation method in addition to ITU-R recommendation with practical 5G deployment.
The report has shared technical details on co-existence of Indian satellite and IMT system in 26/28 GHz. GSA has noted that practical deployment measures and 5G features can be explored for further enhancement of sharing possibility. 
6.3	GSMA study on mmWave use cases and spectrum needs[footnoteRef:2] [2:  https://www.gsma.com/spectrum/wp-content/uploads/2022/06/5G-mmWave-Spectrum.pdf] 

mmWave spectrum is essential for the deployment of high-capacity, low-latency 5G networks. It complements low and mid-band spectrum implementations in dense urban areas and provides fibre-like connectivity to suburban areas, and households in rural towns through 5G fixed wireless access (FWA) technologies. It also helps ensure secure, reliable and low-latency networks in contexts such as manufacturing plants or high density locations e.g. stadia and travel hubs.
mmWave spectrum presents challenges and opportunities unique to its physical characteristics. It offers unmatched bandwidth when compared to any other 5G band, providing capacity, speed and low latency; however, mmWaves have limited coverage capabilities, with reduced ability to penetrate glass, concrete and wood.
As mobile data traffic continues to grow rapidly, with demand for higher data rates to serve new applications, mmWave spectrum will play a key role in guaranteeing 5G network capacity, as it can accommodate more capacity and bandwidth than any other band. Because spectrum in these bands is abundant, mmWave rollouts are ideally placed to support low- and mid-band spectrum in providing capacity to 5G networks. 
A number of 5G use cases will depend on mmWave for successful deployment: enhanced mobile broadband (eMBB), especially in dense urban areas; FWA in urban and suburban areas and rural towns; and 5G enterprise networks for Industry 4.0 factories.
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Figure 10: 5G use cases with mmWave
The study examined the demand for 5G services by 2030 and considered the mmWave spectrum needs to satisfy this demand and support eMBB services, 5G FWA and enterprise networks. It found that by 2030, an average of 5 GHz of mmWave spectrum per market will be needed to satisfy demand for different 5G use cases, including eMBB, FWA and enterprise networks.”
6.4	Industry economic study of 5G deployment and co-primary services on mmWave in 26/28 GHz
Two industry studies [footnoteRef:3] [footnoteRef:4] were conducted to analyse the economic impact of deploying 5G in 28 GHz band. Assessing the economic value of 28 GHz for 5G must take into account the loss of value associated with removal of the arrangements for satellite systems in 28 GHz band. This loss in value may have implications for national policy objectives as well as efforts to improve global trade in view of accommodating 5G deployment at the expense of the ubiquitous GSO and non-GSO satellite systems that are providing reliable and high data rate satellite broadband to a range of applications.  [3:  http://www.strategies.nzl.com/industry-comment/impacts-of-licensing-5g-fwa-and-private-networks-in-28ghz/]  [4:  https://plumconsulting.co.uk/expanding-digital-connectivity-through-satellite-broadband-in-the-28-ghz-band/] 

As substantiated in another industry study[footnoteRef:5] conducted for Global Satellite Operators Association (GSOA) in March 2023, it was indicated that with the deployment of new high-capacity satellite constellations and antenna technology advances, the global socio-economic benefits of [5:  https://gsoasatellite.com/reports_and_studies/the-socio-economic-value-of-satellite-communications/] 

· satellite broadband for households are estimated to be approximately US$26 billion in 2022 and will grow to US$52 billion in 2030;
· satellite broadband on the move (e.g. broadband connectivity on an airplane, train, ship or car) are set to jump from US$15 billion in 2022 to US$121 billion in 2030; and,
satellite connections to provide backhaul for cellular network (otherwise known as satellite backhaul market) are set to increase from approximately US$10 billion in 2022 to reach almost US$30 billion in 2030.
6.5	5G implementation and field trials
mmWave bands have garnered attention for field trails and 5G deployment due to availability of wide bandwidth. Trails conducted by various administrations found mmWave band an attractive solution for eMBB applications like surveillance and remote health diagnostic, which demands very high data rate. Trials were also conducted for FWA application to enhance coverage in rural area. Details of field trails from various countries could be found in Annex.


Case studies for 5G implementation in some countries
7.1	Australia
In April 2019, the ACMA released the Future use of the 26 GHz band—Planning decisions and preliminary views paper which: 
· Identified the frequency range 25.1–27.5 GHz (the 26 GHz band) for spectrum[footnoteRef:6] licensing in 34 specified cities and regional centres. [6:  Spectrum licensing refers to wide-area licensing for ubiquitous, high-density deployments, typically by mobile network operators (MNOs), within specified technical and operating conditions.] 

· Identified a range of apparatus[footnoteRef:7] and class[footnoteRef:8] licensing measures to facilitate a broad range of wireless broadband use cases in the 26 GHz band.  [7:  Area wide apparatus licences (AWLs) share some of the features of spectrum licences, including being geographically limited and providing for flexible and scalable deployments. ]  [8:  Class licensing is a standing authorisation for unlimited, uncoordinated deployments within specified technical and operating conditions.] 

