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The purpose of this Report is to support Administrations in setting up the synchronisation frameworks at national level for the introduction of 5G-NR in the 3400-3800 MHz band in a multi-operator environment leveraging on the synchronised, unsynchronised and semi-synchronised modes.
This Report extends the contents in previous ECC Report 216 [1] and in ECC Report 281 [2] to account for the following new aspects:
5G-NR new frame structures bring new compatibility and performance aspects to be considered in the case of synchronised operation between 5G-NR and LTE-TDD, which make it desirable to also consider unsynchronised operation;
The adoption of Active Antenna System (AAS) technology to MFCN base stations brings new challenges for unsynchronised operation (in terms of cost-effectiveness and spectrum efficiency of the LRTC's implementation), which makes it desirable to consider synchronised operation;
Semi-synchronised operation is a new mode of operation that was not studied previously (LRTCs defined were conservative and aligned with unsynchronised operation in ECC Decision (11)06 (October 2018) [3].
Section 2 provides a general introduction about synchronised, semi-synchronised and unsynchronised operation including definitions, benefits and challenges.
Section 3 assesses the performance impacts (in terms of spectrum efficiency, UL/DL throughput and latency) for a few selected 5G-NR frame structures. The analysis also addresses options for the “LTE compatible” 5G-NR frame structures, suitable for the cross-technology synchronised operation between a 5G-NR and LTE-TDD networks.
Section 4 assesses the applicability of different mechanisms to manage the cross-link interference deriving from simultaneous UL/DL transmissions in case of unsynchronised and semi-synchronised operation when the ECC “baseline” out of block power limit (defined for the synchronised operating mode in ECC Decision (11)06 (October 2018)) is applied. This section analyses the impact of geographic separation between Macro-cellular networks as well as the impact associated with the adoption of alternative topologies (Micro BSs and Indoor BSs networks).
Leveraging on the analysis and studies performed in the previous sections, Section 5 proposes a “toolbox” with options to support Administrations and operators in identifying the most appropriate synchronisation regulatory framework at national level. The key elements from the “toolbox” are summarised hereafter.
Synchronised operation avoids any BS-BS and MS-MS interference therefore allowing coexistence between adjacent networks without the need for guard bands or additional filters. This operating mode simplifies network deployment because no additional interference mitigation is required. However, in order to implement this, within each deployment area/region, all MFCN licensees operating in the same band[footnoteRef:2] should use: [2:  Not limited to the licensees with adjacent blocks.] 

A common phase clock reference (e.g. UTC), with proper accuracy/performance constraints that depend on the underlining technology, and permanent monitoring and agreed remedies in case of accuracy loss. Those aspects and challenges are detailed in ECC Report 216;
A compatible frame structure to avoid simultaneous UL/DL transmission, which determines a specific DL/UL transmission ratio and frame length. The chosen frame structure will contribute to the network performance (e.g. latency, spectral efficiency, throughput and coverage[footnoteRef:3]). The feasibility and performance impacts of synchronised operation between different radio technologies have to be assessed on a case-by-case basis depending on the specific technologies. As assessed in this Report, the synchronised operation of 5G-NR and LTE-TDD may imply a cost in terms of user plane latency and performance, especially with regards to 5G URLLC latency targets. Agreements on synchronised operation between operators will be simplified when the same type of services are targeted with the associated desired user plane latency and performance targets. [3:  For example: the size of the guard periods between DL and UL transmissions will have an impact on maximum cell radius. Increasing the number of UL transmissions has an impact on the UL coverage performance.] 

Unsynchronised operation does not require the adoption of a compatible frame structure among licensees. Licensees select the most appropriate frame structure independently and can adapt the frame structure to service and end user requirements, which may change depending on the location and on time. However, in a multi-operator scenario, the flexibility in operators’ frame structure selection leads to a number of interference scenarios that need to be assessed and managed.
The cross-link interference deriving from simultaneous UL/DL transmissions could be managed with the adoption of the ECC restricted baseline out of block power limit which, based on currently available technology, would imply operator-specific filters and inter-operator guard bands. It is assumed that it will be challenging to implement operator-specific filters cost effectively in case of AAS BS, and that significant guard bands would be needed in such case (i.e. in case of implementation of the ECC restrictive out of block power limits). Therefore, this Report emphasizes on the need to implement a framework that would not require the implementation of the ECC restrictive out of block power limits, and provides an analysis on whether and under which conditions the unsynchronised operation can be used when base stations implement the ECC baseline out of block power limits. Here follows a concise summary of the outcomes:
Unsynchronised Macro-cellular networks: Based on currently available filtering technology, guard bands and operator specific filters are necessary to enable unsynchronised operation between operators. Alternatively, geographic separation distances could be necessary but a specific recommendation or single set of trigger values cannot be provided due to the dependency on various factors. The studies show minimum distances required between unsynchronised Macro-cellular networks could be up to 60 km when operating co-channel and up to 14 km when operating in the adjacent channel without guard bands[footnoteRef:4]. [4:  These studies have assumed a "fully unsynchronised", also called "anti-synchronised" situation between the cellular networks (see Section 4).] 

Unsynchronised Micro BS networks and Macro-cellular networks: the studies show that, in general, adjacent channel unsynchronised operation of Macro-cellular networks and Micro BS networks might not be feasible in the same area. Separation distances have not been assessed in this Report. If there is no Macro-cellular network, adjacent channel unsynchronised operation between two Micro BS networks might be feasible with careful planning avoiding line of sight. 
Unsynchronised Indoor BS networks and Macro-cellular networks: under specific assumptions, adjacent channel unsynchronised operation should be possible with careful installation[footnoteRef:5] of the indoor BSs. Such planning seems to be feasible in case of industrial – type of use case (e.g. smart factory indoor coverage). In the case of co-channel operation of Macro BSs and indoor BSs, the lack of out of block filtering on the Macro BS and on the indoor BS transmitters' sides will need to be considered.  [5:  For example, ”careful installation” would include measures like ceiling-mounted installation, placement of indoor BS away from windows, additional shielding around buildings in the worst case. Such measures may be more appropriate for professional installations which seem less suitable for consumer-type of scenario (without further mitigation schemes implemented in the indoor BS).] 

Semi-synchronised operation corresponds to the case where part of the frame is consistent with synchronised operation as described above, while the remaining portion of the frame is consistent with unsynchronised operation as described above.
This leads to a limited degree of frame structure flexibility at the expense of some additional interference that can be controlled to some extent (for example, this operating mode could be implemented to avoid simultaneous UL/DL transmissions for control channels). All MFCN licensees operating in the same band and same coverage area/region should use:
A common phase clock reference, as for synchronised operation; 
Partial frame alignment: the agreement shall define a default frame structure as for synchronised operation (for which UL/DL directions are defined across the whole frame) and at the same time the part of the frame where each operator is allowed to reverse the default transmission direction (flexible part). If no changes are applied to the default frame structure, the semi-synchronised operation is identical to the synchronous case;
The terms and conditions under which the ECC baseline out of block power limit can be applied to the semi-synchronised operation. These terms and conditions could be agreed between all operators, or they could be facilitated by the reguIator. Some semi-synchronised scenarios might not require regulatory intervention.
With respect to semi-synchronised operation with the ECC baseline out of block power limit, it is useful to distinguish DL to UL and UL to DL modifications compared to the reference frame:
"DL to UL modifications": the default DL transmission direction in the flexible part is modified into UL
From BS-BS interference perspective, the network that modifies the default DL into UL will not interfere with the other network(s) but it will receive additional interference from the other network(s);
In most circumstances, MS-MS interference will be negligible because terminals typically transmit intermittently and many will be mobile so any interference would be transient. It is expected that some 5G use cases will imply the deployment of MSs that are in fixed positions and close to each other[footnoteRef:6] which would result in permanent MS-MS interference[footnoteRef:7]. No specific studies were performed on MS-MS interference, therefore, in case of MSs that are in fixed positions and close to each other, no conclusion can be derived. In any case, MS RF requirements are handled by SDOs and associated harmonised standards. [6:  E.g. crowded stadiums, trains, buses, (home) CPEs in fixed wireless access (FWA) systems.]  [7:  The MS-MS interference will occur for MSs close to each other while communicating with different BSs / networks.] 


"UL to DL modifications": the default UL transmission direction in the flexible part is modified into DL
From BS-BS interference perspective, the network that modifies the default UL transmission direction into DL will interfere the other network while it will not receive additional interference from the other network;  
Coexistence is facilitated if semi-synchronised operation is applied to Micro and indoor BS but it could be technically challenging for indoor BS to be semi-synchronised with outdoor networks; and
Coexistence could be more challenging if semi-synchronised operation is applied to Macro BS before efficient interference cancellation algorithms have been developed and implemented. At the date of publication of this Report, 3GPP is studying such algorithms.  
As a consequence, and considering that:
With reference to the unsynchronised operation, it is assumed that the implementation of the ECC restricted baseline limit would imply operator-specific filters, which are challenging to implement cost effectively in the case of AAS BS with currently available technology. In addition, the implementation of the ECC restricted baseline limit would also require significant inter-operator guard bands, which are highly undesirable. Without operator-specific filters, it may not be possible to rely on guard bands alone to enable unsynchronised operation between Macro cells, and significant separation distances are likely to be required (up to 60 km when co-channel and up to 14 km  when operating in the adjacent channel). Based on currently available AAS BS technology, it is therefore assumed that equipment will only implement filters designed to comply with the ECC baseline out of block power limit;
Synchronised operation requires operators to agree on a compatible frame structure (which determines a specific DL/UL transmission ratio) and frame length, which contribute to the network performance (e.g. latency, spectral efficiency, throughput and coverage). Compatible frame structure may also introduce new operational constraints and additional costs: for instance, inter-operator synchronisation may lead to a less flexible DL/UL ratio selection, resulting in suboptimal spectrum utilisation for an individual operator (see ECC Report 216, section 3.3). Agreements on synchronised operation between operators will be simplified when operators adopt the same technology (e.g. 5G-NR) and target the same type of services with the associated desired user plane latency and performance targets;
Synchronised operation and semi-synchronised operation both require a multilateral agreement between all MFCN licensees in the same band and coverage area / region (not limited to the licensees with adjacent blocks).  Such agreement could be facilitated by the regulator (e.g. for reasons described in ECC Report 216 section 3.3).
A general framework could be defined at the national level by Administrations wishing to do so specifying:
The technical parameters for synchronised operation , and for semi-synchronised operation if appropriate (including reference clock and reference frame structure);
The scope of synchronised, semi-synchronised and unsynchronised operation in terms of geographical areas and type of cells: E.g. in the case of AAS BSs, the general framework could specify that unsynchronised operation could only be implemented in those cases where additional isolation is available (e.g. separation distances would still allow the use of the ECC baseline out of block limit); in the case of semi-synchronised operation the general framework could specify in which scenarios DL slots may / may not be unilaterally converted to uplink slots, depending on national circumstances; 
Mechanisms to ensure the periodic review of the agreed conditions.
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The 3400-3800 MHz band has already been harmonised for MFCN in CEPT and is recognised to be the 5G primary band in Europe. The 3400-3800 MHz band has more contiguous spectrum than lower frequency bands and can allow wide channels which are necessary to make the 3400-3800 MHz band effective for 5G deployments. Compared to lower frequency bands and taking into account its expected introduction in most countries in the world this primary 5G band offers a combination of higher bandwidth and higher capacity as well as a good potential to become a future worldwide band for 5G.Many national Administrations within CEPT plan to enable initial 5G deployments in the 3400-3800 MHz band. At the date of publication of this Report, several European countries have awarded frequencies in at least a portion of the 3400-3800 MHz band since 2015 (e.g. Czech Republic, Finland, Hungary, Ireland, Italy, Latvia, Norway, Poland, Romania, Slovakia, Spain and the UK[footnoteRef:8]). Other Administrations (e.g. Austria, Cyprus, France, Germany, Sweden, Switzerland, Portugal and the UK[footnoteRef:9]) are planning to conduct similar auctions. Information on the synchronisation aspects during latest 3400-3800 MHz spectrum award procedures is provided in ANNEX 1. [8:  3410-3480 MHz and 3500-3580 MHz.]  [9:  3600-3800 MHz.] 

While preparing the assignment procedures, Administrations may find ways to ensure the definition of the most appropriate synchronisation framework accounting for the local circumstances and local market demand.
The aim of this Report is to support the setup of the most suitable synchronisation framework at national level. This Report relies on the previously published ECC Report 216 (August 14) [1], ECC Report 281 (July ’18) [2] and ECC Decision (11)06 (October 2018) [3].
ECC Report 216 [1] provides band-neutral practical guidance for synchronisation of TDD networks. The Report addresses specific BS-BS and MS-MS interference scenarios in case of unsynchronised operation and provides background about synchronised operation, definitions, technical aspects for clock and phase / time, cross-technology frame alignment between WiMAX / LTE-TDD, and options for Administrations for designing a general framework at the national level for synchronised operation in a multi-operator context;
ECC Report 281 (July ’18) [2] and ECC Decision (11)06 (October 2018) [3] define the Least Restrictive Technical Conditions (LRTCs) applicable to 5G MFCN using non-AAS and AAS based station systems in the 3400-3800 MHz band. Such LRTCs extend the LRTCs defined in ECC Report 203 [5] (which was based on IMT-Advanced / 4G). The LRTCs include the baseline out of block power limit and the transitional regions power limits to be used in case of synchronised operation as well as the restricted baseline out of block power limit to be used in case of unsynchronised and semi-synchronised operation;
Synchronisation and coordination of TDD MFCN networks across national borders is addressed by ECC Recommendation (15)01 [4].
This Report extends the contents in ECC Report 216 and in ECC Report 281 to account for the following new aspects:
5G-NR new frame structures bring new compatibility and performance issues in case of synchronised operation between 5G-NR and LTE-TDD, which make it desirable to consider unsynchronised operation;
The adoption of Active Antenna System (AAS) technology to MFCN base stations brings new challenges for unsynchronised operation (in terms of cost-effectiveness of the LRTCs implementation), which makes it desirable to consider synchronised operation;
Semi-synchronised operation is a new mode of operation that was not studied previously (LRTCs defined were conservative and aligned with unsynchronised operation in the aforementioned ECC Decision).
This Report provides:
An analysis for the specific circumstances under which the unsynchronised operation could be allowed when the ECC baseline out of block power limit is applied instead of the ECC restricted baseline out of block power limit (see ECC Decision (11)06 Table 3 and Table 4 [3]) when adopting specific interference mitigation techniques or geographical isolation between networks;
An analysis of the specific circumstances under which semi-synchronised operation could be allowed when the ECC baseline out of block power limit is applied, providing some degree of flexibility in the selection of UL/DL transmission direction at the cost of increased cross-link interference;
An analysis of the performance impact of cross-technology synchronised operation between LTE-TDD and 5G-NR;
A general toolbox to help Administrations define a regulatory framework for synchronised, semi-synchronised and unsynchronised operation for TDD networks at the national level.
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Starting from the definitions provided in ECC Report 281 [2] for the synchronised, unsynchronised and semi-synchronised operation, this section highlights benefits and challenges associated with each mode and provides an overview on the interference mechanisms that characterise each operating mode.
Different interference scenarios may occur when two TDD networks are deployed in blocks within the same band (including the co-channel case and the adjacent channel case). Cross link interference will occur when simultaneous transmissions in uplink (UL) and downlink (DL) directions take place in different TDD networks (i.e. one BS (or MS) belonging to one network transmits while another BS (or MS) belonging to the other network receives (this will be referred to as "simultaneous UL/DL transmissions" throughout this Report).
As explained in the following Sections, simultaneous UL/DL transmissions do not take place in case of synchronised operation while such kind of transmissions take place in case of unsynchronised and semi-synchronised operation.
Figure 1 illustrates the interference scenarios in case of simultaneous UL/DL transmissions: the green arrows represent the desired links, while the potential interference is represented by the yellow arrows. BS-MS interference happens in all cases (FDD and TDD, whether synchronised or not) and is handled as part of the standards. MS-MS and BS-BS interference in unsynchronised and semi-synchronised TDD networks are within the scope of this Report.
[image: ]
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The word “synchronisation” is used in many different contexts with different meanings. For example, BS-MS synchronisation within the same network, frequency and phase synchronisation at the carrier level for demodulation purposes, frequency synchronisation for FDD networks such as GSM, etc. This Report will only focus on phase / time synchronisation at the frame level between TDD networks for interference mitigation purposes.
ECC Report 281 provides the following definition: “synchronised operation in the context of this Report means operation of TDD in several different networks, where no simultaneous UL/DL transmissions occur, i.e. at any given moment in time either all networks transmit in DL or all networks transmit in UL. This requires non-simultaneous UL/DL transmissions for all TDD networks involved as well as synchronising the beginning of the frame across all networks”.
In order to deploy synchronised TDD mobile networks in a multi-operator context, operators need to reach agreement on:
A common phase clock reference (e.g. UTC - Coordinated Universal Time) and accuracy / performance constraints that depend on the underlining technology (e.g. +/- 1.5 μs for LTE-TDD and 5G-NR), either using their own equipment to provide the clock, or sharing the same phase / time clock infrastructure;
Permanent monitoring of the agreed clock source. When losing the primary reference time clock (PRTC) equipment may continue operation for a period of time ("holdover period") that has to be agreed and which depends on the quality of the local oscillator in the BS and on the wireless network accuracy requirement. If the PRTC is lost for a duration longer than the holdover period, the system shall no longer be considered in synchronised operation and may start interfering other channels, and therefore proper action shall be taken (e.g. the BS shall be shut down until the PRTC is recovered);
A frame structure (including TDD DL/UL ratio and frame length) in order to avoid simultaneous UL/DL transmissions (guard periods may be different, as illustrated in Figure 3). The assessments in ANNEX 3 (summarised in Section 3) provide information on the implications associated with some specific but representative frame structures in terms of throughput performance, spectrum efficiency and latency.
The following figure illustrates the frequency, phase and time synchronisation concepts, which are described in [1].
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Figure 2: Frequency, phase and time synchronisation concepts
The following table provides the synchronisation requirements for MFCN technologies including 5G-NR in terms of frequency and phase accuracy.
Table 1: Frequency and phase synchronisation requirements for different MFCN technologies
	Technology
	Parameter

	
	Frequency accuracy relatively to the reference oscillator
	Phase accuracy relatively to the reference clock

	GSM, UMTS, WCDMA, LTE-FDD
	50 ppb
	N/A

	LTE-TDD
	50 ppb
	±1.5 μs (for cell radius ≤ 3 km)

	
	50 ppb
	±5 μs (for cell radius > 3 km)

	5G-NR
	50 ppb
	±1.5 μs


The following figure provides examples for simultaneous and non-simultaneous UL/DL transmissions in TDD networks.
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[bookmark: _Ref526505778]Figure 3: Examples of simultaneous UL/DL transmissions in TDD networks
In TDD networks, the maximum cell radius depends on the guard period between DL and UL transmissions: the examples above show how operators may implement guard periods of different durations (enabling different coverage radii) while maintaining compatible frame structures (i.e. while avoiding simultaneous UL/DL transmissions.
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The ECC has defined the baseline and transition region out of block power limits for synchronised operation of MFCN BSs (see ECC Decision (11)06 (October 2018) Table 3 [3]). The ECC baseline accounts for the fact that BS-BS and MS-MS interference scenarios do not take place in case of synchronised operation. ECC baseline regulatory limit does not introduce additional constraints compared to the spectrum emission mask as defined by the standards.
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Synchronised operation therefore simplifies operators’ network deployments since less coordination for BS radio planning is required among synchronised operators.
However, the requirements associated with synchronised operation as described in the previous Section also lead to some challenges:
	Setup of the clock reference: operators have to agree on a common reference clock and common accuracy / performance. The +/- 1.5 µs accuracy might be challenging to achieve in some cases. Operators might consider deciding to share the clock infrastructure. Operators will in any case need to setup such accurate clock solutions within their own networks regardless on the possible need to synchronise their network with other networks;
Clock quality monitoring and enforcement: since any imperfection in synchronisation affects other users in the band, operators must constantly monitor their reference clock quality (depending on the performance of the BS local oscillator) and take proper action (e.g. equipment shutdown if the reference clock is lost for more than an agreed amount of time). Operators (and/or Administrations) should therefore be able to test and enforce whether the clock quality is met;
Compatible frame structure across operators: the frame structure determines a specific DL/UL transmission ratio and frame length, which contribute to the network performance (e.g. latency, spectral efficiency, throughput and coverage[footnoteRef:10]). Therefore, the selection of a compatible[footnoteRef:11] frame structure will provide the same contribution to the performance of all operators involved, with similar impacts on the services to end users. [10:  For example: the size of the guard periods between DL / UL transmissions will have an impact on maximum cell radius. Increasing the number of UL transmissions has an impact on the UL coverage performance.]  [11:  As described in ECC Report 216 section2.1, 8 the frame structures do not need to be exactly identical provided that the last transmitter stops before the first receiver starts, taking into account the propagation delay (e.g. in LOS non co-sited cases).] 

The compatible frame structures can be renewed over time, subject to the agreement. There are already precedents for this[footnoteRef:12]. Some new mechanisms might be specified to review and periodically (involving regulators if needed) or dynamically adjust such parameters (this option is currently considered as challenging). For example, the agreement on a common DL/UL ratio could be based on a compromise taking all operators' performance requirements into account. [12:  Two of the Italian operators (Tiscali and Linkem) that acquired spectrum usage rights from the 3400-3600 MHz assignment procedure in 2007 have agreed on common synchronisation and non-simultaneous UL/DL transmissions by agreeing on a common frame structure. The following format was chosen to facilitate coexistence between LTE-TDD and the existing WiMAX system: LTE configuration #2 with Special sub-frame structure #5 3:9:2 - “WiMAX compatible”. At a latter stage, the two operators eventually agreed to change to a new common format after WiMAX migration to LTE-TDD. With the progressive refarming of WiMAX technology towards LTE-TDD, operators started their migration towards a different frame structure which is the one that is now more commonly adopted: LTE configuration #2 with Special sub-frame structure #7 10:2:2.] 