These arrangements in the 26 GHz band are illustrated below:  
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· Class-licensing for indoor use (Australia-wide).
· Class-licensing for indoor and outdoor use (Australia-wide).
· Spectrum licensing defined areas. Includes additional conditions to protect SRS earth stations. 
· Spectrum licensing with additional FSS coexistence conditions within certain areas.
· Area wide apparatus licensing (AWL) - Australia-wide. 
· Area wide apparatus licensing (AWL) - Australia-wide, except defined areas. Includes additional conditions to protect SRS earth stations.
· Area wide apparatus licensing (AWL) with additional conditions to protect FSS uplinks (Australia-wide except defined areas). New FSS earth stations will also be permitted, on a first-in-time coordinated basis with apparatus licensed wireless broadband services.
The “defined areas” described above refer to the areas which will be available for spectrum licensing1, which comprises cities and major regional centres. Area wide Apparatus licensing will be available in the frequencies subject to spectrum licensing outside these defined areas, and in all areas in the frequency range 24.7-25.1 GHz, while class licensing will be applied from 24.25-25.1 GHz in various forms. The intent of this licensing mix is twofold:
· To ensure protection of passive earth exploration satellite services operating in the frequency range 23.6-24 GHz from out of band emissions; and
· To accommodate a mixture of potential IMT-2020 use cases, which have been categorised under three discrete types of use:
· type 1 – wide-area wireless broadband deployments traditionally undertaken by mobile network operators (MNOs) or some fixed telecommunication carriers; 
· type 2 – smaller, local area market subscriber services such as those provided by wireless internet service providers (WISPs) or dedicated (e.g. government only) wireless broadband networks; 
· type 3 – private, localised deployments or networks within private property to enable deployments by non-traditional users such as retail/commercial facilities, academic institutions, hospitals, mine sites, government facilities, factories and other industrial plants. 
In October 2019, the Minister for Communications, Cyber Safety and the Arts declared the 25.1-27.5 GHz frequency range for reallocation by issue of spectrum licence in 29 defined areas within major population centres. 
Following consultation in July/August 2020, the technical and allocation instruments were made in late 2020 and the auction for 15-year spectrum licences in the 25.1-27.5 GHz frequency range in 29 defined areas within major population centres was subsequently completed in April 2021. 
In addition to the spectrum auctioned in the 25.1-27.5 GHz frequency range, the ACMA also finalised its arrangements for area-wide apparatus licensing in the 26 and 28 GHz bands in December 2020, such that apparatus licences can be issued on a case-by-case basis for:
· fixed and mobile wireless broadband (IMT-2020/5G) in the following frequency ranges:
· 24.7-25.1 GHz Australia-wide,
· 25.1-27.5 GHz outside of the 29 defined areas within major population centres,
· fixed wireless access (FWA) in the following frequency ranges:
· 27.5-28.1 GHz co-primary with coordinated FSS earth stations in the 29 defined areas within major population centres, but secondary to all FSS outside these areas,
· 28.1-29.5 GHz on secondary basis to FSS. 
Arrangements in the 28 GHz band are illustrated below:  
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7.2	China
5G trial progress in China
China has been actively promoting the domestic coordination and R&D of some candidate frequency bands listed in ITU-R Resolution 238 (WRC-15). On June 2017, China issued the spectrum consultation to the public on use of the fifth generation international mobile communication system (5G) in the mmWave band, seeking the opinions on 5G system frequency planning on 26GHz, 40GHz or other mmWave band. On July 2017, China approved 26 GHz and 40GHz frequency bands to be utilized as the spectrum of IMT-2020 R&D trial. Recently, China plans to continue the trial on research and testing the key technologies on 26GHz frequency band and plans to focus on the 5G base station function, RF and performance test in the later stage.
Spectrum consideration on 26/28GHz bands
China introduces its spectrum applications related to 24.25-27.5 GHz and 27.5-29.5 GHz frequency bands. WRC-19 identified the frequency band 24.25-27.5 GHz for IMT. Noting harmonized worldwide frequency bands for IMT are desirable in order to achieve global roaming and the benefits of economies of scale, China is considering the use of the frequency band 24.25-27.5 GHz, or parts thereof, for terrestrial IMT, while leaving the frequency band 27.5-29.5 GHz for satellite usage since this 2 GHz Ka band is not identified for the implementation of IMT in accordance with the ITU Radio Regulations. We understand the ITU will not receive with a favorable finding of a notification of a MS station for the implementation of IMT under the nature of service “IM” in the frequency band 27.5-29.5 GHz.  In China, we had stipulated regulatory procedures to meet the required sharing the compatibilities between existing and future space and terrestrial services including their applications. The use of the Ka band relates to a number of ITU Resolutions, such as Resolutions 242(WRC-19) and 750 (Rev.WRC-19) which established sharing and compatibility conditions in the frequency band 24.25-27.5GHz and limits on unwanted emissions in the frequency band 23.6-24 GHz from IMT base stations and IMT mobile stations within the frequency band 24.25-27.5 GHz.
Since more and more administrations are deploying or planning to deploy satellite systems using Ka band (as well as Q and V bands) with a large service area in the APT region, this administration notes that there is potential aggregate interference from the deployment of IMT systems in the same frequency bands.  The RR No. 21.5 stipulates that the power delivered by a transmitter to the antenna of a station in the fixed or mobile services shall not exceed 10 dBW in frequency bands above 10 GHz, except as cited in No. 21.5A. Besides following relevant ITU Resolutions, China views that the applications of IMT in the APT region in the frequency band 27.5-29.5 GHz shall also meet the provisions of RR Nos. 21.2, 21.3, 21.5 and 21.5A as indicated in RR Table 21-2. When necessary, coordination is also needed and shall be initiated when all these relevant RR limits are exceeded and/or a special sharing and compatible condition is required. 
China noted the ITU-R is invited to study, as a matter of urgency, the verification of RR No. 21.5 for the notification of IMT stations operating in the frequency band 24.45-27.5 GHz which use an antenna that consists of an array of active elements, and will actively participate in the ITU-R studies.
7.3	Japan
In order to investigate a possibility to deploy 5G systems in the frequency band 27.0-29.5 GHz in Japan, sharing and compatibility studies between 5G and incumbent applications mentioned below were conducted.
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Figure 11: Incumbent applications considered in sharing and compatibility studies in Japan
It could be seen that Japan has the fixed satellite service allocation in Earth-to-space direction in the frequency band between 27 to 31 GHz. Interference originated from 5G stations will be received at the space station and may have some bearing with the operation of the fixed satellite services.  
Japan has conducted a study to evaluate the signal received at the space station with the help of simulation, which considers free-space propagation loss, with and without clutter loss based on Recommendation ITU-R P.2108. Japan has considered a specific location of 5G base stations, where those stations are expected to be deployed. In specific, Japan has considered signal originated from 5G base stations within beam view footprint of the space stations for different fixed satellite systems concerned in Japan. 
The study from Japan has considered antenna pattern of 5G base station and dynamic beamforming of beam paring between 5G base stations and UEs. “Envelop antenna pattern model” and “Average antenna pattern model” based on the Monte-Carlo simulation was considered in the study with variation due to dynamic beamforming. 
From the study in the Earth-to-space scenario and interference from 5G stations to space station has concluded that more than 50,000 base stations for 5G, under the assumptions used in the study, can be deployed within a beam view of the satellite operating in the band between 27-29.5 GHz while meeting the protection criteria of the satellite space station receivers[footnoteRef:9] [footnoteRef:10]. Based on the results of this study, an interference coordination mechanism between terrestrial and satellite operators in Japan has been established in order to protect the satellite space stations. [9:  https://www.soumu.go.jp/main_content/000567503.pdf (in Japanese)]  [10:  https://www.soumu.go.jp/main_content/000567504.pdf (in Japanese)] 

7.4	Republic of Korea
5G spectrum
The Republic of Korea has auctioned 5G spectrum including 3.5GHz (3420 – 3700 MHz) and 28GHz (26.5 – 28.9 GHz) on June 2018 and launched world’s first 5G services on April 2019. The number of 5G subscribers at the end of June 2021 is 16.4 million which accounts for 22.9 % of the total 71.62million mobile subscription in the country.  
In order to be at the forefront of the global 5G competition, the Republic of Korea completed the auction process on June 2018 for the 3.5 GHz and 28 GHz bands, which made available a total of 280 megahertz in the 3.5 GHz with 28 blocks and 2,400 megahertz in the 28 GHz with 24 blocks. The spectrum cap with limit on 10 blocks per each band was applied to prevent an operator from overtaking the market. Participant operators were SK Telecom, KT, and LG U+.  The telcos paid a total of 3.6183 trillion won (US $3.3 B) for the spectrum, 340 billion won higher than the starting price of 3.3 trillion won. The 3.5 GHz band licenses have a ten-year term, and the 28 GHz band licenses have a five-year period.
In addition to the 5G spectrum auction in 2018, the Ministry of Science and ICT (MSIT) announced the plan for a local 5G spectrum on June 30, 2021.  The MSIT will offer 100 megahertz in the 4.7 GHz band and 600 megahertz in the 28 GHz band later 2021 for what it terms 5G specialized network (a.k.a. Local 5G) services. It is expected that many enterprises across the country acquire frequencies in the two bands and then build specialized 5G networks in locations such as a campus or inside buildings. The frequencies are to be allocated administratively and there will be an annual radio wave usage fee. 
Local 5G spectrum is 10 blocks of 10 megahertz in 4.72-4.82 GHz and 12 blocks of 50 megahertz in 28.9-29.5 GHz. The basic charge for each band is KRW 100,000 ($88) per 10 megahertz in 4.7 GHz and KRW 50,000 ($44) per 50 megahertz in 28 GHz. Applicants can apply for a license duration from two to five-year term, with a deployment obligation within six months after being licensed. The assignment fee of which calculation formula uses factors such as the basic charge for each band, area, license duration and bandwidth is set higher for cities with a denser population and is also significantly lower for 28 GHz than 4.7 GHz.
The figure below shows the 5G spectrum above 24.25 GHz in the Republic of Korea. 
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Implementation of A-ESIM and 5G system
To assist successful 28GHz commercialization, the Republic of Korea conducted the study how to coordinate with other services in 28GHz. 28GHz (27.5 – 29.5 GHz) is identified as global bands for ESIM usages at WRC-19. In the other hands, administrations are getting interested in using 28GHz for 5G services since the 28GHz 5G ecosystem is already available. Therefore, to coordinate between especially Aeronautical-ESIM services and 5G, the Republic of Korea conducted the study to investigate the applicable direction to implement A-ESIM and 5G simultaneously by assessing interference exceedance from A-ESIM to 5G as Mobile services. 
The study intends to protect all types of 5G systems which are defined in Recommendation ITU-R M.2134. The study evaluates, in a given altitude of A-ESIM, how much interference exceedance at which location from BS A-ESIM causes to protect all 5G system in 50% and 5% location probability of clutter environment. The study results in the 6 km altitude at which A-ESIM does not cause unacceptable interference from -6dB I/N of all 5G systems based on medium (50%) location probability of clutter environment. It is shown in Figure below
[image: ]
Furthermore, the study results in within 47.6 km ground distance from A-ESIM where BS receives exceedance interference under 5% location probability of clutter environment. It is shown in Figure below 
[image: ]
With those results, as the main purpose of study, 6 km of ESIM altitude is an appropriate altitude above which A-ESIM service could be allowed without any restriction to 5G services. It means normally to ensure the protection of terrestrial 5G services from A-ESIM below the altitude of 6 km. In addition, It could be also learned that neighboring countries located less than 147.6 km far from an international airport could receive unacceptable interference of A-ESIM with 5% probability of location. It is due to the fact that an international takeoff flight could move at least 100 km[footnoteRef:11] at ground level to reach 6 km altitude.  [11:  This distance was estimated from www.flightstats.com] 

7.5	Singapore
[image: ]
Figure 12: mmWave bands and incumbent services in Singapore
Singapore has noted that number of mmWave bands such as the 26 GHz and 28 GHz (i.e., 24.25 – 27.5 GHz and 27.5 – 29.5 GHz) have been identified for 5G deployment. Many stakeholders have agreed that mmWave bands are important in providing extremely high data rate and capacity, complementing the sub-6 GHz bands that deliver coverage and service continuity. However, as per propagation characteristics of mmWave bands, 5G mobile systems operating in mmWave spectrum will mainly be deployed in hotspots and indoor scenarios.
Singapore has observed that developments in the 28 GHz band had been driven by major mobile markets such as the U.S., South Korea and Japan, and early 5G deployments are taking place in this band. The ecosystem, use-cases and business models developed in the 28 GHz are also estimated to accelerate the development of the other mmWave bands, particularly the 26 GHz band. Wide tuning range spanning across 26 GHz and 28 GHz bands in commercial equipment will benefit mmWave deployment.
Satellite community has drawn the attention towards 28 GHz in specific, where in,  28 GHz band is heavily used worldwide for various satellite services and extensive satellite investments have been incurred in the 28 GHz band. The 28 GHz band is also seen as a critical band for the continued innovation and deployment of the high throughput satellites (HTS) and very high throughput satellites (VHTS). Satellite community feels that co-channel coexistence between satellite services and 5G networks is generally difficult, and that FS and FSS in neighbouring countries would cause interference to the IMT services deployed in the 28 GHz band in Singapore. 
In Singapore, the 28 GHz band is currently used for FSS (uplink), and specifically transmission from maritime vessels to the satellites, to provide on-board broadband connectivity. Singapore recognises that coexistence between IMT and FSS services could be made possible through coordination of the technical parameters and usage in this band. 
In future, it is also expected that there will be additional satellite deployments in the 28 GHz band for aircraft platforms. However, since satellite operations are confined to air and space platforms or Earth station in motion(ESIM), Singapore is of the view that coexistence between these satellite service and 5G is possible. If necessary, IMDA will put in place operational guidelines within the licensing condition for satellite services to mitigate interference issues. For example, the minimum distance away from shore and stage of flight for these platforms to transit from terrestrial to satellite services. With the exception of satellite services, there are no indications from the industry of any future planned local deployments in this band. 
After taking a comprehensive view on global developments related to the use of the 26 GHz and 28 GHz bands for 5G services, IMDA has decided to allocate these bands on a primary basis to mobile service, in addition to existing allocations, if any. Under this arrangement, mobile service and fixed satellite service operating in the frequency band 28.5 – 29.5 GHz will be on a co-primary basis. Stations in the FSS are expected to take measures to ensure protection of, and not impose undue constraints on, 5G services operating in the band[footnoteRef:12].  [12:  IMDA: Second-Public-Consultation-on-5G-Mobile-Services-and-Networks/Second-5G-Public-Consultation-7-May-2019] 

7.6	United States of America
FCC-16-89A1 report has noted that mmWave high frequencies previously have been best suited for satellite or fixed microwave applications; however, recent technological breakthroughs have newly enabled advanced mobile services in these bands, notably including very high speed and low latency. 
In 27.5-28.35 GHz and 38.6-40 GHz bands, commission create new upper microwave flexible use licenses authorizing mobile operations in these bands using geographic area licensing. In the 27.5-28.35 GHz band (28 GHz band), Commission adopt county-sized geographic area licenses. In the 38.6-40 GHz band (39 GHz band), FCC adopt Partial Economic Area(PEA) licenses. FCC maintain the co-primary Federal FSS and MSS allocations in the 39.5-40 GHz band, limited to military systems.
The Commission proposed to grant mobile operating rights to existing fixed Local Multipoint Distribution Service (LMDS) and 39 GHz band licensees. LMDS operates in the 28 GHz and 31-31.3 GHz bands. The 28 GHz band is part of the larger 27.5-29.5 GHz band, which is allocated to the fixed, fixed-satellite (Earth-to-space), and mobile services on a primary basis for non-Federal use. As per Second LMDS Report and order had put them on notice that mobile service might eventually be authorized in the 28 GHz band.
In the Second LMDS Report and Order, the Commission stated. Although LMDS is allocated as a fixed service, we know of no reason why we would not allow mobile operations if they are proposed and we obtain a record in support of such an allocation. Commission believes this would be consistent with their goal of providing LMDS licensees with maximum flexibility in designing their systems.78.  Commission grants mobile operating rights to existing active LMDS licensees. This grant is in fulfillment of the Commission’s original mobile allocation for 28 GHz and its stated expectation of allowing mobile use in the band in “providing LMDS licensees with maximum flexibility in designing their systems
Opponents of authorizing new flexible and mobile use in the 28 GHz band raise three basic objections: 
(1) that there is no international consensus to authorize mobile services in the band; 
(2) that LMDS operators do not have an equitable expectation of mobile rights in the band; and (3) that mobile services in the 28 GHz band would impair vital satellite services. 
Most industry evaluations of potential mmW mobile base station deployments appear to assume that such stations’ antennas will be tilted downward at a slight angle, typically from a street lamp pole or a location on a building at a similar height[footnoteRef:13]. Intel explains that this configuration is necessary not only to direct transmissions toward user equipment but also to limit interference between adjacent cellular base stations. In fact, says Intel, failure to adopt this downtilt configuration would impair throughput to users at cell edges by about 60 percent. [13:  148 Young-Han Nam, et al., of Samsung Telecommunications America, Full-Dimension MIMO (FD-MIMO) for Next Generation Cellular Technology, IEEE Communications Magazine, Vol. 51, No. 6, June 2013, 172 at 174] 