The agreement between a small number of operators, potentially using the same technology, is easier to achieve than an agreement between multiple operators, potentially using different technologies and potentially targeting different services.
It is to be noted that the adaptability of DL/UL ratios in time and according to different geographic locations may or may not be a market requirement in a given market.
Depending on the regulatory framework in place, the possible regulator choice for a “preferred frame structure” could lead to problems in terms of compliance with the technology neutrality principle if the chosen format would not be supported by some candidate TDD technology for the band.
In case of existing unsynchronised networks with locally / regionally assigned spectrum, the unsynchronised operation of the 5G network would result in interference with the local / regional networks while the synchronised operation of the 5G network with the local / regional networks would lead to interference within the national network. In this case, it might be desirable to consider the synchronised operation also for the existing local / regional networks.  
All issues above apply in all cases of TDD coexistence, including in 5G-NR / 5G-NR and LTE-TDD / 5G-NR coexistence cases. In case of LTE-TDD / 5G-NR synchronised operation, 5G-NR may be negatively impacted in terms of latency performance of 5G; section 3.3 and ANNEX 3 provide detailed assessments on these matters.
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The “unsynchronised operation” terminology refers to the general case where neither time synchronisation between operators’ MFCNs nor inter-operator frame alignment is implemented (of course, this does not prevent an operator to use the synchronised operation within its own network to avoid co-channel interferences). More precisely, ECC Report 281 has provided the following definition “the unsynchronised operation in the context of this Report means operation of TDD in several different networks, where at any given moment in time at least one network transmits in DL while at least one network transmits in UL. This might happen if the TDD networks either do not align all UL and DL transmissions or do not synchronise at the beginning of the frame".
The ECC has defined the restricted baseline out of block power limit for unsynchronised and semi-synchronised operation of MFCN BSs (see ECC Decision (11)06 (October 2018) Table 4 [3]). 
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The benefit of unsynchronised operation is in the fact that it does not require the adoption of a compatible frame structure among operators. Operators can select the most appropriate frame independently and can adapt the frame structure to service and end user requirements in space and time domains. This allows more flexibility in the execution of operators’ business models.
However, in a multi-operator scenario, the flexibility in operators’ frame structure selection leads to a number of interference scenarios that need to be assessed and managed.
As illustrated in Figure 4, BS-BS interference is a result of two separate and independent phenomena.
Spectral leakage from the interfering BS transmitter side:
This is where a BS radiates unwanted emissions into adjacent channels, thereby effectively increasing the noise-plus-interference floor at a victim BS and resulting in desensitisation. The extent of spectral leakage of the interfering BS is defined by its adjacent channel leakage ratio (ACLR) and unwanted emission specifications.
BS-BS interference due to spectral leakage can be mitigated by restricting the unwanted emissions of unsynchronised BSs through the specification of regulatory block edge masks (BEMs). An example is the restricted baseline out of block power limit defined in the ECC Decision (11)06 (October 2018)[3]: the regulatory upper limit of -43 dBm/5MHz on the out-of-block TRP of unsynchronised AAS BSs in the 3400-3800 MHz band applicable at the frequency boundary (block edge) with another operator. The ECC restricted baseline out of block power limit is significantly more restrictive than the ECC baseline limits for synchronised BSs, and compliance with it would require the installation of costly operator-specific transmitter filters in non-AAS systems. It is even more challenging to achieve in AAS systems where additional internal filters would be required. 
Therefore, based on currently available filtering technology for AAS, unsynchronised operation could be implemented only in those cases where additional isolation (e.g. separation distances) or specific network configurations (e.g. indoor low power BSs) would still allow the use of the ECC baseline out of block limit as defined in ECC Decision (11)06 (October 2018) Table 3[footnoteRef:13]. The identification of such specific cases is addressed in Section 4, which highlights deployment challenges. [13:  With reference to the restricted baseline limits defined for AAS base stations, ECC Report 281 [2] states: ”For unsynchronised and semi-synchronised operations, if no geographic or indoor/outdoor separation is available, the restricted baseline limit must be respected. However, agreements at national level (including bilateral agreements among any pair of adjacent MNOs) may be concluded to allow the definition of a different BEM. ”With this respect, ECC Report 281 refers to the possibility to account the information provided in this toolbox Report.] 

Blocking of the victim BS receiver:
This is where the victim BS’s receiver is unable to decode a weak wanted signal when simultaneously being exposed to a relatively high received carrier power radiated by an interfering BS operating in another channel. The impact would be a desensitisation of the victim BS or, in an extreme case, the complete overload of the victim BS’s RF front-end. The extent of susceptibility of a victim BS receiver is defined by its adjacent channel selectivity (ACS) and blocking specifications.
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[bookmark: _Ref525978758]Figure 4: BS-BS interference mechanisms in case of simultaneous UL/DL transmissions
It should be noted that the application of stringent regulatory limits on the interfering BS wanted emissions alone may not be sufficient to mitigate BS-BS interference with the currently available equipment. This is because the in-band blocking phenomenon can only be avoided through installation of additional operator-specific RF receiver filters at the victim BSs receiver to suppress the received adjacent channel carriers. As such, a regulatory framework for unsynchronised BSs should take into account for the level of the victim BS receiver selectivity. For the same reason, implementing a guard band within a TDD band does not solve all interference cases if equipment does not implement operator specific hardware filters in their RF front-end to protect from in-band blocking. These RF filters would have to be operator specific, which would not be implementable from an economical or mechanical point-of-view. In addition this approach is totally not applicable on MS side to solve MS to MS interference
Unsynchronised operation therefore requires all of the operators in a band in the same geographical area / region to comply with the ECC restricted baseline out of block limit over the frequency blocks of other operators. Furthermore the addition of inter-operator guard band and operator-specific RF filters on both BSs transmit and receive sides is required to avoid blocking. 
In case of non-AAS BSs, it is possible to deploy external custom filters specifically designed for each operator spectrum;
In case of AAS BSs, as illustrated below the BS RF and antenna units are integrated without an accessible interface between the RF unit and the antennas. The regulatory requirements would therefore need to be met by product design and any filters would need to be internal, integrated by the vendor during the manufacturing process. 
At the time of the publication of this Report, AAS systems can neither achieve cost-effectively the restricted ECC baseline out of block limit defined for unsynchronised (and for semi-synchronised) operation on the transmitter side, nor implement the required operator-specific filters to protect from blocking on the receiver side, both in adjacent and non-adjacent channels in the same band.
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Figure 5: AAS and non-AAS base stations architecture
It is therefore expected that, based on currently available technology, AAS systems will have generic band filters aligned with SDOs RF requirements (and with the ECC baseline and transitional regions out of block limits). The introduction of guard bands alone would not be sufficient to allow unsynchronised operation; meeting the ECC restricted baseline limit would also require operator-specific filters for AAS BSs which are not currently seen as cost-effective. Based on the above, unsynchronised operation with AAS BS would require additional mitigation techniques, which are assessed in section 4.
Unsynchronised operation also leads to MS-MS interference as a result of both spectral leakages from the interfering MS and blocking of the victim MS. Out of band emissions and adjacent channel requirements for MS are defined in the relevant harmonised standards for synchronised operation rather than for unsynchronised operation.
ECC identifies the BS-BS interference scenario as the most critical and, for the interference resulting from transmitter spectrum leakage, regulates it accordingly. Blocking is taken into account in 3GPP standards in the case of synchronised operation. This is justified by the fact that MS activity is more intermittent than BSs’, and by the fact that statistical factors mitigate the criticality of the MS-MS interference mechanism since devices are typically mobile. 
MS-MS interference in the 2.6 GHz band was studied in ECC Report 131 [6], and. ECC concluded that MS-MS interference was handled through standardisation. Therefore, ECC did not adopt BEMs for terminals. 
The situation in the 3400-3800 MHz band is more favourable due to the higher propagation losses, which further limit MS-MS interference.
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ECC Report 281 provides the following definition: ”the semi-synchronised operation corresponds to the case where part of the frame is consistent with synchronised operation as described above, while the remaining portion of the frame is consistent with unsynchronised operation as described above. This requires the adoption of a frame structure for all TDD networks involved, including slots where the UL/DL direction is not specified, as well as synchronising the beginning of the frame across all networks”.
A very generic description of semi-synchronised operation is depicted in Figure 6 where Operator A and Operator B operate in adjacent channels. The operators can designate portions of the frame to have synchronised fixed duplex direction, i.e. they are always DL or always UL. For the remainder of the slots, the operators may choose semi-static but different, or time-varying duplex directions.
[bookmark: _Ref526111033][image: ]Figure 6: Example of semi-synchronised operation
Semi-synchronised operation is therefore a mode of operation similar to synchronised operation, with the exception that the frame structure alignment is relaxed to allow some controlled degree of flexibility at the expense of some additional interference that can be controlled to some extent. Taking into account the challenges to implement unsynchronised operation with the ECC restricted baseline out of block power limit as it was described in the previous Section, semi-synchronised operation aims to find a balance between more flexibility (compared to synchronised operation) and some acceptable data-loss. The part of the frame with flexible UL/DL transmissions may suffer from BS-BS and MS-MS interference with respect to both leakage and blocking interference mechanisms as described in section 2.2.2, therefore the conditions where semi-synchronised operation will be considered acceptable with regard to the data-loss have to be carefully discussed and agreed at the national level.
In a specific implementation of semi-synchronised operation, the control plane can be protected by ensuring that the control signals never belong to the flexible part of the frame. This is different from the case of unsynchronised operation where both control and data channels can be interfered leading to potentially larger loss (e.g. inability to decode the whole frame resulting in large throughput degradation).
Semi-synchronised operation between TDD networks requires the following agreements between operators:
Time synchronisation – as in the case of synchronised operation;
Partial frame alignment: the agreement shall define a default frame structure for synchronised operation (for which UL/DL directions are defined across the whole frame) and at the same time the part of the frame where each operator is allowed to reverse the default transmission direction.
Semi-synchronised operation can also be applied in case of coexistence between different technologies operating in adjacent frequency blocks if the operators involved agree on a frame structure, which could contain some flexible portions of the frame. A different degree of flexibility in the assignment of UL/ DL transmission directions to the different portion of the frame (e.g. in granularity, dynamic vs. static) and in the ability to protect control channels can be achieved by different features.
[bookmark: _Toc525915198][bookmark: _Toc526180163][bookmark: _Toc528652126][bookmark: _Toc3534856]Benefits and challenges of semi-synchronised operation
Semi-synchronised operation allows for some degree of frame structure flexibility when compared with synchronised operation. 
Just like synchronised operation, semi-synchronised operation requires operators to find an agreement with all other concerned operators in the band and in the same area if they want to deploy without any other additional coexistence mitigation. An agreement between two operators, potentially using the same technology, is easier to achieve than an agreement between multiple operators, potentially using different technologies and potentially targeting different services. 
Semi-synchronised operation introduces an upper limit to the BS-BS and MS-MS interference when compared with unsynchronised operation.
Operators may trade-off between frame flexibility and risk of interference. In some circumstances, semi-synchronised operation of BSs meeting the ECC baseline out of block limits (defined for the synchronised operation) will be possible in the same geographical areas without guard bands and operator-specific filters with an increase in lost packets that operators may consider acceptable[footnoteRef:14]. The applicability of the ECC baseline out of block limit is investigated in section 4.5. [14:  With reference to the restricted baseline limits defined for AAS base stations, ECC Report 281 [2] states ”For unsynchronised and semi-synchronised operations, if no geographic or indoor/outdoor separation is available, the restricted baseline limit must be respected. However, agreements at national level (including bilateral agreements among any pair of adjacent MNOs) may be concluded to allow the definition of a different BEM”. With this respect, ECC Report 281 refers to the possibility to account the information provided in this toolbox Report.] 

Should operators agree to allow semi-synchronised operation based on the ECC baseline out of block power limit (waiving the requirement for ECC restricted baseline), then the part of the frame with flexible UL/DL transmissions may suffer from BS-BS and MS-MS interference with respect to both leakage and blocking interference mechanisms as described in section 2.2.2.
There are some 5G use cases that imply the deployment of MSs that are in fixed positions and close to each other (e.g. crowded stadiums, trains, busses, (home) CPEs in fixed wireless access (FWA) systems, fixed machinery/robots in factories). In such scenarios, the MS-MS interference might not be negligible anymore: no studies were performed with this respect.
In order to support semi-synchronised operation, BSs may have to implement interference mitigation techniques. For example, in a scenario where a portion of the DL periods can be used for UL:
Using zero forcing to create a null in the direction of the interference coming from the neighbour network operating in the adjacent band although it is currently unclear to what extent such techniques will be effective and additional implementation costs that still need be determined;
Limiting the UL transmission to part of the occupied bandwidth far from the edge of the operator block and using a robust modulation and coding scheme although the extent to which this would reduce spectral efficiency still needs to be determined.
In terms of market availability, some features needed to support some semi-synchronised operation scenarios are optional in 3GPP specifications. The latest updates on the status and future plans in 3GPP (Rel. 15 and Rel. 16) on the unsynchronised and semi-synchronised operating modes are available in ANNEX 9.
[bookmark: _Toc526180164][bookmark: _Toc528652127][bookmark: _Toc3534857]Operating modes summary 
The following table provides a summary for the options associated with the synchronised, unsynchronised and semi-synchronised operating modes.
Table 2: Options associated with the synchronised, unsynchronised 
and semi-synchronised operating modes
	Options
	Synchronised
	Semi-synchronised
	Unsynchronised

	Common clock across networks
	Mandatory (with proper SLA)
A common phase clock reference (e.g. UTC) and accuracy/performance constraints (e.g. +/- 1.5 μs), either using their own equipment to provide the clock, or sharing the same phase / time clock infrastructure.
Operators shall monitor their clock source and shutdown their equipment if they lose the reference clock for duration longer than the holdover period of their equipment (which depends on the quality of the local oscillator in the BS).
	Not needed.

	Compatible frame structure across networks
	A compatible frame structure (including TDD DL/UL ratio and frame length) in order to avoid simultaneous UL/DL transmissions.
	Same as for synchronised operation with the additional possibility for operators to agree on the parts of the frame when flexible UL/DL transmissions can occur.
	Not needed, full flexibility.

	Out of block power limits: need for filters, guard bands …
	The baseline out of block power limit as defined in ECC Decision (11)06 (October 2018) Table 3 [3] applies. 
No additional filtering required on top of 3GPP RF specifications (e.g. AAS BS may be provided with generic band filters in their RF frontend). No need for any guard bands or additional isolation.
	The ECC restricted baseline limit (as defined in ECC Decision (11)06 (October 2018) Table 4 [3]) applies by default. In this case:
The interfering BS transmitter side requires custom filters and guard band;
The victim BS receiver side also requires custom filters to avoid blocking.
Both requirements are difficult to be cost effectively implemented in AAS BSs with currently available technology.
However, as described below, this Report indicates those cases where the ECC baseline limit could be applied to the semi-synchronised mode and those cases where the ECC baseline limit can be applied to the unsynchronised operation mode.

	
	
	The ECC baseline out of block power limit is expected to be applicable to the semi-synchronised operation in a wider range of circumstances compared to the case of unsynchronised operation. Coexistence between operators can be managed by agreeing which portions of the frame may be used for flexibly for UL/DL transmissions.
Operators may find the most appropriate balance between improved frame structure flexibility and throughput degradation caused by cross-link interference.
Coexistence studies (see section 4.5 and ANNEX 8) assessed the impacts in case of Macro BS and Micro BS deployments.
	However, at national level, operators, in specific scenarios (e.g. power restrictions, geographic isolation) that are in the scope of this Report - section 4 and in the associated Annexes), may mutually agree to apply the baseline out of block power limit (as defined in ECC Decision (11)06 (October 2018) Table 3) to unsynchronised operation under specific circumstances.


With reference to the synchronised and semi-synchronised operation which require a common clock synchronisation and the initial agreement among operators on compatible frame structure:
ANNEX 2 provides an overview on the mainstream technical options to implement network synchronisation.
Section 3 and the associated ANNEX 3 provide performance assessments (in terms of UL/DL throughput spectral efficiency and latency) associated with different 5G-NR frame structures;
Section 5 provides more information on the operator agreements required at national level to enable the synchronised operation mode;
[bookmark: _Ref525565394][bookmark: _Ref525565395][bookmark: _Toc525915199][bookmark: _Toc526180165][bookmark: _Toc528652128][bookmark: _Toc532306900][bookmark: _Toc3534858]Performance impacts from frame structure selection
One of the main scenarios for the rollout of 5G will be based on the 5G-NR air interface and on Macro BSs implementing AAS technology in a multi-operator environment. The unsynchronised operation in such scenario would pose additional challenges compared to the existing TDD uses in the 3500 MHz or 2600 MHz which:
Were mostly based on Macro non-AAS BSs (see section 2.2.2), where unsynchronised operation with guard band and custom filters was feasible cost-effectively; 
Were often involving one operator per geographic region with limited inter-operator synchronisation issues;
Were mostly based either on WiMAX or LTE-TDD. 
Inter-technology synchronised operation between WiMAX and LTE-TDD has been achieved in a number of cases by adopting the “WiMAX compatible” LTE-TDD frame structure[footnoteRef:15] without significant performance loss for LTE-TDD (see ECC Report 216 section 2.3.2). However, synchronised operation between WiMAX / LTE-TDD and 5G-NR may imply a cost in terms of performance with regards to 5G latency targets especially. [15:  LTE frame structure #2 with Special Sub-frame structure #5 3:9:2.] 

This Section focusses on the implications associated with the selection of a compatible frame structure in a 5G-NR multi-operator context. There may also be a need to ensure coexistence with LTE-TDD base stations for some Administrations. This section summarises the results from two performance assessments (see the full studies in ANNEX 3) between three possible examples of 5G-NR frames (“DDDSU”, “DSDU” and “DDDDDDDSUU”[footnoteRef:16]). Other 5G-NR frame structures can be considered for selection, although the performance has not been assessed in this Report, such as: "DDSU", "DDSUU", "DDDSUUDDDD[footnoteRef:17]" or combinations like "DDDSUDDSUU". [16:  5G-NR frame structure compatible with LTE frame structure. ]  [17:  5G-NR frame structure compatible with LTE frame structure. ] 
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Compared to LTE-TDD, 5G-NR allows significantly more flexibility in the frame structure with the ability to configure uplink / downlink / mixed transmission at the symbol level. This is necessary for some solutions to fulfil IMT-2020 compliance on URLLC latency.
This section provides a brief description for the 5G-NR frame structures while sections A3.1 and A3.2  include more details on LTE-TDD and 5G-NR frame structures respectively. 
5G-NR downlink and uplink transmissions are organised into frames with 10ms duration, each consisting of ten sub-frames of 1ms duration. The number of consecutive OFDM symbols per sub-frame is given by:


Each frame is divided into two equally-sized half-frames of five sub-frames each with half-frame 0 consisting of sub-frames 0 – 4 and half-frame 1 consisting of sub-frames 5 – 9. The UL or DL transmissions are configured within each slot. With reference to the transmission directions, OFDM symbols in a slot can be classified as 'downlink' (denoted 'D'), 'flexible' (denoted 'X'), or 'uplink' (denoted 'U') see ANNEX 3.
[bookmark: _Toc526180169][bookmark: _Toc528652130][bookmark: _Toc532306902][bookmark: _Toc3534860]Performance impacts of 5G-NR frame structures
The frame structure selection has an impact on several aspects of network performance, including:
DL/UL traffic ratio;
Spectrum utilisation efficiency;
Round-trip time (RTT) latency[footnoteRef:18]; [18:  As defined in Section A3.1.7.] 

Coverage (DL synch. coverage and UL coverage).
As described below, there are links between the aspects that are listed above. The selection of a certain frame structure will improve performance in some aspects whilst reducing it in others. The selection of a certain frame structure therefore aims at reaching the most appropriate performance trade-off for the specific operator's needs and targets in terms of services to the end users.
The frame structure determines a specific DL/UL ratio: the frame structure selection shall therefore carefully account for the expected traffic patterns. The DL/UL ratio typically relates to the traffic generated by the services proposed by the operator and therefore can be linked to the business model of the operator. 
The more frequent the DL/UL and UL/DL switching, the lower the RTT is. A short latency improves the channel estimation quality (CQI feedback) using TDD channel reciprocity properties and also enables fast HARQ retransmissions. More frequent switching therefore has a positive impact on spectrum efficiency in high mobility conditions. On the other hand, considering that guard periods (GP) are required at each DL/UL switch, more frequent switching increases the GP overhead that can have a negative impact on spectrum efficiency. 
The frame structure impacts coverage performance. The guard period (GP) between downlink and uplink must be large enough to compensate the propagation delay for large cells (and for coexistence with other cells in line of sight). If a TDD cell can interfere with another cell up to 60km away in co-channel, then this means that the GP may need to be larger than 200µs.
As illustrated in Figure 7, different frame structures correspond to different trade-offs relatively to key performance aspects. Operators in different markets will assess the behaviour of the key network characteristics associated with the different frame structure options in order to decide the most appropriate frame structure for their own networks and when discussing the options for a compatible frame structure with other operators. Operators owning other MFCN frequency bands (e.g. 700, 800, 900, 1800 MHz or mmWave) will have the possibility to use jointly such frequencies with the 3400-3800 MHz band through the Carrier Aggregation or Supplemental Uplink schemes (CA/SUL). Such combined use will provide additional ways to meet the target network characteristics. The terminals supporting the CA/SUL schemes will require to support another band in addition to the C-band.
[bookmark: _Hlk531783302]Carrier Aggregation (CA) is a technique that aggregates various component bands into an overall wider bandwidth. Supplementary UpLink (SUL) makes it possible to use another frequency carrier for NR UL transmission instead of NR's dedicated UL carrier in a switchable manner. SUL is similar to CA, however, unlike CA concept, simultaneous data transmissions are not possible in SUL carrier and NR UL carrier it is linked to. Additionally, there is no possibility for precise estimation by the UE of the coupling loss needed for the open loop power control.
[bookmark: _Ref526220097][image: ]
[bookmark: _Ref1055295]Figure 7: Factors for frame structure selection[footnoteRef:19] [19:  The examples in this figure do not refer to the frame structures that are addressed in the studies from this Report.] 

All of those effects have been studied in order to quantify them, and the detailed studies are in ANNEX 3.
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With reference to the synchronised operation of 5G-NR BSs and LTE-TDD BSs, noting that every LTE-TDD frame configuration has at least one compatible 5G-NR equivalent configuration, the 5G-NR TDD pattern should be based on the following sequence of DL, UL and special slots: "DDDSUUDDDD". Two example variants[footnoteRef:20] may be considered: [20:  Applicable in case of LTE-TDD configuration #2  frame.] 

Variant 1: LTE-TDD and 5G-NR have an aligned frame start, e.g. "DDDSUUDDDD";
Variant 2: non-zero frame start offset between LTE-TDD and 5G-NR, e.g. “DDDDDDDSUU”. 
These variants, with 30 kHz subcarrier spacing (SCS) can be aligned to LTE-TDD “DSUDD” frame structure with 15 kHz SCS (LTE-TDD frame configuration #2). 
It is to be noted that there should also be a compatible structure for the symbols within the LTE-TDD "S" sub-frame. For the studies considered in this Report, the “DDDDDDDSUU” frame configuration is used to represent the performance that 5G-NR would have in case of synchronised operation with a neighbour LTE-TDD network in the same band and in the same area using LTE-TDD frame configuration #2. Note that similar results apply in case the non-shifted variant, i.e. "DDDSUUDDDD", is used.