Mobile base stations in this band will probably use antenna systems that employ dynamic beamforming techniques to produce beams as narrow as 1.0 degree[footnoteRef:14] [footnoteRef:15] [footnoteRef:16] [footnoteRef:17], which will substantially reduce the likelihood that such beams will point directly at satellite receivers. User equipment will also employ antenna arrays to generate dynamic beamforming, varying both azimuth and elevation in order to maintain signal connections with their base stations. Again, terrestrial operators are likely to deploy this technology of their own accord: by Intel’s analysis, choosing not to use dynamic beamforming technology would reduce throughput at cell edges by about 70 percent. [14:  5G Channel Model for Bands up to 100 GHz, (May 2016, revised version 2.1)]  [15:  Robert W. Heath, Jr. "Coverage and Capacity Analysis of mmWave Cellular Systems", (June 15, 2013)]  [16:  Tianyang Bai,Ahmed Alkhateeb, and R. W. Heath, Jr.,Coverage and Capacity of Millimeter Wave Cellular Networks, IEEE Communications Magazine (2014 vol. 52, no. 9) at 70-77]  [17:  Tianyang Bai and R. W. Heath, Jr., Coverage and Rate Analysis for Millimeter Wave Cellular Networks, IEEE Transactions on Wireless Communications, (2015 vol. 14,no. 2)] 

Base stations and user equipment will also likely employ dynamic power control, both to avoid draining batteries and to limit intersystem interference. In fact, both base stations and user equipment could be entirely silent much of the time; terrestrial operators report that, in current deployments, network loading rarely exceeds 30 percent. All of these features will limit the extent of skyward transmissions from terrestrial mobile systems.
7.7	Europe
The CEPT has harmonised the 26 GHz band (24.25 – 27.5 GHz) for 5G system, through ECC Decision (18)06 for implementation across Europe. 
Within the European Union (EU), the European Electronic Communications Code (ECCC) directive specifies the availability of at least 1 GHz of the 26 GHz band by the end of December 2020. The band was identified by the Radio Spectrum Policy Group and harmonized worldwide for IMT at WRC-19. In reality, only a few countries achieved this objective, with the main reasons stated as lower than expected demand, uncertainty regarding the business case and a lack of clarity for the award mechanisms. Nevertheless, seven EU countries have made mmWave spectrum in the 26 GHz range available, with more expected to award part of the band by the end of 2021[footnoteRef:18].  [18:  Those include Denmark, Finland, Germany, Greece, Italy, Slovenia and the U.K.  Russia has also already awarded spectrum in the 26 GHz band for 5G. Spectrum awards for 26 GHz in Spain, Sweden, Croatia, Estonia and Malta are expected later this year.] 

Among those, Finland has released the most bandwidth in the 26 GHz band: 800 MHz for each of their mobile operators. Given the large contiguous 3.25 GHz bandwidth offered by the 26 GHz band, even with such extra-large assignment per Mobile Network Operator (MNO), there was enough spectrum in the band to cater for operators’ needs, while still having 850 MHz leftover to be licensed to vertical players such as local and/or private networks. 
Another example is Italy, which licensed a total of 1 GHz in the 26 GHz band, i.e. 200 MHz to each of their 5 MNO, and also introduced an innovative ‘club licensing’ model. Under this approach, licensees will be able to share any unused spectrum from the other licensees, improving their offering and overall spectral efficiency at no extra cost. As it stands, Italy is the only European country with a 5G mmWave network, which FastWeb has operated since December 2020[footnoteRef:19]. [19: https://www.analysysmason.com/contentassets/3716b071d2f647c9a9e57e56900b4f66/analysys-mason---status-costs-and-benefits-of-5g-26ghz-deployments-in-europe.pdf ] 

Regarding the 28 GHz band (27.5-29.5 GHz), in the CEPT this band is identified for FS systems and FSS systems.  The FSS applications include coordinated earth stations, uncoordinated earth stations and ESOMPs/ESIMs – see ECC Decisions (05)01, (13)01 and (15)04.  According to the CEPT Roadmap for 5G[footnoteRef:20], the 28 GHz band is not available for 5G systems. [20:  https://www.cept.org/Documents/ecc/57839/ecc-20-055-annex-15_cept_5g_roadmap] 

CEPT is also developing new deliverables to establish harmonised measures for the use of 5G systems in the bands 40.5-43.5 GHz and 66-71 GHz.  This work is partly driven by a mandate from the European Commission to CEPT[footnoteRef:21]. [21:  https://cept.org/files/6813/ECC(20)057-A01_Mandate%20to%20CEPT%20on%20mm-wave%20bands.pdf] 

7.8	India 
On 30th November 2021, Telecom Regulatory Authority of India (TRAI) has released a Consultation Paper [footnoteRef:22] on “Auction of spectrum in the frequencies identified for International Mobile Telecommunications (IMT) / 5G”. Consultation has sought recommendation from the stakeholders on , [22:  https://www.trai.gov.in/notifications/press-release/trai-releases-consultation-paper-auction-spectrum-frequencies-identified] 

Reserve price, band plan, block size, quantum of spectrum to be auctioned and associated conditions for auction of spectrum in 526-698 MHz, 700 MHz, 800 MHz, 900 MHz, 1800 MHz, 2100 MHz, 2300 MHz, 2500 MHz, 3300-3670 MHz and 24.25-28.5 GHz bands for IMT/5G.
Quantum of spectrum/band, if any, to be earmarked for private captive/isolated 5G networks, competitive/transparent method of allocation, and pricing, for meeting the spectrum requirements if captive 5G applications of industries for machine/plant automation purposes/M2M in premises.
Other recommendations deemed fit for the purpose of spectrum auction in these frequency bands, including the regulatory/technical requirements as enunciated in the relevant provisions of the latest ITU-R Radio Regulations
Subsequently in late July 2022, the Indian government has successfully concluded the 5G spectrum auction that comprises ten frequency bands: 600 MHz, 700 MHz, 800 MHz, 900 MHz, 1800 MHz, 2.1 GHz, 2.3 GHz 2.6 GHz, 3.3 GHz and 26 GHz in 22 circles, or regions, across the country with 20-year spectrum licences. It is particularly noted that spectrum above 27.5 GHz was not included in this auction.
7.9	Indonesia
5G trial progress in Indonesia
Indonesia has noted that mmWave bands such as 26 GHz and 28 GHz have been identified for 5G deployments. MmWave band is important as a data layer in providing very high data speed and capacity and is very supportive for 5G use cases that require very low latency.
Considering the importance of the 26 and 28 GHz bands for 5G services, since 2017 the Ministry of Communications and Informatics of the Republic of Indonesia in collaboration with cellular operators have been conducting 5G mmWave field trials using mmWave bands to test various use cases, namely:
1) 5G Peak Throughput 
2) Interworking 4G – 5G EN-DC (E-UTRA – NR Dual Connectivity) & Mobility 
3) MmWave propagation characteristics (range, losses, data transfer rate in indoor conditions)
4) Latency in 5G mmWave (Cloud Gaming and 3D hologram) 
5) AR – VR experiences
6) Smart City concept
7) Fixed Wireless Access
8) 5G mmWave with extended range feature and high-power device capabilities for Fixed Wireless Access use case
9) 5G NR-DC (NR-NR Dual Connectivity) in FR1 and FR2
Details of field trials in Indonesia are contained in Annex.


Summary
This Report presents information received from some Administrations who have recognized that the realistic modelling of mmWave 5G/IMT-2020 with key design component, taking into account practical use cases, and provides more insight as case studies about implementation issues, licensing issues and sharing possibilities of 5G/IMT-2020 in the respective APT countries.
This Report has shared some field trials conducted by some administrations (Annex) and valuable analysis on how LTE and mmWave 5G/IMT-2020 could be deployed to leverage potential of mmWave band for capacity layer, while coverage layer is provided by the LTE. It was also indicated that wider bandwidth could enhance achievable capacity of mmWave.
AWG may address further study on the implementation of 5G/IMT-2020, as appropriate.


ANNEX: Field Trials
Field Trials in Romania
The objective of the Friendly User Trial in Romania was to put 5G FWA to the test in a European environment so e could collect valuable information in terms of performance, installation, customer voice and so on.
We used Samsung’s commercial 5G FWA Radio Access equipment, including a virtualised RAN, Access Units andCPEs together with Cisco’s virtual Packet Core and Orange Romania’s infrastructure, as illustrated in Figure below[footnoteRef:23]. [23:  https://www.samsung.com/global/business/networks/insights/case-studies/5g-for-fixed-wireless-access-orange-romania-case-study/] 
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Figure A1: 5G trial deployment setup for CPE
As illustrated in figureA2, 12 500MHz within the 26.5 and 27.5 band was used for the Trial, which translated into an aggregated capacity of 6.25Gbps.  
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Figure A2: Trial spectrum in 26 & 28 GHz
3D Radio Planning tools are required to make mmWave networks viable as we need to understand coverage before deploying the network and look for the best cell site locations.







Table A1:  Results obtained during 5 trails in Romania with CPE
[image: パソコンの画面

中程度の精度で自動的に生成された説明]
[image: テーブル

自動的に生成された説明]
Customer feedback was overwhelmingly positive, with some users reporting a better experience than on their current fixed broadband services. Cell15 (rooftop) has better throughput, higher data volumes, better RSRP, CQI,Rank Indicator & Measurements. Cell17 (hilltop) performance was hindered by the NLoS conditions and a number of distant CPE locations. 
LoS CPEs, both outdoor and indoor, delivered a solid DL performance almost regardless of radio conditions, whereas UL performance was more dependent on radio conditions (additional beamforming gain in downlink, which was not applicable for uplink). 
NLoS Outdoor CPE showed a decent performance providing current fibre-like service levels on DL Outdoor-to-Indoor Loss did have an impact in the RSRP, with values between -90 and -100dBm. 
Field Trials in USA
5G mmWave delivers unparalleled user experience. 3.6 Gbps in peak download speed and significant gain in average throughput observed by 5G mmWave users. 28 GHz (n257) with NSA option 3xusing 2.1 LTE anchor has deployed at railway station for field-testing[footnoteRef:24]. [24:  https://www.qualcomm.com/news/onq/2020/11/10/deploying-mmwave-unleash-5gs-full-potential] 
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Figure A3: Results obtained during 5G trials in USA for mobile service
Rural America: Extended-Range mmWave delivers significant coverage improvement
Field trial collaboration with U.S. Cellular operator and Ericsson.
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Figure A4: Results obtained during 5G trials in USA for CPE
Field Trails in Hong Kong S.A.R. China
In response to the Hong Kong Government proposal of establishing 5G network in 26GHz to 28GHz frequency band, PCCW has conducted a field trial aimed to explore the radio characteristics of 5G mmWave. The field trial was conducted in Lai Chi Kok area in the period of 21-May to 22-Jun 2018 and the scope of the test was concentrated on the propagation characteristics, radio signal strength coverage and indoor signal penetration capability of mmWave in some typical environment in Hong Kong. Specific field test was conducted to measure the LoS, penetration, diffraction, reflection loses with objects. The following 7 materials were selected during test to block the UE receive antenna and the penetration loss due to material blocking is as below[footnoteRef:25]. [25:  https://www.ofca.gov.hk/filemanager/ofca/en/content_669/tr201812_01.pdf] 

Table A2: Field Trail Results obtained to evaluate propagation loss in Hong Kong
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Download throughput was tested with MIMO Vs Distance in LOS coverage area.
Table A3: 28 GHz Field Trail Results obtained with MIMO in Hong Kong
[image: テーブル

自動的に生成された説明]
The propagation loss on 28GHz mmWave is so much higher than the existing LTE band. It limits effective cell radius down to approximately 110m. Together with a high diffraction loss, 28GHz mmWave is not favorable to serve as a Macro coverage layer. 
Besides, the higher penetration loss makes 28GHz mmWave not favorable to provide in building signal coverage served by surrounding outdoor base station. 
On the other hand, smaller effective cell radius 28GHz mmWave NR reduced potential interference between adjacent NR. This helps 5G mmWave to serve as a capacity layer at hotspot locations. However, for extensive 5G outdoor coverage and considerable indoor user experience where indoor coverage system are not in place, a mid-band such as 3.5GHz/4.9GHz coverage layer is essential.
Field Trials in India
The Department of Telecom (DoT) has allocated spectrum to telecom operators to start 5G trials in the country, sources said. "Telecom operators have been allocated spectrum in 700 MHz band, 3.3-3.667GHz band and 24.25-28.5 GHz band across various locations," a telecom company official said. During the trials, application of 5G in Indian settings will get tested. This includes tele-medicine, tele-education and drone-based agriculture monitoring etc. Telecom operators will be able to test various 5G devices on their network. The duration of the trials, at present, is for a period of 6 months. This includes a time period of 2 months for procurement and setting up of the equipment.
Field Trials in Japan
Minister of Internal Affairs and communications has conducted ‘5G Field Trails” with many stakeholders to create a new market through actualization of 5G. Key industry players NTT communications, KDDI, ATR, Softbank, NICT and many other players has participated in 5G Trails to show case various use case related to eMBB, URLLC, mMTC[footnoteRef:26].  [26: https://5gmf.jp/en/wp-content/uploads/2019/04/The_First_Report_on_5G_System_Trials_in_Japan_2018_Rev1_0423r14_A4_5GMF-HP2.pdf] 

NTT Docomo has tested eMBB to ensure the necessary requirements in a dense urban area. In precise, outdoor environment with mobility speed of less than 30 km/h, bases station would be able to achieve transmission speed of 2.4 Gbps using 4.5 GHz band (BW-100 MHz), while base stations using 28 GHz band(BW-800 MHz) would be able to achieve transmission speed of 10 Gbps. In order to evaluate the long distance transmission; base station were mounted in the dense urban Tokyo skytree area and two UEs were kept in a van and on a trolley. Peak DL system total throughput of 10.2 Gbps was achieved during the trial.
In another long distance transmission experiment, BS was placed at the Tokyo Skytree’s observatory, at the height of 340 meters from ground level, while UE was located on the roof of Tobu Railways Asakusa station 1.2 km aways. Results shows that in long distance transmission using 700 MHz bandwidth. DL and UL maximum throughput were 4.5 Gbps and 1.5 Gbps respectively.