[image: ]Figure 8: Variant 1 - Synchronised operation of 5G-NR ("DDDSUUDDDD" frame)
and LTE-TDD (“DSUDD” frame)
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Figure 9: Variant 2 - Synchronised operation of 5G-NR (“DDDDDDDSUU” frame)
and LTE-TDD (“DSUDD” frame)
[bookmark: _Ref524471912]The performance assessment of 5G-NR in case of adoption of the “LTE-TDD compatible” frame structure is provided in the following sections where the results from studies # 1 and # 2 are provided.
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Study #1 provides an assessment in terms of latency and capacity performance for two frame structures provided, namely DSDU and LTE-TDD compatible frame structure. 
The analysis carried out in this study assumes grant-based UL transmissions. 
Detailed assumptions and a full set of simulation results are presented in Appendix A.3.3.1; in the following a summary of latency and capacity comparison between the two analysed frame structure is reported. 
Latency assessment
A summary of the latency analysis results is reported in Table 3.
[bookmark: _Ref526109279][bookmark: _Ref526109276]Table 3: Simulation analysis – latency
	Parameter
	DSDU
	LTE-TDD compatible frame structure[footnoteRef:21] [21:  The DDDDDDDSUU frame structure was used in the simulations.] 


	# required HARQ processes
	4
	8

	DL HARQ RTT
	2-3 ms
	5 ms

	UL HARQ RTT
	2 ms
	5 ms

	UL scheduling delay 
	1-2 ms
	4.5-9.5 ms


It can be observed that when 5G-NR has a frame structure aligned with LTE-TDD (configuration #2 as in this specific example), considering scheduling and MS / network processing latency, this frame structure will lead to L1 latency > 4 ms. As already mentioned, the IMT-2020 eMBB latency requirement is 4 ms and URLLC latency requirement is 1 ms. Therefore, 5G-NR deployments in 3400-3800 MHz using the LTE-TDD frame structure would not be able to meet some of the IMT-2020 requirements, including the deployment of innovative services such as URLLC, unless spectrum in other bands can also be used. 
With the assumptions provided in Appendix 3.3.1, the DSDU configuration shows significant benefits over the LTE-TDD compatible 5G-NR frame structure with respect to HARQ RTT and UL scheduling delay, as reported in Table 3. The simulations result in more than twice the time (5 ms) that is needed to complete one HARQ round trip as compared to DSDU (2-3 ms).
Table 3 also shows the improved  scheduling delay (1-2 ms) over the time required in the case of LTE-TDD synchronisation (4.5-9.5 ms). This is achieved by more frequent transmit opportunities for UL Scheduling Requests (SR) and UL data, and is suitable to multiplex low latency services with existing eMBB traffic.
Capacity assessment
The increased flexibility of the DSDU frame structure also has a direct impact on the overall capacity of the network. The more frequent UL opportunities can allow a higher spectral efficiency due to the fast channel feedback. The UL symbols allows MS to send sounding reference signals (SRS) and channel quality information (CQI) every 1 ms, allowing the BS to have an up-to-date estimate of the channel conditions. A more accurate channel estimation allows for a more efficient usage of beamforming and better rate control through more accurate modulation and coding scheme (MCS) selection. 
The result is improved cell capacity, as shown for a heavily loaded scenario in in Figure 10. The figure has been obtained considering an outdoor user with different moving speeds running a full buffer DL traffic pattern. More frequent opportunities to transmit SRS leads to better spectral efficiency over the PDSCH symbols in a fast fading channel. Faster sounding allows better tracking of channel fluctuations, thus allowing improved demodulation performance. Figure 10 compares the simulated spectral efficiency at 5 ms and 1 ms SRS transmission opportunities. The median and 5%-tile spectral efficiency are shown in Figure 10. It can clearly be seen that the fast switching of DSDU achieves a better spectral efficiency across all speeds as compared to LTE-TDD compatible 5G-NR frame structure. While the median gain is 30 to 40%, the gain at the lower percentile (e.g. cell edge conditions) rises to 70%.
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[bookmark: _Ref526110119][bookmark: _Ref526110116]Figure 10: Spectral efficiency gains vs. speed 
To simulate the effect of the slot structure on user perceived throughput in a realistic scenario, a bursty traffic pattern (bursty FTP model 3, 0.5 MB file size, variable file arrival time) was simulated. The results are shown in Figure 11. The shorter DL/UL switching periodicity of DSDU creates more transmission opportunities. The improved spectral efficiency enables the use of larger transport blocks. With these advantages, the gain of the median throughput can be as high as 50% (593 Mbps for DSDU vs. 394 Mbps for LTE-TDD compatible 5G-NR frame structure). Even in cell edge conditions, a 23% gain can still be achieved.
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[bookmark: _Ref526110620]Figure 11: Bursty traffic – perceived throughput vs. file arrival rate
[bookmark: _Toc525915204][bookmark: _Toc526180173][bookmark: _Ref526308926][bookmark: _Ref526504497][bookmark: _Toc528652133][bookmark: _Toc532306905][bookmark: _Toc3534863]Summary from Study #2
Study #2 provides an assessment in terms of latency and capacity performance for the three frame structures shown in Figure 12. 
Among the three frames that are addressed in this study, the DDDDDDDSUU frame structure is the only one to be LTE-TDD compatible.
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[bookmark: _Ref525726839][bookmark: _Ref531467852]Figure 12: 5G-NR frame structures for evaluation – slot level
The analysis carried out in this study assumes grant-free UL transmissions for the latency assessment and grant-based UL transmissions for the assessment of UL and DL capacity and spectral efficiency.
The more complete set of results and detailed assumptions for this study are available in section A3.3.2.The round-trip time (RTT) for the frame structures is presented in Table 4. Due to the shorter DL/UL switching period, the DSDU frame structure has a lower RTT than the other frame structures considered. 
The RTT associated with DDDSU and LTE-TDD compatible 5G-NR frame structures can be reduced by using lower frequencies (e.g. 700 MHz, 800 MHz, 900 MHz, 1800 MHz) in combination with the 3400-3800 MHz band (e.g. through Carrier Aggregation (CA) or Supplemental Uplink (SUL) schemes). The resulting RTT will meet the most stringent latency requirement for URLLC and eMBB simultaneously. It is to be noted, that licensees for the 3400-3800 MHz frequencies do not necessarily have access to lower frequency bands and so may not be able to take advantage of CA or SUL to enable URLLC.
In this evaluation, it was assumed that one MS always uses either the SUL for all its UL transmissions, or always uses the 3400-3800 MHz UL for all its UL transmissions, based on measured RSRP. NR specifications allow configuring the MS to use both uplinks in a TDM manner, which provides more flexibility in the operation than simulated here. Taking this into account, the simulation results presented here should be interpreted as a "best case" scenario., as the impact of the signalling required to assign the lower band UL to CA/SUL operation has not been taken into account. Accounting for partial resource availability for NR users in the SUL band (or in the uplink portion of the band in case of CA) would reduce the improvement in latency to some extent.
The latency assessment results in Table 4[footnoteRef:22] account for the “grant-free” UL transmissions feature (also known as “configured grant”) which is an optional feature for 5G-NR in 3GPP. The “grant-free” UL is beneficial for low latency since it avoids the need to first transmit a scheduling request on UL followed by a scheduling grant on DL before UL data transmission can take place. It is to be noted that decisions to mandate features for Rel-15 5G-NR MSs were made in consideration of eMBB services, which are first services that are likely to be delivered using early 5G. Most of the features relating to low latency and/or reliability are optional. This includes not only the “grant-free” feature, but also other features such as the mini-slots (frequency control monitoring and short transmission durations), MS processing capability #2 (necessary for the "self-contained" slot operation), dynamic signalling of slot format (see Table 16), etc. [22:  In case of grant-based transmission, the latency is expected to be higher.] 

Simulations results with grant-free based UL transmission are valuable in deriving the lowest possible user plane latency performance. 
It is also worth noticing that a comparison between Carrier Aggregation (CA) and SUL has not been analysed in this report. When CA and SUL are applied to FDD lower frequency bands, at least the same latency improvement presented for the SUL case can be achieved in case of Carrier Aggregation. 
Both CA and SUL have their own merits and drawbacks, which are not addressed in this Report. Carrier Aggregation (CA) is a technique that aggregates various component bands into an overall wider bandwidth. Supplementary Up Link (SUL) makes it possible to use another frequency carrier for NR UL transmission instead of NR's dedicated UL carrier in a switchable manner. SUL is similar to CA, however, one of the main differences between CA and SUL is the possibility to use the DL carrier in the Carrier Aggregation case. Therefore with CA there is an increase in both DL and UL throughput compared to SUL scenario. In addition, the DL carrier can be used e.g. for DL measurements, power control calculation, mobility management DL CA requires the UE to have one additional receiver for the downlink. 
[bookmark: _Ref525571995][bookmark: _Ref525571940]Table 4: DL and UL latency evaluation results for 5G-NR frame structures (SCS = 30 kHz)
	DL/UL
	Non-slot based scheduling
	RTT (ms) for 5G-NR frame structure (GP: 2 OFDM symbols)

	
	
	DDDSU
	DDDDDDDSUU
	DSDU
	DDDSU+SUL
	DDDDDDDSUU+SUL

	DL
	2 OFDM symbols
	1.77
	3.02
	1.12
	0.78
	0.82

	UL
	2 OFDM symbols
	1.71
	2.95
	1.05
	0.82
	0.86


[bookmark: _Toc3534864]DL capacity assessment (grant-based UL transmissions)
	Grant-based UL transmissions are assumed for this assessment, therefore the latency results presented in Table 4 (which assume grant-free UL transmissions) do not apply here.
Spectral efficiency with different MS moving speeds and the user-perceived throughput (UPT) with different arrival rates are evaluated.
It is observed that the DSDU frame structure performance benefits from fast CSI measurement and feedback, however the frequent DL/UL switching brings about the extra GP overhead.
Figure 13 provides the cell average and cell-edge spectrum efficiency under 10 km/h moving speed can achieve 15% and 23% gain for DDDDDDSUU vs. DSDU, due to the lower overhead. 
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[bookmark: _Ref525810570]Figure 13: DL spectrum efficiency with different speeds
Figure 14 shows the balance between overhead and feedback delay, DDDSU frame structure has the best performance in most cases and the gain compared to DSDU can be achieved by more than 10%.
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[bookmark: _Ref525727311]Figure 14: DL user-perceived throughput (UPT) with different file arrival rates


[bookmark: _Toc3534865]UL capacity assessment (grant-based UL transmissions)
According to the study performed:
DDDSU frame structure with the good balance of overhead and delay has better performance in most cases under different traffic loads. Compared to DSDU, the gain of user average UPT can achieve to 17%; 
If using SUL band, up to 5-times gain can be reached for 5% user throughput since such users benefit from the lower path loss and the sufficient bandwidth in the SUL band.
[bookmark: _Toc531866074][bookmark: _Toc531866140][bookmark: _Toc531866206][bookmark: _Toc535441945][bookmark: _Toc535442967][bookmark: _Toc535443044][bookmark: _Toc535443157][bookmark: _Toc535488376][bookmark: _Toc1039548][bookmark: _Toc1039724][bookmark: _Toc532306906][bookmark: _Ref525671651][bookmark: _Ref525671652][bookmark: _Ref525671653][bookmark: _Toc525915205][bookmark: _Toc526180174][bookmark: _Toc528652134][bookmark: _Toc3534866][bookmark: _Toc521332392]Interference mitigation for unsynchronised operation with ECC baseline out of block power limit
As it was mentioned in section 2.2, the ECC has defined the restricted baseline out of block power limit for unsynchronised and semi-synchronised operation of MFCN BSs (see ECC Decision (11)06 (October 2018) Table 4 [3]. However, the ECC Decision allows CEPT Administrations to define a "relaxed alternative “restricted baseline limit” applying to specific implementation cases to ensure a more efficient usage of spectrum […] depending on national circumstances." ).
The practical interference criteria adopted to derive the ECC restricted baseline limit is 5%[footnoteRef:23] degradation in the mean UL throughput of the victim MFCN due to ACLR of interfering BS, with the understanding that interference is not dominated by the adjacent channel selectivity (ACS) of the victim BS. The limits were derived from a study (see ANNEX 3 in ECC Report 281) which considered the interfering and victim MFCNs consisting of Macro BSs in a hexagonal grid (19 sites with three cells each) with an inter-site distance (ISD) of 500 metres. The study considered a shift of the victim MFCN with respect to the interfering MFCN by 70 metres (representing a conservative, not worst case, scenario) and by 288 metres (the best-case scenario). The restricted baseline limit was then derived considering the 70 metres shift. Coexistence in case of uncoordinated collocated sites (e.g. two base stations installed in different corners on the same rooftop and possibly pointing at each other) would correspond to the worst-case scenario. [23:  The studies have adopted the performance criteria of 5% maximum average UL throughput loss. It is worth noting that, for URLLC use cases, 5% loss may not be acceptable while the target throughput loss level could be closer to 0%.] 
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[bookmark: _Ref526807475]Figure 15: Best case and conservative network shifts
The study has assumed the required ACLR to be nominally equal to the required ACIR, with the understanding that interference is not dominated by the adjacent channel selectivity (ACS) of the victim base station. Therefore the study does not account for the blocking effect due to BS-BS interference.
The study does not assess the MS-MS interference while it is expected that some 5G use cases will imply the deployment of MSs that are in fixed positions and close to each other (e.g. crowded stadiums, trains, busses, (home) CPEs in fixed wireless access (FWA) systems, and fixed machinery/robots in factories). In such scenarios, the MS-MS interference might not be negligible anymore. 
It is worth noting that ECC restricted baseline out of block power limit defined in ECC Report 281 was derived assuming the specific case of two adjacent operators with misaligned duplex directions for the whole frame duration which in this Report is referred to as "fully-synchronised". The probability for this specific case to happen is low[footnoteRef:24] and, therefore, "fully-unsynchronised" is a theoretical worst-case assumption purely for study purposes.  [24:  For example, in case of a completely random situation, in which the two adjacent operators are fully uncoordinated and select a random direction, the probability of Tx/Rx overlapping in adjacent channels is a function of the average DL/UL ratio.  For instance, an average 1:1 DL/UL ratio (i.e. equal DL and UL probability), at a given point in time the probability for the UL slots to be interfered will be 25%, and the probability for the DL slots to be interfered will be 25%. Nevertheless as slots would not be aligned in case of unsynchronised use, a given slot of Operator A may overlap in time with two slots of Operator B, so that the number of interfered slots might be higher.] 

The implementation challenges, based on currently available technology, associated with the ECC restricted baseline out of block limit have been described in section 2.2.2.
Interference due to unsynchronised operation can be partly mitigated by adopting the following solutions individually or in combination:
Adoption of a guard band and operator-specific filtering between the adjacent spectrum assignments associated with the interfering network and the victim network;
Geographic separation between the interfering network and the victim network;
Alternative network topologies to macro-cellular networks:
Micro BS networks;
Indoor BS networks;
Semi-synchronised operation.
The following sections assess to what extent each of these interference mitigations can improve coexistence between operators. The main results from coexistence studies are introduced while leaving the full set of studies to the Annexes of this Report. 
[bookmark: _Toc525034457][bookmark: _Toc525564145][bookmark: _Toc525564310][bookmark: _Toc525564474][bookmark: _Toc525564638][bookmark: _Toc525564802][bookmark: _Toc525564966][bookmark: _Toc525565130][bookmark: _Toc525565295][bookmark: _Toc525565542][bookmark: _Toc525565705][bookmark: _Toc525565869][bookmark: _Toc525572185][bookmark: _Toc525592438][bookmark: _Toc525623878][bookmark: _Toc525627598][bookmark: _Toc525671550][bookmark: _Toc525672085][bookmark: _Toc525683436][bookmark: _Toc525683606][bookmark: _Toc525687621][bookmark: _Toc525725191][bookmark: _Toc525727759][bookmark: _Toc525728880][bookmark: _Toc525730056][bookmark: _Toc525730222][bookmark: _Toc525731117][bookmark: _Toc525731652][bookmark: _Toc525733466][bookmark: _Toc525735514][bookmark: _Toc525735727][bookmark: _Toc525735895][bookmark: _Toc525737314][bookmark: _Ref525565965][bookmark: _Toc525915206][bookmark: _Toc526180175][bookmark: _Toc528652135]It is worth noting that the performance criteria in the coexistence studies is maximum 5% throughput loss[footnoteRef:25]. For URLLC use cases 5% loss is not acceptable. For these use cases the relevant throughput loss level should be closer to 0%. [25:  The same throughput loss was assumed to derive the ECC baseline limit in ECC Decision (11) 06 (October 2018).] 

[bookmark: _Toc532306907][bookmark: _Toc3534867]Guard band requirement for unsynchronised operation
For non-AAS BSs, according to ECC Report 203 a 5 MHz guard band and operator-specific filtering are necessary for coexistence between TDD and FDD networks in the 3400-3800 MHz band and it is expected that a similar guard band and external filtering would be required for unsynchronised non-AAS TDD networks. 
There was no technical analysis on the size of guard band and internal operator-specific filters required for AAS to meet the ECC restrictive baseline out of block power limit.
[bookmark: _Toc525915207][bookmark: _Toc526180176][bookmark: _Toc528652136]With AAS operation, operator-specific RF filters implementation would be very challenging, and the implementation of a guard band, which would also reduce the spectral efficiency in the band, would not provide any benefit in practice.   
For AAS BSs, ECC Report 281 states that, using current filtering technology, about 20 MHz guard band and internal filters would be required for AAS to meet the ECC additional baseline out of band power limit to protect radars below 3400MHz. A similar size of guard band and similar operator-specific internal filters may be required for AAS to meet the ECC restrictive baseline out of block power limit.
[bookmark: _Toc532306908][bookmark: _Toc3534868]Geographic separation of Networks
[bookmark: _Toc525915216][bookmark: _Toc526180185]This section investigates the coexistence between unsynchronised macro-cellular networks operating in 3400-3800 MHz band.
The objective is to derive the minimum isolation, expressed in terms of separation distance, required between two unsynchronised networks when all deployed BSs meet the baseline out of block power limits as defined in ECC Decision (11)06 (October 2018) Table 3 [3]. 
[bookmark: _Toc525915208][bookmark: _Toc526180177][bookmark: _Toc526233426][bookmark: _Ref526412533][bookmark: _Toc528652137][bookmark: _Toc532306909][bookmark: _Toc3534869]Proposed methodologies
This section discusses and proposes the methodology when coordinating two unsynchronised TDD macro-cellular networks at national level.
There are two possible approaches to deal with coexistence between two unsynchronised TDD networks within a country:
Method #1: define the minimum required separation distance between the two unsynchronised networks;
Method #2: define the electric field strength trigger value at the nearest victim BS.
Either of these two approaches can be applied. 
With reference to the BS technology options, three possible cases can be considered:
Non-AAS Network A to non-AAS Network B, which could represent two LTE-TDD FWA networks;
AAS Network A to non-AAS Network B, which could represent one 5G-NR network and another LTE-TDD FWA network;
AAS Network A to AAS Network B, which could represent two 5G-NR networks.
The separation distance can be derived based on different protection thresholds:
5% network cluster mean UL throughput loss;
I/N=-6 dB at the nearest victim BS.
[bookmark: _Toc525915209][bookmark: _Toc526180178][bookmark: _Toc526233427][bookmark: _Toc528652138][bookmark: _Toc532306910][bookmark: _Toc3534870]Method #1: Separation distance calculation
[bookmark: _Toc481067821]As illustrated in Figure 16 and Figure 17, the separation distance is defined between the two nearest BSs in network A and network B.
[bookmark: _Ref525570670][bookmark: _Ref525570594][image: ]
[bookmark: _Ref533157588]Figure 16: Separation distance between Networks A and B – adjacent channel
[bookmark: _Ref526411039][image: ]
[bookmark: _Ref533157589]Figure 17: Separation distance between Networks A and B – co-channel
If networks A and B are both non-AAS, then the separation distance can be calculated using the protection ratio of I/N=-6 dB or determined by simulation based on the agreed mean UL throughput loss (e.g. 5% network cluster mean UL throughput loss) between the two concerned mobile operators.
If either network A or B or both adopt AAS BSs, then the separation distance has to be determined by simulations based on the agreed mean UL throughput loss (e.g. 5% network cluster mean UL throughput loss) between the two concerned mobile operators.
[bookmark: _Toc526411735][bookmark: _Toc526411815][bookmark: _Toc526413449][bookmark: _Toc526414629][bookmark: _Toc526418349][bookmark: _Toc526418750][bookmark: _Toc526419002][bookmark: _Toc526494255][bookmark: _Toc526505170][bookmark: _Toc526517208][bookmark: _Toc526517507][bookmark: _Toc526517805][bookmark: _Toc526411736][bookmark: _Toc526411816][bookmark: _Toc526413450][bookmark: _Toc526414630][bookmark: _Toc526418350][bookmark: _Toc526418751][bookmark: _Toc526419003][bookmark: _Toc526494256][bookmark: _Toc526505171][bookmark: _Toc526517209][bookmark: _Toc526517508][bookmark: _Toc526517806][bookmark: _Toc526411737][bookmark: _Toc526411817][bookmark: _Toc526413451][bookmark: _Toc526414631][bookmark: _Toc526418351][bookmark: _Toc526418752][bookmark: _Toc526419004][bookmark: _Toc526494257][bookmark: _Toc526505172][bookmark: _Toc526517210][bookmark: _Toc526517509][bookmark: _Toc526517807][bookmark: _Toc526411738][bookmark: _Toc526411818][bookmark: _Toc526413452][bookmark: _Toc526414632][bookmark: _Toc526418352][bookmark: _Toc526418753][bookmark: _Toc526419005][bookmark: _Toc526494258][bookmark: _Toc526505173][bookmark: _Toc526517211][bookmark: _Toc526517510][bookmark: _Toc526517808][bookmark: _Toc526411739][bookmark: _Toc526411819][bookmark: _Toc526413453][bookmark: _Toc526414633][bookmark: _Toc526418353][bookmark: _Toc526418754][bookmark: _Toc526419006][bookmark: _Toc526494259][bookmark: _Toc526505174][bookmark: _Toc526517212][bookmark: _Toc526517511][bookmark: _Toc526517809][bookmark: _Toc526411740][bookmark: _Toc526411820][bookmark: _Toc526413454][bookmark: _Toc526414634][bookmark: _Toc526418354][bookmark: _Toc526418755][bookmark: _Toc526419007][bookmark: _Toc526494260][bookmark: _Toc526505175][bookmark: _Toc526517213][bookmark: _Toc526517512][bookmark: _Toc526517810][bookmark: _Toc526411741][bookmark: _Toc526411821][bookmark: _Toc526413455][bookmark: _Toc526414635][bookmark: _Toc526418355][bookmark: _Toc526418756][bookmark: _Toc526419008][bookmark: _Toc526494261][bookmark: _Toc526505176][bookmark: _Toc526517214][bookmark: _Toc526517513][bookmark: _Toc526517811][bookmark: _Toc526411742][bookmark: _Toc526411822][bookmark: _Toc526413456][bookmark: _Toc526414636][bookmark: _Toc526418356][bookmark: _Toc526418757][bookmark: _Toc526419009][bookmark: _Toc526494262][bookmark: _Toc526505177][bookmark: _Toc526517215][bookmark: _Toc526517514][bookmark: _Toc526517812][bookmark: _Toc526411743][bookmark: _Toc526411823][bookmark: _Toc526413457][bookmark: _Toc526414637][bookmark: _Toc526418357][bookmark: _Toc526418758][bookmark: _Toc526419010][bookmark: _Toc526494263][bookmark: _Toc526505178][bookmark: _Toc526517216][bookmark: _Toc526517515][bookmark: _Toc526517813][bookmark: _Toc526411744][bookmark: _Toc526411824][bookmark: _Toc526413458][bookmark: _Toc526414638][bookmark: _Toc526418358][bookmark: _Toc526418759][bookmark: _Toc526419011][bookmark: _Toc526494264][bookmark: _Toc526505179][bookmark: _Toc526517217][bookmark: _Toc526517516][bookmark: _Toc526517814][bookmark: _Toc526411745][bookmark: _Toc526411825][bookmark: _Toc526413459][bookmark: _Toc526414639][bookmark: _Toc526418359][bookmark: _Toc526418760][bookmark: _Toc526419012][bookmark: _Toc526494265][bookmark: _Toc526505180][bookmark: _Toc526517218][bookmark: _Toc526517517][bookmark: _Toc526517815][bookmark: _Toc526411746][bookmark: _Toc526411826][bookmark: _Toc526413460][bookmark: _Toc526414640][bookmark: _Toc526418360][bookmark: _Toc526418761][bookmark: _Toc526419013][bookmark: _Toc526494266][bookmark: _Toc526505181][bookmark: _Toc526517219][bookmark: _Toc526517518][bookmark: _Toc526517816][bookmark: _Toc526411747][bookmark: _Toc526411827][bookmark: _Toc526413461][bookmark: _Toc526414641][bookmark: _Toc526418361][bookmark: _Toc526418762][bookmark: _Toc526419014][bookmark: _Toc526494267][bookmark: _Toc526505182][bookmark: _Toc526517220][bookmark: _Toc526517519][bookmark: _Toc526517817][bookmark: _Toc526411748][bookmark: _Toc526411828][bookmark: _Toc526413462][bookmark: _Toc526414642][bookmark: _Toc526418362][bookmark: _Toc526418763][bookmark: _Toc526419015][bookmark: _Toc526494268][bookmark: _Toc526505183][bookmark: _Toc526517221][bookmark: _Toc526517520][bookmark: _Toc526517818][bookmark: _Toc526411749][bookmark: _Toc526411829][bookmark: _Toc526413463][bookmark: _Toc526414643][bookmark: _Toc526418363][bookmark: _Toc526418764][bookmark: _Toc526419016][bookmark: _Toc526494269][bookmark: _Toc526505184][bookmark: _Toc526517222][bookmark: _Toc526517521][bookmark: _Toc526517819][bookmark: _Toc526411750][bookmark: _Toc526411830][bookmark: _Toc526413464][bookmark: _Toc526414644][bookmark: _Toc526418364][bookmark: _Toc526418765][bookmark: _Toc526419017][bookmark: _Toc526494270][bookmark: _Toc526505185][bookmark: _Toc526517223][bookmark: _Toc526517522][bookmark: _Toc526517820][bookmark: _Toc526411751][bookmark: _Toc526411831][bookmark: _Toc526413465][bookmark: _Toc526414645][bookmark: _Toc526418365][bookmark: _Toc526418766][bookmark: _Toc526419018][bookmark: _Toc526494271][bookmark: _Toc526505186][bookmark: _Toc526517224][bookmark: _Toc526517523][bookmark: _Toc526517821][bookmark: _Toc526411752][bookmark: _Toc526411832][bookmark: _Toc526413466][bookmark: _Toc526414646][bookmark: _Toc526418366][bookmark: _Toc526418767][bookmark: _Toc526419019][bookmark: _Toc526494272][bookmark: _Toc526505187][bookmark: _Toc526517225][bookmark: _Toc526517524][bookmark: _Toc526517822][bookmark: _Toc525915210][bookmark: _Toc526180179][bookmark: _Toc526233428][bookmark: _Toc528652139][bookmark: _Toc532306911][bookmark: _Toc3534871]Method #2: Trigger Values calculation
An alternative approach is to define a trigger value (dBµV/m/5MHz) at the nearest BS receiving antenna or at 3m height above the ground, as shown in Figure 18.
When the trigger value is defined at 3m height above ground, a BS antenna height conversion factor should be used, the determination of antenna height conversion factor is discussed in ANNEX 5 section A5.2.7.
[bookmark: _Ref526411450][image: ]
[bookmark: _Ref533157699]Figure 18: Electromagnetic field trigger value between Networks A and B
Calculation of trigger values
The relation between field strength E (dBµV/m) and power level PR (dBm) can be expressed as[footnoteRef:26]:	 [26:  The formula is derived from the following relationship (after some units conversions):