Figure A5: 28 GHz Field Trail Results obtained for Mobile service and CPE in Japan
5G trails equipment systems could deliver 12 channel transmissions of 8K video, since 12 channels transmission of the 8K video requires about 1 Gbps, the large number of channels can be realized by 5G capability over 10 Gbps. 
Security services in the field of smart city were evaluated. This includes placing security camera and security personal with wearable camera in the dense urban areas such as stadium at the Tokyo Olympics. These cameras deliver high definition video via 5G networks provided by 5G trail equipment to a security center to be analyzed to cover wide area’s to be observed 

Figure A6: 28 GHz Field Trail Results obtained for Mobile service with multi channel 
In other trials, Doctors carried out remote diagnostics close-up camera and full HD video taken by tablet-type ultrasonic image diagnosis.

Figure A7: Field trial setup in Japan
Field Trials in Indonesia
The Ministry of Communications and Informatics of the Republic of Indonesia in collaboration with cellular operators (Telkomsel, Indosat Ooredoo Hutchison/IOH, XL Axiata) have been conducting 5G mmWave field trials to test the 5G performance on various use cases as follows: 
1. Field Test Trial with PT Telekomunikasi Selular (Telkomsel) 
Six trials were conducted:
1. 5G FWA Trial at Asian Games in 2018 in Jakarta 
The trial configuration is illustrated below:
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Figure A8: 5G Trial topology in Asian Games 2018 in Jakarta
During the indoor trial, 5G performance of DL peak single-user throughput was tested with the result below: 
Table A4: Single User Throughput Test Result at Asian Games 2018
	Time
	Event
	Location
	Architecture
	Freq. Range
	Bandwidth
	Throughput

	August 2018
	Asian Games 2018 
	Gelora Bung Karno, Jakarta
	SA Option 2
	26.725 – 27.525 GHz
	800 MHz
	5.15 Gbps

	
	
	
	
	27.525 – 28.325 GHz 
	800 MHz
	8.7 Gbps

	
	
	
	
	28.325 – 29.125 GHz
	800 MHz
	8.4 Gbps


On the outdoor trial, the throughput distribution performance of mmWave AAU* was tested. Various transmit power -0.9 dBm, -0.3 dBm, and -0.05 dBm were configured as illustrated below:
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Figure A9: Throughput distribution in various transmit power
Based on the throughput distribution above, with the same bandwidth channel allocation, the higher power transmit configured at AAU 5G, the better bandwidth signal strength which results in the better throughput performance experienced by 5G users.
*AAU (Active Antenna Unit) is the same as AAS (Active Antenna System) terminology
2. 5G for Industry 4.0 in 2019 in Batam
The trial configuration is illustrated below:
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Figure A10: Trial Topology Telkomsel 5G for Industry 4.0 in 2019 in Batam
During the indoor trial, 5G performance of DL peak single-user throughput was tested with the result below: 
Table A5: Single User Throughput Test Result at 5G for Industry 4.0 in 2019 in Batam
	Time
	Event
	Location
	Architecture
	Freq. Range
	Bandwidth
	Throughput

	November
2019
	5G for Industry 4.0
	Telkomsel Office, Batam
	NSA Option 3x
	27.9 – 28.3 GHz
	400 MHz
	1.9 Gbps



At 5G for Industry 4.0 event in Telkomsel Office, Batam Indoor Area, the signal strength distribution performance of mmWave AAU was tested which the output power configured for 33 dBm as illustrated below:
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Figure A11: Signal strength distribution
The signal strength performance of mmWave depended on the line-of-sight condition and distance. Based on the signal distribution, it shows that the signal strength was weakened at the farther area and blocked by the wall corner.
3. 5G mmWave AAU and CPE at Next Dev Summit 2019 in Jakarta 
The trial configuration is illustrated below:
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Figure A12: Trial Topology Next Dev Summit 2019 in Jakarta
[bookmark: _Hlk97628852]During the indoor trial, 5G performance of DL peak single-user throughput was tested with the result below: 
Table A6: Single User Throughput Test Result at Next Dev Summit 2019 in Jakarta
	Time
	Event
	Location
	Architecture
	Freq. Range
	Bandwidth
	Throughput

	December 2019
	Next Dev Summit 2019
	JCC Hall Senayan, Jakarta
	NSA Option 3x
	26.6 – 27.4 GHz
	800 MHz
	621 Mbps*


*Due to CPE capability limitation can only utilize 100 MHz bandwidth.
4. 5G 26 GHz Trial at Mandalika MotoGP 2022
[image: ]The trial configuration is illustrated below:
Figure A13: 5G Trial topology in Mandalika MotoGP 2022 in Nusa Tenggara Barat
5G mmWave trial at Mandalika MotoGP was configured with Non-Stand Alone (NSA) architecture and conducted in outdoor environment. The objective of this trial was showcasing 5G mmWave capability during MotoGP event and observing the obstacle and distance impact to 5G user throughput experience in 26 GHz spectrum.
Table A7: RAN Configuration for mmWave Trial
	Site
	Type
	Architecture
	Antenna Height
	Freq. Range
	Bandwidth
	EIRP

	A
	Macro
	NSA Option 3x
	7 meters
	26.2 – 27 GHz
	800 MHz
	67 dBm

	B
	Macro
	NSA Option 3x
	7 meters
	26.2 – 27 GHz
	800 MHz
	67 dBm


There were three obstacle scenarios observed using the 26 GHz Macro site A including Line-of-Sight (LOS), Non-LOS with Glass obstacle, and Non-LOS inside car with various distance between User Equipment and AAS for 100 meters, and 150 meters. The summary of observation is shown in Figure below.
[image: ]Figure A14: 5G Trial Measurement Result in LOS and Non-LOS Scenarios
During the trial, practical measurements were conducted with CPE in each distance of each scenario observing parameters such as RSRP, SINR, and Throughput. Based on this practical measurement, the peak throughput could be achieved were 4.69 Gbps for download and 365 Mbps for upload, while the widest coverage were 150 meters away from the AAS.
1. 5G mmWave with extended range feature and high-power device capabilities conducted in Jakarta, North Sumatra, and Kalimantan in year 2022.
The trial configuration is illustrated as follow:
[image: ]
Figure A15: 5G Telkomsel Trial Configuration with Extended Range Feature and High-Power Device in year 2022
The 5G mmWave with extended range was configured with NSA (Non-Stand Alone) architecture and conducted in outdoor environment under Line-of-Sight (LoS) situation. Furthermore, Customer Premises Equipment (CPE) with high-power capability (EIRP 43 dBm) will be connected to NR mmWave with LTE as anchor. The objective of the trial was testing 5G extended range capabilities which using mmWave (n258, 26 GHz) and LTE as anchor using 1.8 GHz (Band 3) spectrums. In addition, 5G peak throughput is also measured to analyze impact of extended range features to coverage.
During the trial, 5G mmWave with extended range (26 GHz) is using 800 MHz bandwidth and LTE using spectrum 1.8 GHz with 20 MHz Bandwidth which resulting highest peak throughput reach 4.16 Gbps.
Result of trial:
Table A8: Result of Trial 5G mmWave with Extended Range (Peak Throughput and Distance)
	[bookmark: _Hlk134450268]No.
	Location
	Peak Throughput at 300m
	Furthest Coverage