] 

[bookmark: _Ref525624412]E = PR + 20 * log10(F) + 77.2 							(1)
 		PR = PTX + G1 – PL 								(2)
Where:
F (MHz):	frequency;
PR (dBm):	received power level at the receiving BS antenna (before antenna);
PTX (dB):	transmit power before antenna;
G1 (dB):	interfering BS antenna gain including feeder loss in the direction of the receiving antenna;
PL (dB):	path loss at the distance D.
[bookmark: _Toc525915211][bookmark: _Toc526180180][bookmark: _Toc526233429][bookmark: _Toc528652140]It should be pointed out that the trigger value determination for the case AAS BSs is much more complicated due to the dynamic behaviour of the AAS antenna pattern. 
[image: ]
Figure 19: Relationship between the interferer transmitter power and the electric field strength at the victim receiver
[bookmark: _Toc532306912][bookmark: _Toc3534872]Summary of the studies
Two studies described in ANNEX 5 have presented the simulation results in terms of separation distance between two unsynchronised macro-cellular networks. The simulation results are summarised in Table 5 .
[bookmark: _Ref526411898]Table 5: 	Summary of the simulation results of separation distance between two macro-cellular networks
	Scenario
	Study # 3
(5% avg. throughput loss, ITU-R P.452 [21] 20% time)
	Study # 4
(5% avg. throughput loss,ITU-R P.452 [21]  50% time)

	Co-channel
	AAS-AAS
	60 km
	50 km

	
	Non-AAS – Non-AAS
	
	50 km

	Adjacent
Channel
	AAS-AAS
	10.5 km
	14 km

	
	Non-AAS – Non-AAS
	
	15 km


The results from the two studies based on 5% network mean UL throughput loss show that:
For the co-channel case, the required separation distance is in the order of 50 to 60 km;
For the adjacent channel case, the required separation distance is in the order of 10 to 15 km.
For the non-AAS to non-AAS co-channel case, the calculated separation distance based on I/N=-6 dB for non-AAS to non-AAS case is 44 km.
It is to be noted that Study #4 was based on the SEAMCAT software which at the time of publication of this Report was using a beta version for the module associated with the AAS system. Future improvements to this specific SEAMCAT module might lead to different results.
[bookmark: _Toc526411755][bookmark: _Toc526411835][bookmark: _Toc526413469][bookmark: _Toc526414649][bookmark: _Toc526418369][bookmark: _Toc526418770][bookmark: _Toc526419022][bookmark: _Toc526494275][bookmark: _Toc526505190][bookmark: _Toc526517228][bookmark: _Toc526517527][bookmark: _Toc526517825][bookmark: _Toc526233434][bookmark: _Toc528652141][bookmark: _Toc532306913][bookmark: _Toc3534873]Conclusions from studies
The analysis and the simulations that were carried out in this Section lead to the following conclusions:
The two methodologies are described in this Section, either based on the separation distance or on the electric field trigger value, can be applied;
Specific separation distance values can be defined at national level based on the specific circumstances. This is because the required separation distance and electric field trigger values calculation depend on many factors:
Cellular network technology and topology (LTE-TDD or 5G-NR, non-AAS or AAS, BS antenna height, environment, cell range); 
Propagation environment and propagation model used in relation with this environment;
Frequencies and overlap of the blocks, e.g. full overlap for co-channel case, or partial overlap (e.g. in some cases of coexistence between operators in adjacent areas), or adjacent channel);
[bookmark: _Toc526411757][bookmark: _Toc526411837]Protection ratio, e.g. I/N, or nearest cell throughput loss at x%, or network mean throughput loss at y%, etc.
[bookmark: _Toc525915217][bookmark: _Toc526180186][bookmark: _Ref526310091][bookmark: _Toc528652142][bookmark: _Toc532306914][bookmark: _Toc3534874]Coexistence between unsynchronised Micro BS and Macro BS deployments
[bookmark: _Toc525915218][bookmark: _Toc526180187][bookmark: _Toc528652143][bookmark: _Toc532306915][bookmark: _Toc3534875]Coexistence between unsynchronised Micro BSs and Macro BSs – Study #5
In Annex A1.1.1, the interference between Micro and Macro BSs is studied. For the macro-cellular network the BSs have an output power (TRP) of 51 dBm and 500 m ISD while the BS in the Micro BS network has an output power (TRP) of 40 dBm and an ISD of 166 m. The impact on both types of BSs is studied. The distance between aggressor and victim BS varies, but for the closest pair the distance is 30 m.
The propagation between BSs is modelled using the Urban Macro-cellular (UMa) model, and this model has a random component. Performance of one specific realisation of the BS-BS propagation is studied. This is the best way to model the situation in practical deployments since the BS-BS propagation will not vary over time. According to the study, in order to limit the throughput loss to maximum 5% the required ACIR between the networks has to be around 60 dB to protect the Micro BS network and 45 dB to protect the Macro-cellular network for typical deployments. For the most sensitive pair of BS, the ones with 30m separation, the ACIR has to be between 50 dB and 70 dB to protect the Micro BS network and between 45 dB and 60 dB to protect the macro-cellular network.
Considering that the ECC baseline gives an ACIR of slightly less than 45 dB, it can be concluded that there are a few cases, i.e. deployment scenarios, where standard equipment will result in less than 5% throughput loss, but in the majority of cases the losses are larger. In these scenarios, synchronisation will be an effective interference mitigation technique.
[bookmark: _Toc525915219][bookmark: _Toc526180188][bookmark: _Toc528652144][bookmark: _Toc532306916][bookmark: _Toc3534876]Coexistence between unsynchronised Micro BSs and Macro BSs – Study #6
This Section provides the main conclusions from the study in A6.2, which considers the impact of BS-BS interference between MFCNs with simultaneous UL/DL transmission in terms of the resulting degradation in the mean UL throughput of the victim MFCN. The MFCNs consist of Macro BSs and Micro BSs.
The study addresses two scenarios according to the specific class of base stations, namely:
Macro-cellular network (hexagonal grid of outdoor stations) is operating as the interferer and the Micro BS network (hexagonal grid of outdoor stations) is interfered;
Micro BS network (hexagonal grid of outdoor stations) is operating as the interferer and the Macro BS (placed outdoors) is interfered;
Interference from one Micro BS to another Micro BS (both base stations are placed outdoors).
[bookmark: _Toc525915220][bookmark: _Toc526180189][bookmark: _Toc528652145][bookmark: _Toc532306917][bookmark: _Toc3534877]Network topologies and main assumptions
The two interfering deployments operate in the same geographic area on adjacent frequency channels.
All Micro and Macro BSs are assumed to be AAS base stations forming a beam towards a MS (MSs are assumed to be uniformly distributed within a cell).
The Macro BSs have 25 m high antennas and comprise three sectors per site; the Micro BSs are placed 6 m above ground, comprising one sector per site with random boresight.
Base stations are assumed to be "fully-unsynchronised".
See Section A6.2.3 for the full list of assumptions and parameters.
a)	Macro BSs network as interferer; Micro BSs network as victim
Figure 20 provides the topology used for the coexistence studies in case of a macro-cellular network (hexagonal grid placed outdoors) operating as the interferer towards a Micro BS network (hexagonal grid placed outdoors).
[image: ]
[bookmark: _Ref525733565]Figure 20: Topology for the Macro BS to Micro BS interference scenario
b)	Micro BSs network as interferer; Macro BSs network as victim
Figure 21 provides the topology used to support coexistence studies in case of Micro BS network (hexagonal grid placed outdoors) operating as the interferer towards the Macro-cellular network (hexagonal grid placed outdoors). In line with ECC Report 203 [5][footnoteRef:27], the simulations address one Macro BS, which is completely surrounded by the Micro BS network grid. [27:  ECC Report 203 page 26: “One important thing to note here is that the results contained in Table 17 are for one reference cell in the Macro-cellular network, which is overlapped completely by the Micro BS network (Manhattan) grid (see Figure 19).”] 

[image: ]
[bookmark: _Ref525733564][bookmark: _Ref525736116]Figure 21: Topology for the Micro BS to Macro BS interference scenario
c) Micro BSs to Micro BSs
The two approaches which have been used to assess the interference from AAS Micro BSs to AAS Micro BSs are described below.
Approach 1: in this analysis the separation distance between the Micro BSs is an input parameter, the Urban Micro-cellular (UMi) path loss model determines the associated Line-of-Sight (LoS) probability.
The following two settings have been considered:

Case 1a: 30m separation distance between the two Micro BSs leading to 80% LoS probability based on the UMi path loss model (the smaller the distance, the greater the probability the two Micro BSs will be along the same street).
[image: ]
[bookmark: _Ref525733709]Figure 22: Micro BS to Micro BS interference scenario topology - Case 1a:
30m separation distance leading to 80% LoS probability based on UMi path loss model
Case 1b: 100m separation distance between the two Micro BSs leading to 25% LoS probability based on the UMi path loss model (the larger the distance, the greater the probability the two Micro BSs will be located in different streets).


[image: ]
[bookmark: _Ref525733949]Figure 23: Micro BS to Micro BS interference scenario topology - Case 1b:
100m separation distance leading to 25% LoS probability based on UMi path loss model

Approach 2: in this analysis, the separation distance between the Micro BSs is an input parameter as well as the LoS probability.

This approach accounts for the fact that it is difficult to carry out meaningful simulations to assess the interference between two Micro BS networks in the same urban area since the interference scenario will be strongly impacted by the LoS/NLoS conditions, which radically change depending on where the Micro BS are installed with respect to each other in built-up areas.

The study therefore considers two specific set of cases for the deployments of the interfering and victim base stations: 
Cases 2a, 2b and 2c: two Micro BSs located in different streets at 30m, 50m and 75m separation distance with 0% LoS probability.
[image: ]
[bookmark: _Ref525734217]Figure 24: Micro BS to Micro BS interference scenario topology. Case 2a, 2b and 2c:
30, 50, 70 m separation distance and 0% LoS probability (different streets)
Case 2d: two Micro BSs located along the same street (100% LoS probability) at 100 m separation distance.
[image: ]
[bookmark: _Ref525736488]Figure 25: Micro BS to Micro BS interference scenario topology. Case 2d: 100 m separation distance and 100% LoS probability (same street)
[bookmark: _Toc525915221][bookmark: _Toc526180190][bookmark: _Toc528652146][bookmark: _Toc532306918][bookmark: _Toc3534878]Simulations results and conclusions
This section presents the simulations results expressed in terms of degradation of the mean uplink throughput of the victim MFCN due to base station to base station interference from the interfering MFCN, presented as a function of ACIR. In general terms, as expected, the impact of interference on network performance diminishes with increasing values of ACIR. 
Note that the required ACLR is assumed to be nominally equal to the required ACIR, with the understanding that interference is not dominated by the adjacent channel selectivity (ACS) of the victim base station. Therefore the study did not take into account the BS blocking effects on the victim BS receiver.
Note that both victim BS and interferer base stations are assumed to operate with 60 MHz channel bandwidth.
It is important to highlight that the study did not account for MS-MS interference.
Interference from AAS macro-cellular network into AAS Micro BS network:
With reference to the topology proposed in Figure 20, an ACIR greater than 68dB is required to ensure a mean uplink throughput degradation smaller than 5%.
Interference from AAS Micro BS network into AAS Macro BS network:
With reference to the topology proposed in Figure 21, an ACIR greater than 55dB is required to ensure mean uplink throughput degradation smaller than 5%.
Interference between two AAS Micro BSs:
With reference to the topology proposed in Figure 22 (Case 1a: 30m separation distance leading to 80% LoS probability based on UMi path loss model), an ACIR greater than 63dB is required to ensure a mean uplink throughput degradation smaller than 5%.
With reference to the topology proposed in Figure 23 (Case 1b: 100m separation distance leading to 25% LoS probability based on UMi path loss model), an ACIR greater than 54dB is required to ensure a mean uplink throughput degradation smaller than 5%.
With reference to the topology proposed in Figure 24 (Case 2a, 2b and 2c: 30, 50, 70 m separation distance and 0% LoS probability (different streets), shows how an ACIR greater than 49dB is required to ensure a mean uplink throughput degradation smaller than 5% for 30m separation distance. If the separation distance is 50 m, 45 dB ACIR is required to ensure mean uplink throughput degradation smaller than 5%.
With reference to the topology proposed in Figure 25 (Case 2d: 100m separation distance and 100% LoS probability (same street). An ACIR greater than 70 dB is required to ensure a mean uplink throughput degradation smaller than 5%.
[bookmark: _Toc526891987][bookmark: _Ref527038783][bookmark: _Toc528652147][bookmark: _Toc532306919][bookmark: _Toc3534879]Coexistence between unsynchronised Indoor BSs and Macro BS - Study #7
In ANNEX 7, the impact on an indoor system from a macro-cellular network is studied. The indoor BS network is located in a 50x120m large building, which is located 70m from the Macro BS. For the macro-cellular network the BS have an output power (TRP) of 51 dBm and 500m ISD while the indoor BS is ceiling mounted with an output power (TRP) of 24 dBm.
The propagation between BS is modelled using the UMa model and this model has a random component. We study performance of one specific realisation of the BS-BS propagation. This is the best way to model the situation in practical deployments since the BS-BS propagation will not vary over time. 
Based on the study, in order to limit the mean UL throughput degradation for the indoor network to maximum 5% the ACIR (adjacent channel interference ratio) between the networks has to be in the range 25 dB to 65 dB, depending on the actual channel realisation between the Macro BS and indoor BS.
The ECC baseline gives an ACIR of slightly less than 45 dB. From this it can be concluded that in some cases standard equipment will result in less than 5% throughput loss and in other cases the losses are larger. This indicates that, for this type of scenario, unsynchronised operation may be possible for carefully installed indoor BS, but synchronisation may be required for BS installed in shallow indoor locations...
While the 5% mean UL throughput degradation applies to the eMBB use case, it is worth noting that the UL mean throughput closer to 0%. According to the results above, the URLLC use cases will require an additional isolation somewhere in the order of 20-25 dB compared to the 5% loss results. Such additional isolation could be obtained with accurate indoor BS planning and, for example, with adoption of proper shielding of the building.
[bookmark: _Toc535441960][bookmark: _Toc535442982][bookmark: _Toc535443059][bookmark: _Toc535443172][bookmark: _Toc535488391][bookmark: _Toc526891989][bookmark: _Ref527036969][bookmark: _Ref527037061][bookmark: _Ref527037945][bookmark: _Ref527038298][bookmark: _Ref527038903][bookmark: _Ref527038928][bookmark: _Toc528652148][bookmark: _Toc532306920][bookmark: _Toc3534880]Study on semi-synchronisation for Microcell and Macro-cell cases - study #8
The benefits and challenges associated with semi-synchronised operation have been discussed in section 2.3. In the following sub-sections, adjacent channel simulation results are presented. These results are based on the study available in ANNEX 8.
[bookmark: _Toc526304232][bookmark: _Toc526304461][bookmark: _Toc526304233][bookmark: _Toc526304462][bookmark: _Toc526304236][bookmark: _Toc526304465][bookmark: _Toc526304237][bookmark: _Toc526304466][bookmark: _Toc526304244][bookmark: _Toc526304473][bookmark: _Toc526304245][bookmark: _Toc526304474][bookmark: _Toc526304246][bookmark: _Toc526304475][bookmark: _Toc526304248][bookmark: _Toc526304477][bookmark: _Toc526304249][bookmark: _Toc526304478][bookmark: _Toc526304251][bookmark: _Toc526304480][bookmark: _Toc526304252][bookmark: _Toc526304481][bookmark: _Toc526304253][bookmark: _Toc526304482][bookmark: _Toc525730082][bookmark: _Toc525730248][bookmark: _Toc525731143][bookmark: _Toc525731678][bookmark: _Toc525733494][bookmark: _Toc525735542][bookmark: _Toc525735755][bookmark: _Toc525735923][bookmark: _Toc525737342][bookmark: _Toc525730083][bookmark: _Toc525730249][bookmark: _Toc525731144][bookmark: _Toc525731679][bookmark: _Toc525733495][bookmark: _Toc525735543][bookmark: _Toc525735756][bookmark: _Toc525735924][bookmark: _Toc525737343]Table 6: Study on semi-synchronisation for Micro-cell and Macro-cell cases – summary of results
	Scenario
	Macro-cellular network to
Macro-cellular network
	Micro BS network to
Micro BS network

	Minimum distance 
among networks
	288 m
	96 m

	BS-BS 
propagation model
	Free space path loss
	3GPP TR 38.901 – Umi

	Semi-synchronisation percentage
	10%
unsynch.
	20% unsynch.
	50%
unsynch.
	100%  (fully unsynch.) 
	10% 
unsynch.
	20% 
unsynch.
	50% 
unsynch.
	100% (fully unsynch.)

	ACIR needed for 
5% mean UL  throughput degradation
	54 dB
	62 dB
	70 dB
	75 dB
	N/A
	40 dB
	47 dB
	54 dB


As shown in Figure 15, the 288 m network shift assumption between macro-cellular networks represents the best case. Similarly, the 96 m network shift assumption between micro-cellular networks represents the best case between the two analysed assumptions[footnoteRef:28]. [28:  According the studies' assumptions reported in Table 33:
-Network shift (Macro BS ↔ Macro BS case): Baseline: 70 m
Additional for reference: 288 m
- Min. separation distance between Macro BS and Micro BS: 30 m] 

Differently from the approach followed in ANNEX 8, the recommended approach is to use the separation distance and the line-of-sight probability as input parameter during the coexistence studies for the macro-cellular network and the Micro BSs network cases. This approach accounts for the fact that it is difficult to carry out meaningful simulations to assess the interference between two Micro BS networks in the same urban area since the interference scenario will be strongly impacted by the LoS/NLoS conditions which radically change depending on where the Micro BS are installed with respect to each other in built-up areas.
Coexistence between the macro-cellular network and the Micro BS network was not assessed by this study.
It is worth noting that the study assumes that operators do not always decide to modify UL symbols / slots into DL symbols / slots in the flexible part of the frame. This reflects a real deployment scenario where:
The two operators adopt the same default frame structure;
When the default frame structure is not modified (in its flexible portion), the network is actually operating in synchronised mode;
An operator might decide to modify the agreed default frame structure in some specific locations (hot spots) and at specific point in time (specific event or busy hour, for instance). In this particular case, only the base stations in these areas and at these times will be subject to cross-link interference[footnoteRef:29]. [29:  For example: assuming a configuration in which the flexible "X" slots represent 20% of the entire frame and are used for DL, the actual percentage of time with cross DL to UL interference will be lower. Even assuming that the operator will use his flexible part in DL for 50% of the time and for all gNBs, the actual percentage of slots affected by cross interference will be 10% if and only if the other operator always switches the UL in the same 50% of time. It follows that the actual cross-link interference will be even lower than 10%. On top of this, not all the gNBs in the network will need to change the baseline configuration and as a consequence the cumulative interference will be strongly reduced] 

Taking this into account the results presented in this section represent a worst-case scenario in terms of throughput degradation resulting from the semi-synchronised case.
"DL to UL modifications": the default DL transmission direction in the flexible part is modified into UL
In this case, from BS-BS interference perspective, the network that modifies the default DL transmission direction into UL will not interfere with the other network while it will receive additional interference from the other network during the period of the modified transmission direction. 
In most circumstances, MS-MS interference will be negligible because terminals typically transmit intermittently and many will be mobile so any interference would be transient
"UL to DL modifications": the default UL transmission direction in the flexible part is modified into DL
In this case, from BS-BS interference perspective, the network that modifies the default UL transmission direction into DL will interfere with the other network while it will not receive additional interference from the other network. 
Under the specific assumptions and methodology used in this study, it can be concluded:
For macro-cellular network to macro-cellular network results show that the throughput degradation is ~9% when operators are unsynchronised (UL to DL modification) for 10% of the frame (i.e. the flexible part). The modelling considered that the interfering operator always changes the transmission direction during the flexible part of the frame, this represents worst-case assumptions. This means that the throughput degradation will likely be lower in a realistic scenario where the interfering operator will not always modify the transmission direction of the flexible portion of the frame. 288 m BS - BS separation distance is assumed;
From Micro BS to Micro BS interference perspective, it is possible to use the ECC baseline out of block power limit for synchronised operation as specified if the operators have simultaneous UL/DL transmissions for at most 20% of the frame(based on acceptable Loss 5% and ACIR 45 dB); for a BS - BS separation distance at 96 m; No conclusion can be derived for the Macro-cellular network to Micro BS network case since this scenario was not studied. In the case of Micro BS network to Macro-cellular network, due to the lower power of the interfering BS it is expected that interference from the Macro base station will dominate the coexistence analysis.-.
Based on the above, since UL to DL flexibility creates additional BS-BS interference to the neighbour operator, the specific cases in which the semi-synchronised operation (for UL to DL flexibility) could be allowed require agreement at national level.
[bookmark: _Toc535488393][bookmark: _Toc1039565][bookmark: _Toc1039741][bookmark: _Toc521332403][bookmark: _Toc521332404][bookmark: _Toc521332405][bookmark: _Toc521332406][bookmark: _Toc521332409][bookmark: _Toc521332410][bookmark: _Toc521332411][bookmark: _Toc521332412][bookmark: _Toc521332413][bookmark: _Toc521332414][bookmark: _Toc524365744][bookmark: _Toc524368815][bookmark: _Toc524368945][bookmark: _Toc524417775][bookmark: _Toc524454032][bookmark: _Toc524475259][bookmark: _Toc524486299][bookmark: _Toc526180198][bookmark: _Toc528652149][bookmark: _Toc532306921][bookmark: _Toc3534881]Summary of all studies performed
The following tables collect the results from the studies performed.
Table 7: Coexistence between unsynchronised/semi-synchronised macro-cellular network and 
macro-cellular network – summary of results
	MACRO BS
→
MACRO BS
	Interference scenario
	Required ACIR (dB)
needed for 5% mean UL t-put degradation

	
	
	Study #8
	ECC Report 281 Annex 3

	
	70 m shift
	Adjacent channel
	AAS to non-AAS
	Unsynch.
	N/A
	83

	
	
	
	AAS to AAS
	Unsynch.
	N/A
	77

	
	
	
	
	Semi-synch.
	N/A
	N/A

	
	288 m shift
(best case)
(*)
	
	AAS to non-AAS
	Unsynch.
	N/A
	79

	
	
	
	AAS to AAS
	Unsynch.
	75
	74

	
	
	
	
	50% unsynch.
	70
	N/A

	
	
	
	
	20% unsynch
	63
	N/A

	
	
	
	
	10% unsynch.
	55
	N/A

	
	Interference scenario
	Geographic separation distance (km)
needed for 5% mean UL t-put degradation

	
	
	Study #3
	Study #4

	
	3GPP SEM
(45 dB ACIR)
	Adjacent channel
	AAS to AAS
	Unsynch.
	10.5 km
	N/A

	
	
	
	AAS to non-AAS
	Unsynch.
	14 km
	N/A

	
	
	
	non-AAS to non-AAS
	Unsynch.
	N/A
	31 km
(5% t-put loss)
12 km
(50% t-put loss)

	
	
	Co-channel
	AAS to AAS
AAS to non-AAS
	Unsynch.
	60 km
	N/A

	
	
	 
	non-AAS to non-AAS
	Unsynch.
	N/A
	58 km
(5% t-put loss)
49 km
(50% t-put loss)

	(*) Best case. Agreed assumption for the network shift (Macro BS ↔ Macro BS case): baseline: 70m, additional for reference: 288 m (see Table 33)


Table 8: Coexistence between unsynchronised/semi synchronised macro-cellular network and Micro BS network – summary of results
	Interference scenario
	Required ACIR (dB)
needed for 5% mean UL t-put degradation

	
	Study #5
	Study #8
	Study #6

	MACRO BS
→
MICRO BS
	30 m separation
	Adjacent channel
	AAS to AAS
	Unsynch.
	63  (58 to 65)
Micro BS in the middle:
50 - 70 (worst case)
	N/A
	68

	
	
	
	
	Semi-synch.
	N/A
	N/A
	N/A

	
	
	
	AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	
	co-channel
	AAS to AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	
	
	AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	MICRO BS
→
MACRO BS
	30 m separation
	Adjacent channel
	AAS to AAS
	Unsynch.
	43 (40 - 50)
Macro BS in the middle: 
43 - 50 (worst case) 
	N/A
	55

	
	
	
	AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	
	co-channel
	AAS to AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	
	
	AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	MICRO BS
→
MICRO BS
	96 m separation
(**), (***)
	Adjacent channel
	AAS to AAS
	Unsynch.
	N/A
	54
	N/A

	
	
	
	
	50% unsynch.
	N/A
	47
	N/A

	
	
	
	
	20% unsynch.
	N/A
	40
	N/A

	
	Case 1a
30 m separation,
80% LoS prob.
(***)
	Adjacent channel
	AAS to AAS
	Unsynch.
	N/A
	N/A
	63

	
	Case 1b
100 m separation,
25% LoS prob. (***)
	Adjacent channel
	AAS to AAS
	Unsynch.
	N/A
	N/A
	54

	
	Case 2a, 2b, 2c
30, 50, 70 m
separation,
0% LoS prob.
	Adjacent channel
	AAS to AAS
	Unsynch.
	N/A
	N/A
	49 (30m)
45 (50m)
<40 (70m)

	
	
	
	
	Semi-synch.
	N/A
	N/A
	N/A

	
	
	
	AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	
	co-channel.
	AAS to AAS & AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	Case 2d
100 m separation,
100% LoS prob.
	Adjacent channel
	AAS to AAS
	Unsynch.
	N/A
	N/A
	70

	
	
	
	
	Semi-synch.
	N/A
	N/A
	N/A

	
	
	
	AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A

	
	
	co-channel
	AAS to AAS & AAS to non-AAS
	Unsynch. &
Semi-synch.
	N/A
	N/A
	N/A


(**) Best case. Agreed assumption for the min. separation distance between Macro BS and Micro BS: 30m (see Table 33).
(***) Differently for this study, it was agreed to use the separation distance and the line-of-sight probability as input parameter during the coexistence studies between the Macro-cellular network and the Micro BSs network. This approach accounts for the fact that it is difficult to carry out meaningful simulations to assess the interference between two Micro BS networks in the same urban area since the interference scenario will be strongly impacted by the LoS/NLoS conditions which radically change as the Micro BSs change their locations with respect to buildings.

Table 9: Coexistence between unsynchronised macro-cellular network and indoor BS network – summary of results
	Interference scenario
	Required ACIR (dB)
needed for 5% mean UL t-put  degradation

	
	Study #7

	MACRO BS
→
INDOOR BS
	70m separation
btw. MACRO BS
and building wall
CEILING
MOUNT
	Adjacent channel.
	AAS to AAS
	Unsynch
	Building short side facing BS: 43 (34 to 57)
Building long side facing BS: 53 (23 to 63)

	
	
	
	
	Semi-synch
	NA

	
	
	
	AAS to non AAS
	Unsynch  &
Semi-synch
	NA

	
	
	Co-channel.
	AAS to AAS &
AAS to non-AAS
	Unsynch  &
Semi-synch
	NA

	INDOOR BS
→
MACRO BS
	
	Adjacent channel.
	AAS to AAS
	Unsynch
(qualitative)
(****)
	"not simulated. However we can observe that the indoor BS has lower output power, which means that we should see lower impact from the indoor. On the other hand if there are several buildings with indoor systems deployed there is a need to consider the effect of the aggregate interference."

	
	
	
	
	Semi-synch
	NA

	
	
	
	non-AAS to AAS
	Unsynch  &
Semi-synch
	NA

	
	
	Co-channel.
	AAS to AAS &
non-AAS to AAS
	Unsynch  &
Semi-synch
	NA

	INDOOR BS
↔
INDOOR BS
	
	Adjacent channel.
& co - ch.
	AAS to AAS & 
AAS to non-AAS
	Unsynch  &
Semi-synch
	NA

	(****) Qualitative assessment was performed for this scenario.
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[bookmark: _Toc526891992][bookmark: _Toc528652151][bookmark: _Toc532306923][bookmark: _Toc3534883]Key aspects to be considered when setting up the synchronisation framework at national level
Synchronisation and semi-synchronisation are effective for avoiding (in the case of synchronised) or minimising (in the case of semi-synchronised) cross-link interference between operators. Additional interference mitigation techniques may be required (including separation distances, alternative network topologies, etc.) if operators intend to use unsynchronised AAS BS. Synchronised operation is accompanied with some challenges related to the selection of common clock and frame structure. Such challenges are explained in more detail in Section 5.2.1.
At the time of this writing, new 5G AAS systems cannot cost-effectively implement the operator-specific filtering which would be required to meet the ECC restricted baseline out of block power limits and protect the receiver from blocking from adjacent and non-adjacent channels in the same band. Based on currently available AAS BS technology, it is assumed that equipment will only implement filters designed to comply with the ECC baseline out of band power limits[footnoteRef:30].  [30:  ECC baseline out of block power limit is defined in ECC Decision (11)06 (October 2018) Table 3 [3] with reference to the synchronised operation.] 

If interference mitigation due to unsynchronised operation relies on separation distances, the minimum distances required will depend on network topology, terrain and clutter and will need to be discussed at the national level. The results from the coexistence studies summarised in Section 4 of this Report show that the separation distances required between unsynchronised Macro cells could be up to 60 km when co-channel and up to 14 km when operating in the adjacent channel.
Semi-synchronised operation is similar to synchronised operation, with the exception that simultaneous U /DL transmissions between networks can be allowed in some defined parts of the frame. This leads to a degree of flexibility at the expense of some additional interference that can be controlled to some extent. Compared to unsynchronised operation, semi-synchronised operation reduces the impact from BS-BS and MS-MS interference. Results from studies in Section 4.5 show that the ECC baseline out of block power limit can be applied to the semi-synchronised operation in specific circumstances. The interference impact on network performance associated with semi-synchronised operation is reduced when interference on the control channels is avoided (e.g. where possible, the flexible portions of the frame do not include control plane channels). As in the case of synchronised operation, semi-synchronised networks will need a common accurate phase / time synchronisation and an agreement on a compatible frame structure which identifies the portions of the frame where transmission direction is flexible. 
[bookmark: _Toc526891993][bookmark: _Toc528652152][bookmark: _Toc532306924][bookmark: _Toc3534884]Enabling synchronised, unsynchronised and semi-synchronised operation at national level based on multilateral agreements among MFCN licensees
[bookmark: _Toc527035425][bookmark: _Toc527035483][bookmark: _Toc527035821][bookmark: _Toc526891994][bookmark: _Ref526933299][bookmark: _Toc528652153][bookmark: _Toc532306925][bookmark: _Toc3534885]Synchronised operation
Synchronised operation avoids any BS-BS and MS-MS interference therefore allowing coexistence between adjacent networks without the need for guard bands or additional filters. This operating mode therefore simplifies network deployment because no additional interference mitigation is required. Synchronised operation leads to the selection of a compatible frame structure, which determines a specific DL/UL transmission ratio and contributes to the network performance (e.g. latency, spectral efficiency, throughput and coverage).
The out of block power limit associated with the synchronised operation mode was defined in ECC Decision (11)06 (October 2018) Table 3.
For synchronised operation the following issues should be agreed at national level with a general framework[footnoteRef:31] involving all MFCN licensees in the band and in the same geographic area[footnoteRef:32]. In some cases, Administrations may get involved in order to reach multilateral agreements in a fair and timely manner:  [31:  As explained in section 2.2, operators’ agreements must be multilateral, involving all operators sharing a band, because the blocking effect can happen within the whole band regardless of any frequency separation within that band and is not restricted to the adjacent channel.]  [32:  “Same geographic area” refers to an area within which two networks can be impacted by mutual interference in case of simultaneous UL/DL transmissions.] 

A common phase clock reference (e.g. UTC) and accuracy/performance constraints that depend on the underlining technology (e.g. +/- 1.5 μs for LTE-TDD and 5G-NR), either using their own equipment to provide the clock, or sharing the same phase / time clock infrastructure. Permanent monitoring of the agreed clock source is needed. When losing the primary reference time clock (PRTC) equipment may continue operation for some time ("holdover period") that has to be agreed and which depends on the quality of the local oscillator in the BS and on the wireless network accuracy requirement. If the PRTC is lost for a period that is longer than the holdover period, the system shall no longer be considered in synchronised operation and may cause interference to other operators. Proper action shall therefore be taken (e.g. the BS shall be shut down until the PRTC is recovered);
A compatible frame structure to avoid simultaneous UL/DL transmissions (guard periods between DL and UL transmissions may be different, as illustrated in Figure 3;Figure 3);
The conditions when synchronisation must apply and/or may not be required (when additional isolation is available and in case of low power indoor BSs);
Periodic review of the agreed conditions may be needed to account for possible market and technology developments (e.g. introducing new technologies, adjusting to new needs in the DL/UL ratio or latency, etc.).
Synchronised operation between 5G-NR and LTE-TDD/WiMAX systems could imply a cost in term of user plane latency and throughput performance; the summary from the detailed assessments in  is provided in Section 3.3.2. Operators may have the option to reduce the user plane latency and RTT, under some circumstances, by using lower frequencies (e.g. 700, 800, 900, 1800 MHz) in combination with the 3400-3800 MHz band (e.g. through Carrier Aggregation or Supplemental Uplink schemes). Some licensees may not have access to additional spectrum in lower frequency bands with available capacity (e.g. verticals and some MNOs) and the user terminals supporting these functionalities may not be available in short term. 
[bookmark: _Toc526891995][bookmark: _Toc528652154][bookmark: _Toc532306926][bookmark: _Toc3534886]Unsynchronised operation based on the ECC baseline out of block power limit
Unsynchronised operation does not require the adoption of a compatible frame structure among licensees. Licensees can select the most appropriate frame structure independently and can adapt the frame structure to service and end user requirements, which may change depending on the location and on time. 
However, in a multi-operator scenario, the flexibility in operators’ frame structure selection leads to a number of interference scenarios that need to be assessed and managed.
The out of block power limit for unsynchronised and semi-synchronised operation is defined in ECC Decision (11)06 (October ) Table 4, the "Restricted baseline". However, the ECC Decision allows CEPT Administrations to define a "relaxed alternative “restricted baseline limit” applying to specific implementation cases to ensure a more efficient usage of spectrum […] depending on national circumstances.") .
The simulations defined in this report assess the feasibility of unsynchronised operation when using the ECC baseline limit [footnoteRef:33] and not the restricted baseline limit because of the practical difficulties in achieving the restricted baseline limit as discussed earlier . The assumptions in the studies are consistent with the definition and assumptions in ECC Report 281 [2], including the simultaneous UL/DL transmissions across the whole frame ("fully-unsynchronised" transmission scenario).  [33:  ECC Decision (11)06 (October -2018) Table 3] 

System level simulations do not account for the additional potential data loss that would result from interfered control channels (e.g. inability to decode the whole frame resulting in larger throughput degradation)[footnoteRef:34]. Link-level simulations would be required for a more accurate analysis. [34:  Simulations have mapped SINR to throughput, which allows accounting for interfered Physical Uplink Shared Channel (PUSCH).
When determining the average UL throughput loss, simulations have not accounted for interference on control channels such as the Physical Uplink Control Channel (PUCCH), which would have impacts on ACK/NACK transmissions (such mechanism cannot be covered by the SINR – throughput curve. Simulations, in fact, accounted for cell-to-cell interference).] 

Unsynchronised operation could be allowed at national level in a limited number of specific cases where sufficient isolation between interferer and victim base stations exists. The associated parameters should be agreed at national level with multilateral[footnoteRef:35] agreements among all MFCN licensees in the same geographic area[footnoteRef:36] in the band in a fair and timely manner. Such agreements could account for the following options. [35:  As explained in section 2.2, operators’ agreements must be multilateral, involving all operators sharing a band, because the blocking effect can happen within the whole band regardless of any frequency separation within that band and is not restricted to the adjacent channel.]  [36:  “Same geographic area” refers to an area within which two networks can be impacted by mutual interference in case of simultaneous UL/DL transmissions.] 

[bookmark: _Toc3534887]Options for enabling the unsynchronised operation involving macro-cellular networks
A specific recommendation for the separation distance or a single set of trigger values between unsynchronised macro-cellular networks cannot be provided (due to the dependency on various factors[footnoteRef:37]). Section 4.2.1 provides the methodology to support Administrations and MFCN licensees in deriving specific values for separation distances and/or trigger values at national level. MFCN licensees need those values to establish an agreement when their networks are not fully or semi-partially synchronised. [37:  Network technologies and topologies (LTE / 5G-NR, non-AAS / AAS BS, BS antenna height), propagation environment and propagation model, frequency assignments, protection criteria (I/N or network throughput loss at x%, etc.….).] 

The results from the coexistence studies summarised in section 4 of this Report show that those distances could be up to 60 km when co-channel and up to 14 km when operating in the adjacent channel[footnoteRef:38]. Those separation distances are based on the analysis detailed in ANNEX 6 for a flat terrain environment. Smaller distances may be achieved in a different environment and/or with proper mitigation techniques e.g. with some coordination on the azimuth/down tilt, etc.  [38:  It should be noted that ITU-R M.2374 [7] has performed a study between adjacent channel unsynchronised LTE systems in the 2.3 GHz band, with the conclusion that « without any additional RF improvement, one BS could influence unsynchronised BSs operating in adjacent spectrum block in an area with a radius of. 2.4 to 5.3 km depending on the propagation environment », which illustrates that input hypothesis such as the propagation model are of significant importance.] 

In case of coordination within national borders, different coordination parameters may be defined (leading to different separation distances) compared to the case of international cross border coordination. While the specific coordination parameters will need to be agreed at national level, the international coordination approaches defined in  Rec. ECC Recommendation (15)01 [4] may be used as a reference to deal with the case of two unsynchronised macro-cellular networks within a given country when the physical borderline is defined between two networks. 
[bookmark: _Toc3534888]Options for the unsynchronised operation involving Micro BS networks in the same area:
The studies are summarised in section 4.3 and reported in ANNEX 6. Simulation results have shown that, in general, unsynchronised operation of Micro BSs in case of ECC baseline out of block power limit in the same geographic area might not be feasible.
There could be very specific circumstances where two Micro BSs could coexist when using the ECC baseline out of block power limit. For example, when the adjacent channel Micro BSs are not in line of sight (i.e. 100% NLoS). These Micro BSs might still face coexistence issues with the macro-cellular network coverage layer above them because they are likely to be in LoS of Macrocells and Macrocells are higher power.
[bookmark: _Toc3534889]Options for the unsynchronised operation involving indoor BS:
Studies summarised in Section 4.4 and reported in ANNEX 7 investigated unsynchronised operation of indoor BS and Macro-cellular network in the same area. Simulation results have shown that (under specific assumptions, in the adjacent channel case) in order to limit the mean UL throughput degradation for the indoor BS network to maximum 5%, the ACIR (adjacent channel interference ratio) between the networks has to be in the range 25 to 65 dB, depending on the actual channel realisation between the Macro BS and indoor BS. 
Based on the above, the unsynchronised operation of low power[footnoteRef:39] indoor BSs standard equipment in some cases will lead to less than 5% mean UL throughput degradation and in other cases will lead to larger losses. This indicates that unsynchronised operation should be possible with careful installation[footnoteRef:40] of the indoor BS. Synchronised operation of indoor BS may be difficult in practice because of the challenges involved in distributing the common clock signal to indoor BSs. [39:  24 dBm TRP was assumed in the study included in ANNEX 7 to this Report. 3GPP 38.104 [8] defines 24 dBm as the maximum TRP for the Local Area BS power class. ]  [40:  For example “careful installation” would include measures like ceiling-mounted installation, placement of indoor BS away from windows, additional shielding around buildings in the worst case. Such measures may be more appropriate for professional installations which seem less suitable for consumer-type of scenario (without further mitigation schemes implemented in the indoor BS). Such measure seems to be feasible in case of industrial – type of use case (e.g. smart factory indoor coverage).] 