	
	
	
	Distance
	Peak Throughput

	1.
	Jakarta
	4.16 Gbps
	2 km
	816 Mbps

	2.
	North Sumatera*
	1.91 Gbps
	7.9 km
	1 Gbps

	3.
	Kalimantan*
	2.5 Gbps
	2.5 km
	234 Mbps


       *Peak throughput is limited to transport capacity issue
1. [bookmark: _Hlk134539051]5G NR-DC (NR-NR Dual Connectivity) in FR1 and FR2 year 2023.
Dual Connectivity combines the expansive coverage of sub-6GHz bands with the enhanced data rates of millimeter wave, enhancing the 5G user experience by delivering higher speeds and reduced latency. The trial configuration is illustrated as follow:
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Figure A16: 5G Telkomsel Trial Configuration NR-DC (NR-NR Dual Connectivity) 
The 5G NR-DC (NR-NR Dual Connectivity) was configured with SA (Stand Alone) architecture and conducted in indoor environment. Furthermore, UE will be connected to low/mid band gNB as Master Node (MN) and high band gNB as Secondary Node (SN). The objective of the trial was testing 5G NR-DC capabilities which using FR1 (n78, 3.5 GHz) and FR2 (n258, 26 GHz) spectrums. In addition, 5G peak throughput is also measured to analyze impact of combined spectrums.
During the trial, 5G NR-DC with FR1 (3.5 GHz) is using 100 MHz bandwidth and FR2 (26 GHz) is using 800 MHz bandwidth with resulting peak throughput which reached 7.37 Gbps and average throughput 7.1 Gbps. The trial outcome demonstrated the robust usability of mmWave in 5G SA architecture, as the connection utilizes both mmWave and mid-band spectrum. This advancement will facilitate greater uplink and downlink data rates. NR-DC enables the progression of high-performance, latency-sensitive applications for both consumers and enterprises.
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Figure A17: 5G NR-DC Physical Throughput

1. Field Test Trial with PT Indosat Tbk (IOH) 
Three trials were conducted:
1. 5G mmWave (28 GHz) Trial in Jakarta 2019
5G mmWave trial was conducted in both indoor and outdoor environments to study the propagation characteristics and their impact on performance. This trial was aimed to understand 5G mmWave deployment options either as indoor hotspot or macro site deployment in an urban area.
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	3D Augmented Reality
Figure A18: 5G Trial Architecture
· We observed the peak throughput (single user) with the following configuration:



Table A9: RAN Configuration for mmWave Trial.
	Year
	Location
	Freq. Range
	Bandwidth
	Power
	Throughput

	2019
	KPPTI Jakarta (Indoor)
	27.9 – 28.3 GHz
	400 MHz
	5 Watts
	0.4 – 1.7 Gbps*

	2019
	KPPTI Jakarta (Outdoor)
	27.9 – 28.3 GHz
	400 MHz
	40 Watts
	0.4 – 1.7 Gbps*


*Due to UE capability limitation to maximum utilize 100 MHz bandwidth. 
· During the testing in an indoor environment, it is observed that various types of obstacles could impact the performance and the thicker obstacle would result in lower throughput. The summary of observation is shown in the following Table below and the point of testing is shown in Figure below.
Table A10: Performance of 5G mmWave (28 GHz) with various types of obstacles in an indoor environment.
	No.
	Obstacle
	Throughput
	RSRP
	MCS
	Location

	1.
	LOS
	1.7 Gbps
	– 87 dBm
	24
	1

	2.
	NLOS / Reflection
	0.6 Gbps
	– 105 dBm
	12
	2

	3.
	LOS with Body Shield
	0.7 Gbps
	– 105 dBm
	15
	3

	4.
	2-Ways Body Shield
	< 0.4 Gbps
	– 124 dBm
	< 10
	3

	5.
	Full Body Shield
	5G Dropped
	< – 140 dBm
	–
	3

	6.
	Inside a backpack
	> 1 Gbps
	– 93 dBm
	>20
	3

	7.
	Window glass
	0.7 Gbps
	– 105 dBm
	12
	4

	8.
	Open glass door (LOS)
	0.7 Gbps
	– 102 dBm
	12
	5

	9.
	Closed glass door (LOS)
	0.4 Gbps
	– 112 dBm
	10
	5
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Figure A19: Testing Position for Indoor Test. 
· Subsequently, the same methodology was performed for outdoor testing at surrounding IOH HQ Office (KPPTI) with various types of obstacles i.e., LOS (close and long-distance), foliage, building/wall, and inside a car. The summary of observation is shown in Table below and the testing position is shown in Figure below.
Table A11: Performance of 5G mmWave (28 GHz) with various types of obstacles in an outdoor environment.
	No.
	Obstacle
	Throughput
	RSRP
	MCS
	Location

	1.
	LOS (20 m)
	1.6 Gbps
	– 88 dBm
	24
	1

	2.
	LOS (200 m)
	1.2 Gbps
	– 100 dBm
	15
	2

	3.
	Light Foliage
	0.7 – 1 Gbps
	– 100 dBm
	19
	3

	4.
	Heavy Foliage
	5G Dropped
	< – 140 dBm
	–
	4

	5.
	Building / Wall
	5G Dropped
	< – 140 dBm
	–
	5

	6.
	Inside a car
	5G Dropped
	< – 140 dBm
	–
	6

	7.
	Thin-Fiber canopy 
	0.7 Gbps
	– 90 dBm
	19
	7

	8.
	Foliage at 250 m
	5G Dropped
	< – 140 dBm
	–
	8
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Figure A20: Testing Position for Outdoor Test.
2. [bookmark: _Hlk134539505]5G mmWave to support G20 Summit Meeting in Bali 2022
To support G20 Summit Meeting, IOH delivered and conducted a test 26 GHz mmWave solution, using AAU 4T4R with 800 MHz bandwidth, CPE as receiver and connecting to the Laptop/Wi-Fi router to enable 5G services to provide high speed experiences to customers in variety scenarios with trial configuration illustrated below:
[image: ][image: 図形

中程度の精度で自動的に生成された説明]
Figure A21: 5G IOH Trial Configuration G20 Summit Meeting in Bali 2022
2 Wi-Fi routers were installed in the room beside the back door. Each router connected to 1 CPE, has a maximum capacity of 1 Gbps. Wi-Fi field test speed is up to 850+ Mbps. The closer user are to the router, the higher speed can get, and the lowest test speed for single user is 153 Mbps. If accessed user number increased, then the speed will be degraded. 1 router can provide a maximum of 1 Gbps throughout in total.
[image: Diagram

Description automatically generated][image: グラフィカル ユーザー インターフェイス, テキスト, アプリケーション, チャットまたはテキスト メッセージ