It is worth noting that the performance criteria in the coexistence studies are maximum 5% throughput loss. For URLLC use cases 5% loss is not acceptable. For these use cases the relevant throughput loss level should be closer to 0%. The studies' results show that a close to 0% throughput loss the URLLC use cases will require an additional isolation of around 20-25 dB. Such additional isolation could be obtained with accurate indoor BS planning and, for example, with adoption of proper shielding around the building.
The case where the macro-cellular network is the victim has not been simulated because the indoor cells will be lower power and so are expected to pose a lower risk of interference. However, if there are several buildings with indoor systems deployed, there could be a need to consider the effect of the aggregate interference.
In the case of co-channel operation of Macro BS and Indoor BS, the conclusions on coexistence between the two systems should account for lack of out of block filtering on the Macro BS and on the indoor BS transmitters' side.
Accounting for the above, agreements among MFCN licensees that operate macro-cellular networks and the Indoor BS in the same area and in the same band could include the conditions that identify the specific circumstances under which indoor BS networks could operate in unsynchronised mode.
[bookmark: _Toc526891996][bookmark: _Toc528652155][bookmark: _Toc532306927][bookmark: _Toc3534890]Semi-synchronised operation based on the ECC baseline out of block power limit
Semi-synchronised operation is similar to synchronised operation, with the exception that simultaneous UL/DL transmissions between networks can be allowed in some defined parts of the frame. This leads to a degree of flexibility at the expense of some additional interference that can be controlled to some extent. Compared to unsynchronised operation, semi-synchronised operation reduces the impact on BS-BS and MS-MS interference. The results from studies in Section 4.5 show that in specific circumstances the ECC baseline (as defined in ECC Decision (11)06 (October 2018) Table 3), out of block power limit can be applied to the semi-synchronised operation.
In order to deploy semi-synchronised operation of TDD mobile networks in a multi-network context (without guard bands or operator-specific custom filters), MFCN licensees need to reach agreement on:
Time synchronisation, as for synchronised operation;
Partial frame alignment: the agreement shall define a default frame structure for synchronised operation (for which UL/DL directions are defined across the whole frame) and the part of the frame where each operator is allowed to reverse the default transmission direction (flexible part);
The conditions under which the ECC baseline out of block power limit can be applied to the semi-synchronised operation.
Options for the semi-synchronised operation of Macro BSs and Micro BSs:
The studies summarised in section 4.5 and reported in ANNEX 8 have led to the following results (under specific assumptions[footnoteRef:41]): [41:  A) As shown in Figure 15, the 288 m network shift assumption between macro-cellular networks represents a best case assumption. Similarly, the 96m network shift assumption between micro-cellular networks represents a best case assumption.
  B) Differently from the approach followed in this study, the recommended approach is to use the separation distance and the line-of-sight probability as input parameter during the coexistence studies between the macro-cellular network and the Micro BSs network. This approach accounts for the fact that it is difficult to carry out meaningful simulations to assess the interference between two Micro BS networks in the same urban area since the interference scenario will be strongly impacted by the LoS/NLoS conditions which radically change as the Micro BSs change their locations with respect to buildings.
   C) Coexistence between the macro-cellular network and the Micro BS network was not assessed by this study.] 

If no changes are applied to the default frame structure, the semi-synchronised operation is identical to the synchronous case;
In case an operator selects the UL direction in the flexible part while the default frame structure adopts the DL direction (DL to UL modifications), the operator which follows the default (DL) frame transmission direction does not receive additional BS-BS interference compared the synchronous case;
In case an operator selects the DL direction in the flexible part while the default frame structure adopts UL direction (UL to DL modifications), the operator which follows the default (UL) frame transmission direction receives additional BS-BS interference compared to the synchronous case. 
"DL to UL modifications": the default DL transmission direction in the flexible part is modified into UL:
In this case, from BS-BS interference perspective, the network that modifies the default DL transmission direction into UL will not interfere with the other network, while it will receive additional interference from the other network. 
In most circumstances, MS-MS interference will be negligible because terminals typically transmit intermittently and many will be mobile so any interference would be transient.
It is expected that some 5G use cases will imply the deployment of MSs that are in fixed positions and close to each other (e.g. crowded stadiums, trains, busses, (home) CPEs in fixed wireless access (FWA) systems, and fixed machinery/robots in factories). In some of those specific scenarios, the MS-MS interference might not be negligible anymore: no specific studies were performed with this respect. 
A general framework could be defined at the national level specifying the scope of semi-synchronised operation in terms of geographical areas: defining whether and in which types of scenario downlink slots may be unilaterally converted to uplink slots should take into account situations when MS-MS interferences can be considered acceptable and when they cannot, assuming MS RF requirements are handled by SDOs and associated harmonised standards.
"UL to DL modifications": the default UL transmission direction in the flexible part is modified into DL:
In this case, from BS-BS interference perspective, the network that modifies the default UL transmission direction into DL will interfere with the other network, while it will not receive additional interference from the other network. 
A general framework could be defined at the national level specifying the scope of semi-synchronised operation in terms of geographical areas and type of cells: defining whether and in which types of scenario uplink slots may be unilaterally converted to downlink or flexible slots. Such framework should take into account situations when BS-BS interferences can be considered acceptable and when they cannot.
It is worth noting that operators will not always decide to modify the default transmission direction from UL into DL (and from DL into UL) in the whole flexible part of the frame. In a typical scenario, an operator might decide to modify the agreed default frame structure in specific locations (e.g. hot spots) and at specific times (e.g. specific event or busy hour). In this particular case, only cells in areas where the transmission direction has been changed will be subject to cross-link interference.
Multi-stakeholder agreements will need to target the optimal balance between transmission direction flexibility and the additional interference (with associated throughput degradation). Such multi-stakeholder agreements should account for the following options which are based on the results from section 4.5, in case of UL to DL flexibility:
Coexistence is facilitated if semi-synchronised operation is applied to Micro and indoor BS but it could be technically challenging for indoor BS to be semi-synchronised with outdoor networks;
Coexistence could be more challenging if semi-synchronised operation is applied to Macro BS before efficient interference cancellation algorithms have been developed and implemented. 
[bookmark: _Toc526891997][bookmark: _Toc528652156][bookmark: _Toc532306928][bookmark: _Toc3534891]Options for agreements
A general framework could be defined at the national level specifying:
The technical parameters for synchronised and, for semi-synchronised operation if appropriate  as described in previous Sections;
The scope of synchronised, semi-synchronised and unsynchronised operation in terms of geographical areas and type of cells (e.g. whether indoor cells may operate in unsynchronised operation, and when semi-synchronised operation may be used);
The definition of such framework before the spectrum awards would lead to greater market certainty.
Administrations may facilitate the process to ensure fair and timely agreements in cases where agreements could be more challenging, for example[footnoteRef:42]: [42:  Such case have also been assessed in section §3.3 of ECC Report 216 [1].] 

Different operators may prefer different frame structures based on the services they seek to provide. As a consequence, the negotiation to achieve common parameters (especially on the DL/UL ratio and performance targets) may become challenging;
Multilateral agreements (involving all licensees in the band that may interfere with each other)  are needed; 
Agreements on more complex synchronisation frameworks are more difficult to be achieved (e.g. regional/local licensing);
Agreements may become more difficult in case of asymmetric or non-mutual interference scenarios (e.g. macro-cellular networks vs. Indoor BS networks, downlink-only configurations) - see also ECC Report 216 section 3.3 [1];
Licensees operating networks in the band which do not implement AAS technology in their BSs might have less incentive in synchronised operation (due the possibility, in case of non-AAS BSs, to add external filters to meet the ECC restricted baseline out of block power limit).
Licensees may seek to periodically update (e.g. every few years) the characterising synchronisation framework. Such updates may be necessary to adapt to evolving technology and market requirements (e.g. latency and DL/UL ratio requirements and advances in semi-synchronised operation). 
Administrations might consider consolidating similar systems together in specific portions of the 3400-3800 MHz band. Such measures will facilitate unsynchronised operation between 5G networks and existing MFCN networks by reducing the number of geographic and spectrum “boundaries” (see ECC Report 287 [9]).
In case of regional/local assignments, Administrations might consider defining stable borders and coexistence conditions at those borders. Such measures will facilitate unsynchronised operation between networks not in the same area e.g. based on approaches defined in ECC Recommendation (15)01 [4].


[bookmark: _Toc528652157][bookmark: _Toc532306929][bookmark: _Toc3534892]Conclusions
Starting from the definitions provided in ECC Report 281 [2] for the synchronised, unsynchronised and semi-synchronised operation, this Report supports Administrations, wishing to do so, in setting up a synchronisation framework at national level for the introduction of 5G-NR in the 3400-3800 MHz band in a multi-operator environment.
Benefits and challenges of the above mentioned three operating modes are briefly summarised as follows:
Synchronised operation avoids any BS-BS and MS-MS interferences therefore allowing coexistence between adjacent networks without the need for guard bands or additional filters. This operating mode simplifies network deployment because no additional interference mitigation is required. Synchronised operation leads to the selection of a compatible frame structure, which determines a specific DL/UL transmission ratio and frame length which contribute to the network performance (e.g. latency, spectral efficiency, throughput and coverage[footnoteRef:43]). A common phase clock reference (e.g. UTC) and accuracy/performance constraints that depend on the underlining technology (e.g. +/- 1.5 μs for LTE-TDD and 5G-NR) is required and those aspects and challenges are detailed in ECC Report 216 [1]. [43:  For example: the size of the guard periods between DL and UL transmissions will have an impact on maximum cell radius. Increasing the number of UL transmissions has an impact on the UL coverage performance.] 

Unsynchronised operation does not require the adoption of a compatible frame structure among licensees. Licensees can select the most appropriate frame structure independently and can adapt the frame structure to service and end user requirements, which may change depending on the location and on time. However, in a multi-operator scenario, the flexibility in operators’ frame structure selection leads to a number of interference scenarios that need to be assessed and managed.
Semi-synchronised operation is defined in ECC Report 281 as the operating mode which "corresponds to the case where part of the frame is consistent with synchronised operation as described above, while the remaining portion of the frame is consistent with unsynchronised operation as described above. This requires the adoption of a frame structure for all TDD networks involved, including slots where the UL/DL direction is not specified, as well as synchronising the beginning of the frame across all networks”. This mode allows simultaneous UL/DL transmissions between networks in some defined parts of the frame. This leads to a degree of frame structure flexibility at the expense of some additional interference that can be controlled to some extent. A common phase clock reference (e.g. UTC) and accuracy/performance constraints that depend on the underlining technology (e.g. +/- 1.5 μs for LTE-TDD and 5G-NR) is required.
This Report has identified the following items that should be agreed at the national level to enable the three operating modes. 
For synchronised operation, a common framework or a multilateral agreement has to be defined at the national level so that all MFCN licensees in the same band[footnoteRef:44] use: [44:  Not limited to the licensees with adjacent blocks.] 

A common phase clock reference (e.g. UTC), with proper accuracy/performance constraints and permanent monitoring and agreed remedies in case of accuracy loss;
A compatible frame structure to avoid simultaneous UL/DL transmissions;
The feasibility and performance impacts of synchronised operation between different radio technologies have to be assessed on a case-by-case basis depending on the specific technologies[footnoteRef:45]. The synchronised operation of 5G-NR and LTE-TDD may imply a cost in terms of user plane latency and performance, especially with regards to 5G URLLC latency targets. Operators may have the option to reduce the user plane latency and RTT, under some circumstances, by using lower frequencies (e.g. 700, 800, 900, 1800 MHz) in combination with the 3400-3800 MHz band (e.g. through Carrier Aggregation or Supplemental Uplink schemes). [45:  ECC report 216 has assessed LTE-TDD/WiMAX cross-technology synchronisation feasibility. This report has assessed 5G-NR/LTE-TDD cross technology synchronisation. The case for 5G-NR/WiMAX cross-technology synchronisation has not been assessed but it is understood that every LTE-TDD configuration has at least one 5G-NR equivalent configuration, making it therefore theoretically feasible to align a 5G-NR carrier with an adjacent channel WiMAX carrier as assessed in ECC Report 216.] 

In case of semi-synchronised operation, a common framework or a multilateral agreement has to be defined at the national level so that all MFCN licensees in the same band[footnoteRef:46] use: [46:  Not limited to the licensees with adjacent blocks.] 

A common phase clock reference, as for synchronised operation;
Partial frame alignment: the agreement shall define a default frame structure as for synchronised operation (for which UL/DL directions are defined across the whole frame) and at the same time the part of the frame where each operator is allowed to reverse the default transmission direction (flexible part);
The terms and conditions under which the ECC baseline out of block power limit can be applied to the semi-synchronised operation.
Unsynchronised operation does not require the adoption of a compatible frame structure among licensees. Licensees can select the most appropriate frame structure. Licensees will need to agree on the terms and conditions under which the ECC baseline out of block power limit can be applied to the unsynchronised operation. Meaning that unsynchronised operation could be allowed at national level in  specific cases where sufficient isolation between interferer and victim base stations exists (e.g. sufficient separation distance or adoption of low power indoor BSs) and in such cases the ECC baseline out of block power limit can be applied to the unsynchronised operation.
According to ECC Decision (11)06 (October 2018), in case of unsynchronised and semi-synchronised operation the EC restricted baseline limit[footnoteRef:47] applies by default. In this case: the interfering BS transmitter requires custom filters and guard band. [47:  See ECC Decision (11)06 (October 2018) Table 4.] 

Operator-specific filters would likely be necessary to meet the ECC restricted baseline emissions limit. Based on currently available technology, it is assumed that it will be challenging to implement operator-specific filters cost effectively in AAS BSs. Therefore, this Report provides an analysis on whether and under which conditions the unsynchronised and semi-synchronised operating modes can be used when base stations implement the ECC baseline out of block power limits[footnoteRef:48]. Here follows a concise summary for the main options that have been identified noting that more details are provided in the "Toolbox Section" (Section 5). [48:  ECC baseline out of block power limit is defined in Table 3 of ECC Decision (11)06 (October 2018) with reference to the synchronised operation.] 

With respect to unsynchronised operation with the ECC baseline out of block power limit, the following options are identified:
Unsynchronised Macro-cellular networks in the same area
Without operator-specific filters, it may not be possible to rely on guard bands alone to enable unsynchronised operation between operators;
Separation distances are therefore needed but a specific recommendation or single set of trigger values cannot be provided due to the dependency from various factors[footnoteRef:49]. The studies show minimum distances required between unsynchronised Macro-cellular networks could be up to 60 km when co-channel operation and up to 14 km when operating in the adjacent channel. [49:  Network technologies and topologies (LTE/5G-NR, non-AAS/AAS BS, BS antenna height), propagation environment and propagation model, frequency assignments, protection criteria (I/N or network throughput loss at x%, etc.….).] 

Unsynchronised Micro BS networks and Macro-cellular networks in the same area
The studies show that, in general, adjacent channel unsynchronised operation of Macro-cellular networks and Micro BS networks might not be feasible in the same area. Separation distances have not been assessed in this Report.
If there is no Macro-cellular network, adjacent channel unsynchronised operation between two Micro BS networks might be feasible with careful planning avoiding line of sight between Micro BS.
Unsynchronised Indoor BS networks and Macro-cellular networks in the same area 
Under specific assumptions in the adjacent channel case, unsynchronised operation should be possible with careful installation[footnoteRef:50] of the indoor BSs.  [50:  For example ”careful installation” would include measures like ceiling-mounted installation, placement of indoor BS away from windows, additional shielding around buildings in the worst case. Such measures may be more appropriate for professional installations which seem less suitable for consumer-type of scenario (without further mitigation schemes implemented in the indoor BS). Such measure seems to be feasible in case of industrial – type of use case (e.g. smart factory indoor coverage).] 

Synchronised operation of indoor BS may be difficult in practice because of the challenges involved in distributing the common clock signal to indoor BS;
In case of co-channel operation of Macro BSs and indoor BSs, the lack of out of block filtering on the Macro BS and on the indoor BS transmitters' sides will need to be considered.
With respect to semi-synchronised operation with the ECC baseline out of block power limit, it is useful to distinguish DL-to-UL and UL-to-DL modifications compared to the reference frame:
"DL to UL modifications": the default DL transmission direction in the flexible part is modified into UL:
From BS-BS interference perspective, the network that modifies the default DL into UL will not interfere the other network while it will receive additional interference from the other network;
In most circumstances, MS-MS interference will be negligible because terminals typically transmit intermittently and many will be mobile so any interference would be transient. It is expected that some 5G use cases will imply the deployment of MSs that are in fixed positions and close to each other[footnoteRef:51]. No specific studies were performed on MS-MS interference. Therefore, in case of MSs that are in fixed positions and close to each other, no conclusion can be derived. In any case, MS RF requirements are handled by SDOs and associated harmonised standards. [51:  E.g. crowded stadiums, trains, buses, (home) CPEs in fixed wireless access (FWA) systems.] 

"UL to DL modifications": the default UL transmission direction in the flexible part is modified into DL:
From BS-BS interference perspective, the network that modifies the default UL transmission direction into DL will interfere the other network while it will not receive additional interference from the other network;
Coexistence is facilitated if semi-synchronised operation is applied to Micro and indoor BS but it could be technically challenging for indoor BS to be semi-synchronised with outdoor networks;
Coexistence could be more challenging if semi-synchronised operation is applied to Macro BS before efficient interference cancellation algorithms have been developed and implemented.
The actual coexistence feasibility for the different scenarios will depend on the specific circumstances and assumptions that can only be clarified at national level.
A general framework could be defined at the national level by Administrations wishing to do so specifying:
The technical parameters for synchronised operation, and for semi-synchronised operation if appropriate (including reference clock and reference frame structure);
The scope of synchronised, semi-synchronised and unsynchronised operation in terms of geographical areas and type of cells (e.g. whether indoor cells may operate in unsynchronised operation, and in which scenarios downlink slots may be unilaterally converted to uplink slots).
Administrations may facilitate the process to ensure fair and reasonable agreements. 
Administrations could establish mechanisms through which the parameters characterising the synchronisation framework are periodically updated. This process could be triggered by the Administrations or by the licensees.
Administrations might want to consider consolidating similar systems together in specific portions of the 3400-3800 MHz band. Such measures will facilitate unsynchronised operation between 5G networks and existing MFCN networks by reducing the number of geographic and spectrum “boundaries” (see ECC Report 287 [9]).
In the case of regional/local assignments, Administrations might consider defining stable borders and coexistence conditions at those borders. Such measures will facilitate unsynchronised operation between networks not in the same area.
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As stated in ECC Report 281: “Several LTE-TDD networks are currently providing services to millions of end users with hundreds of thousands of BSs deployed in the field adopting synchronisation and alignment of UL/DL transmissions between operators using adjacent frequency blocks. Such networks provide proven experience in the field that should be considered as the starting point for the definition of the regulatory framework for 5G-NR.
In Europe, the majority of legacy TDD networks deployment can be grouped in two categories:
Based on synchronised operation when operators run their networks without relying on sufficient isolation (e.g. this is the case of LTE-TDD networks, comprising thousands of BS, in Italy operating in the 3400-3600 MHz band;
Based on unsynchronised operation when there is sufficient isolation between operators running their networks on adjacent frequency blocks (e.g. one operator per region is often assumed).
Going forward, recent advances for newer TDD systems in a multi-operator context encourage synchronisation more strongly, therefore this situation is expected to evolve in the coming years.
ECC Report 216 section 3.3 describes some potential situations where inter-operator agreement relying solely on the market may be challenging in a multi-operator context (either at the time of auction, or later in time). Therefore regulators may get involved at some point in the process in order to ensure an efficient spectrum usage. This has already been done in the past, and ECC Report 216 ANNEX 3 already describes a few of them. Since then, some new auctions have happened:
Austria
The Austrian Administration is planning to start the assignment procedure for the 3410-3800 MHz range in Q1 ’19. The following provisions are described in the tender document from the Telekom-Control-Kommission [10].
The “LTE compatible” NR frame structure (DSUDDDSUDD) is defined as the “default frame structure” for which the ECC baseline out of block power limit applies. "Licence holders are responsible for ensuring that frames are based on a uniform reference time (+/- 1.5 μs), so that all of any licence holder’s frames are aligned equally and transmissions are consequently synchronised". "…Small cells inside buildings are exempt from synchronisation. The default BEM can be used for such small cells[footnoteRef:52] in buildings, provided that no damaging interference occurs to other licence holders". [52:  A small cell is defined as "a base station with a maximum EIRP of 24 dBm per 20 MHz of carrier".] 

According to the tender document: "… the synchronisation frame specified here can be altered by the TKK to reflect technical and economic conditions when 5G reaches market maturity, in accordance with Art. 57 TKG 2003. If such modifications are indeed made, consideration will nonetheless have to be given in each case to the proportionality of the measure and the economic impact on the parties affected. Even if any such change is made, the spectrum holders will have the option of stipulating under private law a synchronisation frame".
The tender document also provides conditions associated with the use of the restrictive BEM when "other frame structures" are adopted.
Ireland
In its June 2017 Spectrum 3600 MHz band spectrum award [1] Ireland mandated the LTE-TDD frame configuration #2 with special sub-frame configuration #6 (or equivalent frame structures whose transmit and receive periods are aligned with this configuration) as the default frame structure which an operator must comply with in order to be allowed to comply with the "permissive Block Edge Mask". The operator must also ensure compliance with a common reference time of +/- 1.5µs.
Italy
In September 2018, a multiband 5G spectrum in Italy followed a light touch approach with respect to the definition of the synchronisation framework for the 3600-3800 MHz band. The auction rules [12] did not include specific provisions in relation to the synchronisation framework, leaving to operators the task to agree on the most suitable framework. Soon after the frequency assignment, the Italian Ministry has announced that it will facilitate the process by setting up a specific working group among operators that acquired licenses in the band.
United Kingdom
In its May 2015 statement on the award of the 3.4 GHz spectrum band [14], the UK decided on the LTE-TDD frame configuration #2 with special sub-frame configuration #6 (or equivalent frame structures whose transmit and receive periods are aligned with this configuration) as the "preferred frame structure" (see Figure 26) which an operator must comply with in order to be allowed to comply with the "permissive transmission mask. An operator unwilling to adopt the "preferred frame structure" must comply with the "restrictive transmission mask" and the "compatible frame structure" (see Figure 27), i.e. must comply with semi-synchronised operation.
Licensees are required to synchronise their networks in order to avoid interference to one another, so traffic alignment and the “preferred frame structure” for transmission with the limits of the "permissive transmission mask" are mandated to implement the synchronisation. Timeslots must have a duration of 1ms. LTE-TDD frame configuration #2 (3:1) is compatible with this frame structure. 
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[bookmark: _Ref526964258]Figure 26: Preferred frame structure in UK award for the 3400-3600 MHz range in April 2018
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[bookmark: _Ref526964261]Figure 27: Compatible frame structure in UK award for the 3400-3600 MHz range in April 2018
Indoor base stations with a transmit power level below 24 dBm are exempt from synchronisation requirements unless they cause interference to the macro-cellular network, in which case they are required to synchronise.
In April 2018, Ofcom conducted the auction, and the 3.4 GHz band plan based on final auction results as below, as announced by Ofcom [15]. Ofcom will auction 3600-3800 MHz in second half of 2019.
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Figure 28: Outcome from UK award for the 3400-3600 MHz range in April 2018
China
For the first 2600 MHz TDD network in the world, China operators have agreed to coordinate their network. Finally, under the guideline of MIIT (Ministry of Industry and Information Technology) of China, the synchronisation among operators’ networks at the band 2600 MHz was implemented based on the same frame structure and the same DL/UL traffic ratio. China MIIT has been actively organising MNOs and relevant stakeholders to negotiate a single frame structure for synchronisation of 5G networks in the 3500 MHz band.
Japan
A public open hearing of potential operators for Japan 3400-3600 MHz band was held by MIC (Ministry of Internal Affairs and Communications) in January 2014. All operators presented a clear position in favour of the TDD duplex scheme, and advocated the necessity of operator’s consensus for collaboration for realising TDD synchronised operation including the DL/UL configuration, ideally, in order to achieve no guard band for efficient usage of spectrum resources. All the operators have the same opinion of DL heavy frame configuration, by referring to the heavy data traffic in downlink side.
The MIC issued the draft guideline for the introduction of 4G for comments in July 2014 taking into account the opinions expressed at public hearing held in January 2014. The guidelines proposed that 3480-3600 MHz should be assigned for 3 operators (40MHz per operator) for TDD use, and proposed an obligation for licensees to agree with each other in advance about the matters for TDD synchronised operation, such as transmission time and frame structure. The draft was approved at the Council in September 2014, and MIC started to receive applications for the operation of the bands. 
Three operators have submitted applications. As first step, regarding the synchronisation operation, NTT DoCoMo applied for DL/UL ratio of 8:1 or 3:1, while KDDI and Softbank both applied DL/UL ratio of 3:1. The three operators agreed to hold operator meeting after the band was granted to get mutual agreement on the UL/DL configuration and frame synchronisation. 
In December 2014, the MIC issued the licenses to three applicants as follows based on the discussion results of Radio Regulatory Council.
NTT DOCOMO:	3480-3520 MHz
KDDI:		3520-3560 MHz
SOFTBANK MOBILE:	3560--3600 MHz
Finally, the three operators agreed with DL/UL 3:1 ratio and implemented the TDD synchronised operation based on a common 3:1 frame structure. All operators will cover around 50% population by the end of 2018, with around 57,000 base stations, as announced during the spectrum application procedure. 
In April 2018, the MIC allocated the remaining spectrum in the 3400-3600 MHz band to 2 operators, and the two licenses are to synchronise with the existing networks in the same band. By the year 2022, around 60% population will be covered with around 33,000 base stations, as planned in the application materials.
SOFTBANK MOBILE:		3400-3440 MHz
NTT DOCOMO:	 	3440-3480 MHz
The MIC issued the draft guideline[footnoteRef:53] for the introduction of 5G for comments in November 18. The guidelines proposed 3600-4100MHz，4500-4600MHz and 27-28.2GHz，29.1-29.5GHz for for TDD use, and proposed an obligation for licensees to agree with each other in advance about the matters for TDD synchronised operation such as transmission time and frame structure. [53:  Official MIC weblink: http://www.soumu.go.jp/menu_news/s-news/01kiban14_02000358.html] 

Korea
Korea completed an auction of the 3.5 GHz and 28 GHz bands. 
LGU+:		3420-3500 MHz
KT:		3500-3600 MHz
SKT:		3600-3700 MHz
[bookmark: _Toc525991242][bookmark: _Toc526067687][bookmark: _Toc526068310][bookmark: _Toc526139403][bookmark: _Toc526142445][bookmark: _Toc526180206][bookmark: _Toc526224471][bookmark: _Toc526228051][bookmark: _Toc526304267][bookmark: _Toc526304496][bookmark: _Toc525812378][bookmark: _Toc525812435][bookmark: _Toc525812494][bookmark: _Ref525017170][bookmark: _Ref525017171][bookmark: _Toc525915234][bookmark: _Toc526180207][bookmark: _Toc528652159][bookmark: _Toc532306931][bookmark: _Toc3534894]Technical solutions for network synchronisation
Section 2.1.1 has provided the frequency and phase synchronisation requirements for LTE-TDD and 5G-NR. This annex provides a simple overview on the mainstream solutions to implement synchronisation.
Currently, the main solution for 5G-NR time synchronisation includes the following two major categories:
Type 1: distributed synchronisation scheme based on satellite;
Type 2: centralised synchronisation scheme based on 1588v2 system.
The main principles of these two types of synchronous solutions, advantages and disadvantages and applicable scenarios are described below.
Distributed synchronisation scheme based on satellite:
[image: ]
[bookmark: _Ref525725293][bookmark: _Ref525725292]Figure 29: Distributed synchronisation scheme based on satellite
As shown in the Figure 29, GNSS signal receivers are directly deployed on base stations, each base station acquires the available satellite time signals (GPS, Beidou, GLONASS, etc.) to achieve the time synchronisation between different base stations and to ensure the maximum deviation of any two of the base stations.
Table 10: Applicability of the distributed synchronisation scheme based on satellite
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Applicable scenarios
	Inapplicable scenarios
	Pros
	Cons

	The node of transmission network does not support PTP (Precision Time Protocol);
Base stations located in open area;
Easy to install the GPS antenna.
	The base station location is surrounded by tall buildings that easily block GPS signals;
Indoor base stations;
Difficult to install the GPS antenna
	Single stations can be activated very efficiently;
Sites that need time synchronisation can be directly deployed without the cooperation with the transmission network;
The impact of a fault in a single station is small;
	Newly-installed GPS is difficult to construct, leading to high installation and maintenance costs;
High failure rate of a single GPS;
Poor maintainability and high installation and maintenance costs.


Centralised synchronisation scheme based on 1588v2 system:
[image: ]
[bookmark: _Ref525725357]Figure 30: Centralised synchronisation scheme based on the 1588v2 system
The IEEE standards development organisation has proposed the IEEE 1588v2 accurate time transfer protocol, which can achieve sub-microsecond precision time synchronisation like the current GPS currency.
As shown in the Figure 30, the clock synchronisation information of the main time source is transmitted through the 1588v2 protocol packet on the transmission network. The base station can obtain time information from the transmission network through the 1588v2 interface to achieve synchronisation with the time source. The accuracy can reach ns level.

Table 11: Applicability of the centralised synchronisation scheme based on 1588v2 system
	Applicable scenarios
	Inapplicable scenarios
	Pros
	Cons

	Difficult to obtain the satellite signal;
All transmission network nodes support PTP protocol.
	The transmission network nodes cannot support PTP;
The transport network QoS is poor.
	Single site without additional antenna engineering;
High reliability;
Low maintenance costs.
	Requires all nodes of the bearer network to support PTP;
Clock; synchronisation quality is affected by network QoS.


The two synchronisation methods described above have been widely used by operators around the world. 
Operators will take decisions depending on the country and the network situation. For example, operators in Japan and other regions mainly use distributed synchronisation scheme based on satellite (GPS), and some operators in Europe choose the centralised synchronisation scheme (IEEE 1588v2). Some other operators will also consider adopting a combination of two synchronised approaches to improve reliability (e.g. China Mobile).
[bookmark: _Toc525727841][bookmark: _Toc525728963][bookmark: _Toc525730143][bookmark: _Toc525730309][bookmark: _Toc525731204][bookmark: _Toc525731739][bookmark: _Toc525733555][bookmark: _Toc525735603][bookmark: _Toc525735816][bookmark: _Toc525735984][bookmark: _Toc525737403][bookmark: _Toc521332423][bookmark: _Ref525752370][bookmark: _Toc525915235][bookmark: _Toc526180208][bookmark: _Ref526495270][bookmark: _Ref526495329][bookmark: _Ref526495426][bookmark: _Ref526495429][bookmark: _Toc528652160][bookmark: _Toc532306932][bookmark: _Toc3534895][bookmark: _Ref524451599][bookmark: _Ref524490315]5G-NR and LTE-TDD Frame structures, options and assessments - Study #1 and #2
A1.1 [bookmark: _Toc380059617][bookmark: _Toc380059759][bookmark: _Toc521332424][bookmark: _Ref526067552][bookmark: _Ref526067561][bookmark: _Ref526067562]LTE TDD Frame structures and options
LTE-TDD frame structures are defined in [16]. 
Each radio frame of length 10ms consists of two half-frames of length 5ms each. Each half-frame consists of five sub-frames of length 1ms. The supported uplink / downlink configurations are listed in Table 12 where:
“D” denotes the sub-frame which is reserved for downlink transmissions;
“U” denotes the sub-frame which is reserved for uplink transmissions;
“S” denotes a special "Subframe" with the three fields: Downlink Pilot Time Slot (DwPTS), Guard Period (GP) and Uplink Pilot Time Slot (UpPTS). The length of DwPTS and UpPTS is given by
Table 13 subject to the total length of DwPTS, GP and UpPTS being equal to 1ms. 
Uplink / downlink configurations with both 5ms and 10ms DL to UL switch-point periodicity are supported. In case of 5ms DL to UL switch-point periodicity, the special sub-frame exists in both half-frames. In case of 10ms DL to UL switch-point periodicity, the special sub-frame exists in the first half-frame only.
Sub-frames 0 and 5 and DwPTS are always reserved for downlink transmissions. UpPTS and the sub-frame immediately following the special sub-frame are always reserved for uplink transmissions.

Figure 31: LTE-TDD frame structure (for 5ms switch-point periodicity)

[bookmark: _Ref526936753]Table 12: LTE-TDD uplink / downlink configurations
	UL/DL configuration
	DL to UL 
Switch-point periodicity
	Sub-frame number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	4
	10ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D


[bookmark: _Ref526936967]
Table 13: Configuration of special sub-frame (lengths of DwPTS / GP / UpPTS)
	Special sub-frame configuration
	Normal Cyclic prefix in downlink
	Extended cyclic prefix in downlink

	
	DwPTS
	UpPTS
	DwPTS
	UpPTS

	
	
	Normal Cyclic prefix in uplink
	Extended Cyclic prefix in uplink
	
	Normal Cyclic prefix in uplink
	Extended Cyclic prefix in uplink

	0
	6592.Ts
	2192.Ts
	2560.Ts
	7680.Ts
	
	

	1
	19760.Ts
	
	
	20480.Ts
	
	

	2
	21952.Ts
	
	
	23040.Ts
	
	

	3
	24144.Ts
	
	
	25600.Ts
	
	

	4
	26336.Ts
	
	
	7680.Ts
	4384.Ts
	5120.Ts

	5
	6592.Ts
	4384.Ts
	5120.Ts
	20480.Ts
	
	

	6
	19760.Ts
	
	
	23040.Ts
	
	

	7
	21952.Ts
	
	
	-
	-
	-

	8
	24144.Ts
	
	
	-
	-
	-


Ts=1/(15000x2048) seconds.
Selecting a synchronisation option for LTE-TDD requires:
Selection of a timing reference (beginning of the frame);
Selection of a frame structure;
Selection of special sub-frame configuration.
A1.2 [bookmark: _Ref517759396][bookmark: _Toc521332425]5G-NR frame structure and options
5G-NR frame structures are defined in [17]. 
Downlink and uplink transmissions are organised into frames with 10 ms duration, each consisting of ten sub-frames of 1 ms duration. The number of consecutive OFDM symbols per sub-frame is given by: 

.

		is the number of OFDM symbols in a slot

	is the number of slots in a frame

	is the number of slots in a sub-frame
Each frame is divided into two equally-sized half-frames of five sub-frames each with half-frame 0 consisting of sub-frames 0 – 4 and half-frame 1 consisting of sub-frames 5 – 9. 
Slots are defined within a frame depending on the subcarrier spacing configuration µ, according to Table 14 and Table 15.
[bookmark: _Ref517351242]Table 14: 5G-NR number of OFDM symbols per slot, slots per frame, and slots per sub-frame
for normal cyclic prefix.
	Subcarrier spacing configuration µ
	

	

	


	0
	14
	10
	1

	1
	14
	20
	2

	2 
	14
	40
	4

	3
	14
	80
	8

	4
	14
	160
	16


[bookmark: _Ref517351252][bookmark: _Ref526959513]
[bookmark: _Ref527038524]Table 15: 5G-NR number of OFDM symbols per slot, slots per frame, and slots per sub-frame
for extended cyclic prefix
	Subcarrier spacing configuration µ
	

	

	


	2
	12
	40
	4


As shown in Table 16, the UL or DL transmissions are configured within each slot. OFDM symbols in a slot can be classified as:
“D” denoting the OFDM symbol which is reserved for downlink transmissions;
“U” denotes the sub-frame which is reserved for uplink transmissions;
“X” denoting a flexible symbol for which transmission can either be un downlink or uplink
[bookmark: _Ref517351382]Table 16: 5G-NR slot formats for normal cyclic prefix
	Format
	Symbol number in a slot

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	0
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D

	1
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	2
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X

	3
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X

	4
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X

	5
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	X

	6
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	X
	X

	7
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	X
	X
	X

	8
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U

	9
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U

	10
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	11
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	12
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	13
	X
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	14
	X
	X
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U

	15
	X
	X
	X
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U

	16
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X

	17
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X

	18
	D
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X

	19
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U

	20
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U

	21
	D
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U

	22
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U

	23
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U

	24
	D
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U

	25
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U
	U

	26
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U
	U

	27
	D
	D
	D
	X
	X
	X
	X
	X
	X
	X
	X
	U
	U
	U

	28
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	U

	29
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	U

	30
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	X
	U

	31
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	U
	U

	32
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	U
	U

	33
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	X
	U
	U

	34
	D
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	35
	D
	D
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	36
	D
	D
	D
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	37
	D
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	38
	D
	D
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	39
	D
	D
	D
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U

	40
	D
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U
	U

	41
	D
	D
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U
	U

	42
	D
	D
	D
	X
	X
	X
	U
	U
	U
	U
	U
	U
	U
	U

	43
	D
	D
	D
	D
	D
	D
	D
	D
	D
	X
	X
	X
	X
	U

	44
	D
	D
	D
	D
	D
	D
	X
	X
	X
	X
	X
	X
	U
	U

	45
	D
	D
	D
	D
	D
	D
	X
	X
	U
	U
	U
	U
	U
	U

	46
	D
	D
	D
	D
	D
	D
	X
	D
	D
	D
	D
	D
	D
	X

	47
	D
	D
	D
	D
	D
	X
	X
	D
	D
	D
	D
	D
	X
	X

	48
	D
	D
	X
	X
	X
	X
	X
	D
	D
	X
	X
	X
	X
	X

	49
	D
	X
	X
	X
	X
	X
	X
	D
	X
	X
	X
	X
	X
	X

	50
	X
	U
	U
	U
	U
	U
	U
	X
	U
	U
	U
	U
	U
	U

	51
	X
	X
	U
	U
	U
	U
	U
	X
	X
	U
	U
	U
	U
	U

	52
	X
	X
	X
	U
	U
	U
	U
	X
	X
	X
	U
	U
	U
	U

	53
	X
	X
	X
	X
	U
	U
	U
	X
	X
	X
	X
	U
	U
	U

	54
	D
	D
	D
	D
	D
	X
	U
	D
	D
	D
	D
	D
	X
	U

	55
	D
	D
	X
	U
	U
	U
	U
	U
	U
	X
	U
	U
	U
	U

	56
	D
	X
	U
	U
	U
	U
	U
	D
	X
	U
	U
	U
	U
	U

	57
	D
	D
	D
	D
	X
	X
	U
	D
	D
	D
	D
	X
	X
	U

	58
	D
	D
	X
	X
	U
	U
	U
	D
	D
	X
	X
	U
	U
	U

	59
	D
	X
	U
	U
	U
	U
	U
	D
	X
	U
	U
	U
	U
	U

	60
	D
	X
	X
	X
	X
	X
	U
	D
	X
	X
	X
	X
	X
	U

	61
	D
	D
	X
	X
	X
	X
	U
	D
	D
	X
	X
	X
	X
	U

	62-255
	reserved


It can be noted that, apart from slot formats 0 - 2, all slot formats contain a mix of D, U and X symbols. 
Selecting a synchronisation / semi-synchronisation option for 5G-NR requests:
Selection of a timing reference (beginning of the frame);
Selection of normal or extended prefix;
Selection of a subcarrier spacing configuration;
Selection of a slot configuration.
A1.3 [bookmark: _Ref524517312]studies assessing the impact of the 5g-nr frame structure on 5g performance
[bookmark: _Toc521332429][bookmark: _Ref525810469]Study #1
ECC Report 281 states: “Although complete alignment of UL/DL transmissions between LTE-TDD and 5G-NR can be achieved…, this would have implications on the minimum latency achievable by 5G-NR. Full synchronisation of the 5G-NR slot structure and LTE-TDD configuration brings significant drawbacks to the 5G-NR implementation. Many of the benefits of 5G-NR are linked precisely to the frame structure. Reverting to the LTE-TDD structure would imply higher latency, higher MS memory cost, TCP performance loss, mobility performance loss and spectral efficiency loss, although networks could be designed to overcome some of these drawbacks.”
This Section provides additional elements to qualify the statement from ECC Report 281.
A1.3.1.1 [bookmark: _Toc521332430]Impact on latency
When 5G-NR frame structure is aligned with LTE-TDD, the UL occurrences are spaced out, matching the LTE-TDD format. The MS must wait for the next UL opportunity to send the HARQ response, which may be several slots (TTIs) later. Assuming 30 kHz subcarrier spacing, the timeline of 5G-NR is aligned with LTE-TDD Configuration 2 as shown in Figure 32.

[bookmark: _Ref533158620]Figure 32: HARQ timeline when 5G-NR frame structure is aligned with LTE-TDD frame configuration #2
As shown, there are seven consecutive DL-only slots without any UL control block. The earliest opportunity to send the HARQ response is the UL symbols at the end of the 8th slot. 
Similarly, for UL traffic, the consecutive DL slots will also block scheduling requests (SR) and UL data transmission. 
Considering scheduling and MS/network processing latency, this frame structure will lead to L1 latency > 4ms. Note that IMT-2020 eMBB latency requirement is 4ms and URLLC latency requirement is 0.5ms. When 5G-NR deployments follow the LTE-TDD frame structure for coexistence purposes, they would not be able to meet the IMT-2020 requirements and most importantly deployment of innovative services such as URLLC would not be possible.
Simulations were performed on the impact of the 5G-NR frame structure on latency. The 5G-NR DDDDDDDSUU multi slot structure (30 kHz SCS, start shifted to the first DL slot) is with respect to timing and UL/DL configuration an identical match with LTE-TDD frame configuration #2 also known as DSUDDDSUDD.


Figure 33: LTE-TDD – 5G-NR slot matching assumption
Figure 34 depicts the possible HARQ timeline and the transmission opportunities of the two multi-slot structures. Figure 34 summarises the timing relations and constants for each sub-process.
[image: ]
[bookmark: _Ref526961560][bookmark: _Ref533158927][bookmark: _Ref533158993][bookmark: _Ref526961556]Figure 34: HARQ timeline and transmission opportunities comparisons

[bookmark: _Ref533158916]Table 17: Timing relations and constants
	
	DSDU
Delay in slots
	DDDDDDDSUU (*)
Delay in slots

	K0: DL Grant to DL Tx
	0
	0

	K1: DL Tx to DL ACK
	1
	1

	K2: UL Grant to UL Tx
	1
	1

	K3: DL NACK to DL re-Tx grant
	3
	3

	K4: UL Tx to UL re-Tx grant
	3
	3

	K5: SR to UL grant
	2
	2

	DL HARQ processes
	4
	8

	SR periodicity
	1ms
	5ms

	(*) LTE-TDD-like TDD configuration still assumes typical 5G-NR processing delays
With the given assumptions, the DSDU configuration shows significant benefits over DDDDDDDSUU with respect to HARQ RTT and UL scheduling delay.