自動的に生成された説明][image: ]
Figure A22: 5G Trial IOH Routers Installations 

[image: グラフィカル ユーザー インターフェイス, Web サイト

自動的に生成された説明]
Figure A23xx: 5G Trial IOH Speedtest Result
3. 5G FWA mmWave Extended Cell Range in Bali 2022
To verify mmWave extended cell range solution on a live network that may have benefit in FWA network deployment at distances up to 4 km that support for larger cell radius in high band and reduce the number of sites.
The trial configuration illustrated as below:
[image: テキスト が含まれている画像

自動的に生成された説明]
Figure A24: 5G IOH Trial Extended Cell Range Configuration in Bali 2022
And the test result summary as below:
[image: タイムライン

自動的に生成された説明]
Figure A25: 5G IOH Extended Cell Range Trial Test Result
It is verified that up to 2100 m and line of sight between antenna and CPE could reach optimum speed test result. Current network version, the maximum coverage is 2410 m for 26 GHz mmWave. If exceed 2410 m, CPE cannot access NR 26 GHz mmWave site.
[image: グラフィカル ユーザー インターフェイス, アプリケーション

自動的に生成された説明]
Figure A26: 5G FWA mmWave IOH Trial CPE Cannot Access NR 26 GHz
1. Field Test Trial with PT XL Axiata Tbk (XL Axiata)
XL Axiata has tested eMBB, URLLC, and mMTC use cases including technical characteristic and 3D hologram using 26 and 28 GHz bands since 2018 in indoor and outdoor areas, and the recent trial is 5G mmWave with extended range / Fixed Wireless Access feature and high-power CPE conducted in Jakarta and Banten in year 2022 which can be described as follows:
1. Test eMBB Peak Throughput, FWA, VR, Massive MIMO, and Beam Forming
[image: Jajal Jaringan 5G XL Axiata Gratis di Kota Tua, Yuks!][image: ダイアグラム

自動的に生成された説明]Figure A27: Trial Topology XL 5G for eMBB 2018 in Kota Tua· Achieved Peak throughput > 10 Gbps
· VR provided throughput > 100 Mbps and latency < 1 ms
· FWA, Massive MIMO and Beam forming mmWave AAU work as expected for the various use cases tested (including smart city and VR use case)


5G mmWave AAU technical specification:
· Operating Frequency: 26.65GHz - 29.19 GHz
· Bandwidth: 8*100 MHz
· Power: EIRP 62 dBm
2. [image: グラフィカル ユーザー インターフェイス が含まれている画像

自動的に生成された説明]The Characteristics Test of mmWave 28 GHz Propagation
[image: ダイアグラム が含まれている画像

自動的に生成された説明]Figure A28: Trial Topology XL 5G for mmWave propagation 2019 in Graha XL
Table A12: Performance of 5G mmWave propagation (28 GHz) with various type of Propagation Loss Testing.
	Test Case
	Scenario
	RSRP/Loss
	MCS
	Throughput

	Propagation
	LOS 2 m
	-88 dBm
	15-22
	1.18 GBps

	Propagation
	LOS 5 m
	-73 dBm
	25-27
	1.70 GBps

	Propagation
	LOS 10 m
	-99.6 dBm
	17-22
	1.25 GBps

	Loss
	Glass
	4.46 dB
	23-25  18-24
	1.56 GBps  1.07 GBps

	Loss
	Concrete
	13 dB
	17-22  5-7
	1.25 GBps  0.303 GBps

	Loss
	Gypsum
	3.6 dB
	15-22  15-22
	1.18 GBps  1.02 GBps

	Loss
	Body Loss
	6.06 dB
	25-27  19-25
	1.70 GBps  1.37 GBps


mmWave bands have high propagation loss, this will cause a low coverage range at 28 GHz, concrete has the largest losses while gypsum has the smallest losses. 
5G mmWave AAU technical specification:
· Operating Frequency: 27.5–28.35 GHz
· Bandwidth: 4*100 MHz
· Power: EIRP 55 dBm
a. Test Interworking 4G – 5G (EN-DC)
[image: グラフ, じょうごグラフ

自動的に生成された説明]
Figure A29: Trial Topology XL Interconnectivity with LTE 2019
· Dual Connectivity between 4G and 5G is working
· The Throughput of 5G in the edge of the coverage is increased after deploying EN-DC
· 4G as the coverage layer, it can increase the throughput of a user in the cell edge of the 5G coverage thus increasing the application coverage of 5G
· Having NSA of mmWave 5G with 4G is the optimum way of deploying the network, by doing 4G as coverage layer while 5G is the capacity layer
· 28 GHz should be bundled with the lower band to improve the performance, especially in cell edge
· The comparison of throughput EN-DC and Non-EN-DC can be shown in the following table:
Table A13 Performance of LTE and 5G Dual Carrier Connectivity Result
	Test Case
	MCS
	Throughput Without EN-DC (Mbps)
	Throughput With EN-DC (Mbps)

	Test 1
	5-7
	323
	352

	Test 2
	5-8
	349
	383

	Test 3
	4-6
	237
	274

	Test 4
	5-7
	316
	344

	Test 5
	5-7
	329
	352


b. Test 3D hologram
[image: ダイアグラム

自動的に生成された説明]
Figure A30: Design of 3D Hologram Trial in 2019

[image: ]
Figure A31: XL Axiata Trial in Holographic Communication via 5G Network in 2019
3D hologram interactive communication service runs as expected.
3. 5G mmWave with Extended Range / Fixed Wireless Access Feature and High Power CPE
The trial configuration can be described as below:
[image: グラフィカル ユーザー インターフェイス, アプリケーション

自動的に生成された説明]
[bookmark: _Hlk134541061]Figure A32: 5G mmWave with Extended Range Trial Configuration 2022 in Jakarta and Banten
The 5G mmWave (26 GHz) with extended range / FWA was configured with NSA (Non-Stand Alone) option 3x architecture and conducted in outdoor urban and rural environment under Line-of-Sight (LoS) and NLOS situation. Customer Premises Equipment (CPE) with high-power capability (EIRP 43 dBm) will be connected to NR mmWave use 24300 – 25100 MHz range (800 MHz bandwidth) and LTE as anchor. The objective of the trial was testing 5G extended range/FWA capabilities (throughput, RSRP and NISR) which using mmWave (n258, 26 GHz) and LTE as anchor using 1.8 GHz (Band 3) spectrums in short, mid and long distance as shown in the measurement results table below.
[bookmark: _Hlk134542150]Scenario tests in dense urban areas were carried out at a distance of up to 900 meters using CPE high power or mobile devices, while scenario tests in rural areas were carried out at a distance of up to more than 7.5 km using CPE High Power and mobile devices.
From the test results it can be concluded that 26 GHz NR can be used for FWA features with a maximum distance of 7.5 km or more with a throughput of 1.13 Gbps using CPE High Power and must in LOS conditions, while for mobile services the maximum throughput is 3.35 Gbps at a distance around 100 m using mobile devices, as described in the measurement results table below:
Table A14: Result of Trial 5G 26 GHz with Extended Range/FWA in outdoor urban and rural environment under Line-of-Sight (LoS) and NLOS situation
[image: テーブル

自動的に生成された説明]
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Flgure I: How mmWave enables the success of 5G use cases
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Measurements for three scenarios are summarized below|
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