Table 18: Simulation analysis – latency
	
	DSDU
	DDDDDDDSUU

	# required HARQ processes
	4
	8

	DL HARQ RTT
	2-3 ms
	5ms

	UL HARQ RTT
	2ms
	5ms

	UL scheduling delay 
	1-2 ms
	4.5-9.5 ms


The HARQ Round Trip Time (RTT) gives the minimum periodicity for the transmission of a new data packet (transport block) including ACK in one HARQ process. 
Due to fewer UL ACK or data transmission opportunities in DDDDDDDSUU, the simulations result in more than twice the time (5ms) that is needed to complete one HARQ round trip as compared to DSDU (2-3 ms). In the case of HARQ retransmissions this delay would multiply.
The UL scheduling delay determines the time needed to send the first high priority/low latency data packet when no UL grant is given. It consists of the following steps:
1. Packet arrives at transmit buffer;
Wait for opportunity to send scheduling request (SR);
Send scheduling request;
Wait for UL grant;
Send UL data using granted resources.
The considerations show the significant benefits of the DSDU scheduling delay (1-2 ms) over the time required in the case of LTE-TDD synchronisation (4.5-9.5 ms). This is achieved by more frequent transmit opportunities for UL SR and UL data, and suitable to multiplex URLLC services with existing eMBB traffic.
A1.3.1.2 [bookmark: _Toc521332431]Impact on capacity
The increased flexibility of 5G-NR frame structure also has a direct impact on the overall capacity of the network. 
The more frequent UL opportunities, for instance, also allows a higher spectral efficiency due to fast channel feedback. The UL symbols every 1ms allows MS to send sounding reference signals (SRS) and channel quality information (CQI), allowing the gNB to have an up-to-date estimate of the channel conditions. More accurate channel estimation allows for a more efficient usage of beamforming and better rate control through more accurate modulation and coding scheme (MCS) selection. The result is improved cell capacity. 
As the cell coverage is typically defined by PDSCH SE (spectral efficiency) at the cell edge, improved beamforming efficiency implies a coverage improvement too – as the same cell edge SE can be reached at higher path loss conditions.
On the other hand, when 5G-NR and LTE-TDD transmission direction is aligned, UL symbols are available less frequently, leading to less accurate channel state information and reduction in capacity.
Simulations compare the latency, the spectral efficiency and the user-perceived throughput for a 5G-NR DDDDDDDSU vs. 5G-NR DSDU slot configuration. 
System simulations have been conducted to determine the benefits of the short 1ms switching of DSDU vs. 5ms of DDDDDDDSU with respect to spectral efficiency and user-perceived throughput.
The assumptions in Table 19 were used for the simulations.
[bookmark: _Ref526966494][bookmark: _Ref526966479]Table 19: Simulation inputs
	Parameter
	Value

	Scenario
	UMi, ISD = 200 m

	Layout
	57 cells w/wraparound, 10 MSs/cell

	# Antenna elements, # TXRU
	BS: (M, N, Mg, Ng, P) = (8, 8, 1, 1, 2) with 64 TXRU

	Outdoor MSs
	(2 V elements combined) (X-pol) 4 Rx at MS (X-pol)

	Carrier frequency
	20%

	Bandwidth
	3.5 GHz

	Numerology
	Sys bandwidth = 100 MHz, Sim bandwidth = 10 MHz

	BS antenna down tilt
	30 kHz SCS, 0.5ms slot

	BS antenna spacing
	14 degrees 

	Antenna gain
	dH = 0.5 λ, dV = 0.8 λ

	Max Tx power (over 100 MHz)
	BS: 44 dBm; MS: 26 dBm

	Noise figure
	BS: 5 dB; MS: 9 dB

	Processing gain for SRS
	Based on Link-Sim

	MS antenna spacing
	0.5λ linear array (X-pol)

	Doppler
	3 kmph (Indoor), {10,30,60,90,120} kmph (Outdoor)

	Penetration loss
	According to 38.901 (low-loss model)

	Guard band overhead
	10% (Useful bandwidth: 25 RBs of 360 kHz each over 10 MHz)

	UL SRS power control
	Targets -5 dB UL SNR

	Traffic model
	Full buffer and Bursty FTP model 3, 0.5 MB file size

	Scheduler
	MU MIMO + sub-band p-fair scheduling (5 sub-bands)

	Channel estimation
	Realistic


To analyse the impact to the spectral efficiency, an outdoor user running a full buffer DL traffic pattern has been simulated with different moving speeds. More frequent opportunities to transmit sounding reference signals (SRS) lead to better spectral efficiency over the PDSCH symbols in a fast fading channel. Faster sounding allows better tracking of channel fluctuations, thus allowing improved demodulation performance. Figure 35 compares the simulated spectral efficiency at 5ms and 1ms SRS transmission opportunities.
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[bookmark: _Ref526966577]Figure 35: Spectral efficiency gains vs. speed
It can be seen that the fast switching of DSDU achieves a better spectral efficiency across all speeds as compared to LTE-TDD compatible DDDDDDDSUU frame structure. While the median gain is 30% to 40%, the gain at the lower percentile (e.g., cell edge conditions) rises to 70%.
To simulate the effect of the slot structure on user perceived throughput in a realistic scenario, a bursty traffic pattern (Bursty FTP model 3, 0.5 MB file size, variable file arrival time) was simulated. The shorter DL/UL switching periodicity of DSDU creates more transmission opportunities. The improved spectral efficiency enables the use of larger transport blocks. With these advantages, the gain of the median throughput can be as high as 50% (593 Mbps DSDU vs. 394 Mbps DDDDDDDSUU). Even in cell edge conditions, a 23% gain can still be achieved.
[image: ]
Figure 36: Bursty traffic – perceived throughput vs. file arrival rate
The simulations show that latency and spectral efficiency significantly benefit from the DSDU configuration. These advantages justify the additional DL/UL guard period overhead incurred by the more frequent DL/UL switching.
[bookmark: _Toc521332432][bookmark: _Ref524517010][bookmark: _Ref525727436][bookmark: _Ref526935541][bookmark: _Ref535443345]Study #2
[bookmark: _Ref129681832]The following Sections provide an assessment in terms of latency and capacity performance for the three frame structures provided in Figure 37. 
Among the three frames that are addressed in this study, the DDDDDDDSUU frame structure is the only one to be LTE-TDD compatible.
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[bookmark: _Ref517097214]Figure 37: 5G-NR frame structures for evaluation – slot level
Differently from LTE-TDD, 5G-NR allows for the assignment of DL and UL transmission directions at OFDM symbol level (in LTE-TDD the UL/DL assignment is done at sub-frame level), the assessment therefore depends on the specific choices at OFDM symbol level which are illustrated in Figure 38.
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[bookmark: _Ref526072927][bookmark: _Ref526072791]Figure 38: 5G-NR frame structures for evaluation – OFDM symbol level
A1.3.1.3 [bookmark: _Ref517103122][bookmark: _Toc521332433]Latency assessment (grant-free UL transmissions)
The latency assessment results in Table 4[footnoteRef:54] account for the “grant-free” UL transmissions feature (also known as “configured grant”) which is an optional feature for 5G-NR in 3GPP. The “grant-free” UL is beneficial for low latency since it avoids the need to first transmit a scheduling request on UL followed by a scheduling grant on downlink before UL data transmission can take place [54:  In case of grant-based transmission, the latency is expected to be higher.] 

It is to be noted that decisions to mandate features for Rel-15 5G-NR MSs were made in consideration of eMBB services, which are the first targets on the 5G market. Most of the features related to low latency and/or reliability are optional. This includes not only the “grant-free” feature, but also other features such as the mini-slots (frequency control monitoring and short transmission durations), MS processing capability #2 (necessary for the "self-contained" slot operation), dynamic signalling of slot format (see Table 16), etc.
Simulations results with grant-free based UL transmission are valuable in deriving the lowest possible user plane latency performance. 
According to Report ITU-R M.2410 [18], the user plane latency is the contribution of the radio network to the time from when the source sends a packet to when the destination receives it (in ms). It is defined as the one-way time it takes to successfully deliver an application layer packet/message from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface in either uplink or downlink in the network for a given service in unloaded conditions, assuming the mobile station is in the active state. 
Based on the definition and the evaluation method provided in Report ITU-R M.2412 [19], the components of user plane latency are listed in Table 20. 
[bookmark: _Ref526966844][bookmark: _Ref516329602]Table 20: Components of user plane latency
	ID
	Component
	Notations

	1
	MS processing delay
	tUE = tUE,rx + tUE,tx
For DL: 
tUE,rx is the time interval between when the PDSCH is received and when the data is decoded; 
tUE,tx is the time interval between when the data is decoded, and when the ACK / NACK packet is generated.
For UL:
tUE,tx is the time interval between when the data arrived, and when the packet is generated; 
tUE,rx is the time interval between when the ACK is received and when the ACK is decoded.

	2
	Frame alignment (transmission alignment)
	tFA,DL or tFA,UL
It includes the waiting time (e.g. in TDD, data transmission needs to wait for the next available DL/UL non-slot/slot)

	3
	TTI for data packet transmission
	tdata_duration

	4
	HARQ retransmission
	tHARQ

	5
	BS processing delay
	tBS = tBS,rx + tBS,tx
For UL:
tBS,rx is the time interval between when the PUSCH is received and when the data is decoded; 
tBS,tx is the time interval between when the data is decoded, and when the ACK/NACK packet is generated.
For DL: 
tBS,tx is the time interval between when the data arrived, and when the packet is generated; 
tBS,rx is the time interval between when the ACK is received and when the ACK is decoded.

	-
	Total one way user plane latency for DL
	tUP = (tBS,tx + tFA,DL) + tdata_duration + tUE,rx + n×tHARQ
where:
tHARQ = (tUE,tx + tFA,UL) + tdata_duration + tBS,rx + (tBS,tx + tFA,DL) + tdata_duration + tUE,rx,
n is the number of re-transmissions (n≥0)

	
	Total one way user plane latency for UL
	tUP = (tUE,tx + tFA,UL) + tdata_duration + tBS,rx + n×tHARQ
where:
tHARQ = (tBS,tx + tFA,DL) + tdata_duration + tUE,rx + (tUE,tx + tFA,UL) + tdata_duration + tBS,rx, 
n is the number of re-transmissions (n≥0)


The role of the described components in a BS-to-MS data transmission procedure is illustrated in Figure 39.
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[bookmark: _Ref510692243]Figure 39: illustration of User Plane latency components
It is noted that the values of the above components depend on the frame structure and numerology, MS capability on processing, as well as PDSCH / PUSCH mapping type. These impact factors are further subject to duplexing schemes like FDD, TDD and TDD+SUL (Supplemental UpLink). 
The MS processing time, tUE, has been agreed in 3GPP RAN1#90bis, known as “MS capability 1” (PDSCH processing capability 1). For different numerologies, the value of tUE is expressed in terms of OFDM symbols (OS), say K OS, as listed in Table 21 (see Section 5.3 in [20]). 
[bookmark: _Ref516329698]Table 21: MS processing time (PDSCH processing capability 1)
	µDL
	Sub-carrier spacing
	PDSCH decoding time N1 [symbols]

	
	
	No additional PDSCH DM-RS configured
	Additional PDSCH DM-RS configured

	0 
	15 kHz
	8
	13

	1
	30 kHz
	10
	13

	2
	60 kHz
	17
	20

	3
	120 kHz
	20
	24


The BS processing time (tBS) is assumed to be the same as that of MS’s. For this evaluation, it is further assumed that the two parts of tMS and tBS, that is, tX,rx and tX,tx, are equal. Based on these assumptions, one has
tBS,rx = tBS,tx = tUE,rx = tUE,tx = K/2
If the number of OFDM symbols per TTI is M, then tdata_duration = M. Taking FDD as an example, the average user plane latency is calculated as below,


Where p is the error probability of the first HARQ retransmission. 
For TDD, the extra frame alignment delay for both DL and UL, tFA,DL and tFA,UL, might be larger than 0 due to the DL/UL configuration (the time needed to wait for the next available DL/UL TTI).
The following assumptions were made as basis for this evaluation:
The MS processing time is determined with the assumption of MS capability 1 and no additional DMRS configured;
PDSCH / PUSCH mapping Type B is employed, which is more flexible to support non-slot based scheduling;
Additionally, the packet is assumed to be arrived randomly in any symbol in any slot. 
Based on the assumptions above, the average latencies for DL and UL for different frame structures are illustrated in Table 22and Table 23.
Due to the shorter DL/UL switching period, the user plane latency and round-trip time (RTT) of DSDU frame is lower in most cases.
The user plane latency and RTT associated with DDDSU and DDDDDDDSUU frames can be further reduced by using lower frequencies (e.g. 700, 800, 900, 1800 MHz) in combination with the 3400-3800 MHz band (e.g. through Carrier Aggregation or Supplemental Uplink schemes). The resulting RTT will meet the most stringent latency requirement for URLLC and eMBB simultaneously.
[bookmark: _Ref516329758]Table 22: DL latency evaluation results for 5G-NR frame structures (SCS = 30 kHz)
	Slot / non-slot based scheduling
	Latency
	Frame structure (GP: 2 OFDM symbols)

	
	
	DDDSU
	DDDDDDDSUU
	DSDU

	2OS non-slot based scheduling
	User plane latency (ms)
	p=0
	0.53
	0.57
	0.52

	
	
	p=0.1
	0.71
	0.88
	0.63

	
	RTT (ms)
	1.77
	3.02
	1.12

	Slot-based scheduling
	User plane latency (ms)
	p=0
	0.87
	0.93
	0.90

	
	
	p=0.1
	1.07
	1.25
	1.04

	
	RTT (ms)
	1.98
	3.24
	1.42


[bookmark: _Ref517097922][bookmark: _Ref518390198][bookmark: _Ref525968616][bookmark: _Ref517097917]Table 23: UL latency evaluation results for 5G-NR frame structures (SCS = 30 kHz)
	Slot / non-slot based scheduling
	Latency
	Frame structure ( GP: 2 OFDM symbols)

	
	
	DDDSU
	DDDDDDDSUU
	DSDU

	Non-slot based scheduling
	User plane latency (ms)
	p=0 
	1.22
	2.01
	0.78

	
	
	p=0.1
	1.39
	2.30
	0.88

	
	RTT (ms)
	1.71
	2.95
	1.05

	Slot-based scheduling
	User plane latency (ms)
	p=0 
	1.61
	2.40
	1.46

	
	
	p=0.1
	1.80
	2.72
	1.62

	
	RTT (ms)
	1.90
	3.14
	1.69


A1.3.1.4 [bookmark: _Toc521332434]Latency assessment in case of support from lower frequency bands (grant-free UL transmissions)
If the lower frequency bands are used in combination (e.g. Carrier Aggregation or Supplemental Uplink schemes) with the 3400-3800 MHz band with DDDDDDDSUU, the RTT delay will be significantly reduced based on the analysis in Section A3.3.2.1, and the performance will be improved for 5% UPT in case of SUL.
In this evaluation, it was assumed that one MS always uses either the SUL for all its UL transmissions, or always uses the 3400-3800 MHz UL for all its UL transmissions, based on measured RSRP. NR specifications allow configuring the MS to use both uplinks in a TDM manner, which provides more flexibility in the operation than simulated here. With this respect, the simulation results can be taken as a best case. Accounting for partial resources availability for NR users in the SUL band (or in the uplink portion of the band in case of CA) would reduce the gain in latency to some extent.
It is to be noted, that licensees for the 3400-3800 MHz frequencies do not necessarily have access to lower frequency bands.
While the 1800 MHz SUL band and the 3400-3800 MHz frequencies may be related by second-order inter-modulation products, such interference can be always avoided by ensuring the MS always uses one of the two uplinks only. When configured with the two uplinks, the MS is configured with timing patterns that ensure uplink transmissions only in time-division multiplexing manner, as specified in 3GPP. Other choices of SUL frequencies are also available in bands specified by 3GPP (e.g. 700, 800 or 900 MHz), where second-order inter-modulation products would not appear in the 3400-3800 MHz band. TDM patterns to avoid the same inter-modulation products are also specified in 3GPP for LTE-NR dual connectivity with or without the use of a SUL.
Table 24: DL latency evaluation results for 5G-NR frame structures (SCS = 30 kHz)
	Slot / non-slot
based scheduling
	Latency
	Frame structure (GP: 2 OFDM symbols)

	
	
	DDDSU
+ SUL
	DDDDDDDSUU
+ SUL

	2OS non-slot based scheduling
	User plane latency (ms)
	p=0
	0.53
	0.57

	
	
	p=0.1
	0.60
	0.66

	
	RTT (ms)
	0.78
	0.82

	Slot-based scheduling
	User plane latency (ms)
	p=0
	0.87
	0.92

	
	
	p=0.1
	0.99
	1.04

	
	RTT (ms)
	1.12
	1.17


Table 25: UL latency evaluation results for 5G-NR frame structures (SCS = 30 kHz)
	Slot / non-slot based scheduling
	Latency
	Frame structure ( GP: 2 OFDM symbols)

	
	
	DDDSU + SUL
	DDDDDDDSUU + SUL

	Non-slot based scheduling
	User plane latency (ms)
	p=0 
	0.49
	0.50

	
	
	p=0.1
	0.58
	0.58

	
	RTT (ms)
	0.82
	0.86

	Slot-based scheduling
	User plane latency (ms)
	p=0 
	0.92
	0.92

	
	
	p=0.1
	1.06
	1.08

	
	RTT (ms)
	1.43
	1.59


A1.3.1.5 [bookmark: _Toc521332436]DL Capacity assessment (grant-based UL transmissions)
The following aspects have an impact on the 5G-NR frame structure performance in terms of system capacity:
Guard Period (GP) overhead: 
GP is introduced at the DL/UL switching point. Frequent DL/UL switching will introduce larger GP overhead, which determines system capacity reduction.
UL slot availability:
The UL slot availability affects the Channel State Information (CSI) feedback and ACK / NACK feedback delay. The more frequent availability of UL sub-frames will reduce the CSI and ACK / NACK feedback delays. The reduced CSI feedback delay is beneficial for system capacity for fast varying channels. The reduced ACK / NACK feedback delay is beneficial for reducing RTT delay, and increasing user perceived throughput in some cases.
DL and UL ratio: 
The DL and UL ratio associated with a certain frame structure should be consistent with the DL and UL traffic pattern. Otherwise, the DL or UL system capacity will be degraded.
Considering the above aspects, it is observed that the DSDU frame structure performance benefits from fast CSI measurement and feedback, however the frequent DL/UL switching that characterise this frame structure leads to extra overhead. 
On the other hand, the DDDSU and DDDDDDDSUU frame structures may suffer from a relatively slower CSI feedback, yet benefiting from reduced GP transmission overhead. 
Taking into account the channel varying nature that depends on the device moving speed distribution (adopted assumptions: 80% indoor users with 3km/h and 20% outdoor users with larger moving speeds), the trade-off of the CSI feedback and the overhead introduced by DL/UL switching point needs to be carefully evaluated for different candidate frame structures. 
In this study, the spectral efficiency and the user-perceived throughput (UPT) are evaluated for the DDDDDDDSUU, DDDSU, and DSDU frame structures. The detailed assumptions for this study are provided in Section A3.3.2.6. 
[bookmark: _Ref516592504]Based on the evaluation assumptions listed in Table 26, the total overhead for the different frame structures are provided in Table 27. In Table 27, DSDU is associated with the highest overhead due to the increased CSI-RS and GP overhead for the fast CSI measurement and DL/UL switching. As the length of GP increases from 2 to 4 OFDM symbols, the difference in the total overhead for the DSDU frame and for the DDDSU frame will be further increased. The DDDSU frame structure provides good balance for overhead and CSI acquisition.
[bookmark: _Ref517100987]Table 26: Assumptions for overhead calculations for different frame structures in DL
	Overhead assumption
	DDDSU
	DDDDD DDSUU
	DSDU

	PDCCH
	2 complete symbols in the downlink dominant slot
	2 complete symbols in the downlink dominant slot
	2 complete symbols in the downlink dominant slot; 1 complete symbol in the uplink dominant slot

	DMRS
	Type II DMRS, dynamic calculation according to paired layer number
	Type II DMRS, dynamic calculation according to paired layer number
	Type II DMRS, dynamic calculation according to paired layer number

	CSI-RS
	4 ports per MS with 5 slots period;
40 REs/PRB for 10 users
	4 ports per MS with 10 slots period;
40 REs/PRB for 10 MSs
	4 ports per MS with 4 slots period;
40 REs/PRB for 10 MSs 

	SSB
	8 SSBs per 20 ms
	8 SSBs per 20 ms
	8 SSBs per 20 ms

	TRS
	2 burst consecutive slots per 20ms, bandwidth with 51 PRBs
	2 burst consecutive slots per 20ms, bandwidth with 51 PRBs
	2 burst consecutive slots per 20ms, bandwidth with 51 PRBs

	GP
	2/4 symbols
	2/4 symbols
	2/4 symbols


[bookmark: _Ref516588706]Table 27: Overhead calculation for different frame structures in DL
	Overhead
	GP (2 symbols)
	GP (4 symbols)

	
	DDDSU
	DDDDD
DDSUU
	DSDU
	DDDSU
	DDDDD
DDSUU
	DSDU

	PDCCH 
	0.15
	0.15
	0.16
	0.15
	0.15
	0.16

	DMRS 
	0.10
	0.10
	0.09
	0.10
	0.10
	0.09

	CSI-RS
	0.06
	0.03
	0.08
	0.06
	0.03
	0.08

	SSB
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03

	TRS
	0.002
	0.002
	0.002
	0.002
	0.002
	0.002

	GP
	0.04
	0.02
	0.09
	0.07
	0.04
	0.19

	Total overhead
	0.38
	0.33
	0.46
	0.41
	0.35
	0.55


For spectrum efficiency evaluation, the performance under downlink full buffer traffic with different moving speeds is illustrated in Figure 40 and Figure 41. It should be noted that the moving speeds indicated in Figure 40 and Figure 41 apply to 20% outdoor users, and the moving speed of 80% indoor users is kept to 3 km/h. 
According to Figure 40 and Figure 41, the cell average spectrum efficiency for DDDSU and DDDDDDDSUU are comparable. The DDDDDDDSUU frame structure can attain higher cell average spectrum efficiency and cell-edge spectrum efficiency due to the lower overhead, for the low speed scenario in particular. 
When the speed of outdoor users is 10 km/h, the cell average and cell-edge spectrum efficiency can achieve 15% and 23% gain for DDDDDDSUU vs. DSDU, respectively. This is determined by the slow channel variation due to the low speed users and in this case, the fast CSI measurement and feedback cannot bring significant gain. 
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[bookmark: _Ref517101896][bookmark: _Ref517101889]Figure 40: DL spectrum efficiency with different speeds - cell average spectrum efficiency   

	[image: ]
[bookmark: _Ref517430810]Figure 41: DL spectrum efficiency with different speeds - cell-edge spectrum efficiency


The assessment of the User Perceived Throughput (UPT) is provided for downlink burst traffic. It is noted that UPT in this evaluation is defined on the basis of a data packet, i.e., UPT = (packet size) / (time to complete the transmission of this packet). Therefore the UPT performance statistic is conducted per data packet basis, which offers the assessment on data packet throughput distribution. 
In Figure 42, Figure 43, Figure 44 and Figure 45 the UPT performance with different arrival rates is illustrated to evaluate the performance under different traffic loads. 
In the evaluation, the speed of the 20% outdoor users is assumed to be 30 km/h and the 80% indoor users again keep the moving speed of 3km/h. 
With the good balance of overhead and feedback delay, DDDSU frame structure has better performance in most cases and the gain compared to DSDU can be achieved by more than 10%. Due to the lower overhead, the frame structure DDDDDDDSUU also can obtain gain for average UPT and 95% UPT (up to 20% gain), where re-transmission is less needed. 
For 5% UPT, it is observed that DSDU has around 5% gain over DDDDDDDSUU. This is due to the fact that these poor packets are usually transmitted via re-transmissions. In this case, the RTT delay is a major factor that impacts UPT, and DSDU can outperform by reduced RTT delay. However, the gain is not significant after the trade-off with the GP overhead is taken into account. 
Besides, if the lower frequency bands are used in combination (e.g. Carrier Aggregation and Supplemental Uplink schemes) with the 3400-3800 MHz band with DDDDDDDSUU, the RTT delay will be significantly reduced based on the analysis in section A3.3.2.1, and the performance will be improved for 5% UPT in case of SUL.
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[bookmark: _Ref517431006]Figure 42: DL UPT with different arrival rates in burst traffic - user average UPT
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[bookmark: _Ref533073039]Figure 43: DL UPT with different arrival rates in burst traffic - 5% UPT
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[bookmark: _Ref517430969]Figure 44: DL UPT with different arrival rates in burst traffic - 95% UPT
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[bookmark: _Ref517430971]Figure 45: DL UPT with different arrival rates in burst traffic - 50% UPT


Based on the above evaluation for latency and capacity, the study demonstrates that the frame structures of DDDSU and DDDDDDDSUU can introduce good system capacity and high user perceived throughput. The study also shows that, in case of DDDDDDDSUU frame structure, the combined use of the 3400-3800 MHz band with low frequencies with SUL scheme can further reduce the latency and boost the lower part (i.e. cell edge) of user perceived throughput.
A1.3.1.6 [bookmark: _Toc521332437]UL Capacity assessment (grant-based UL transmissions)
Similarly to the capacity assessment in DL, here follows an assessment for the UL overhead, spectral efficiency, and UPT for the different 5G-NR frame structures. 
Based on the evaluation assumptions listed in Table 28, the total UL overhead for the different frame structures are provided in Table 29 and Table 27. For DMRS overhead assumption in Table 28, 2 complete OFDM symbols are assumed to acquire good performance of channel estimation. In Table 29, DSDU frame structure has the highest overhead resulted by the frequent SRS and DMRS transmission. As the length of GP increases, the valid UL resource for DSDU will be further reduced and the overhead increases. On the contrary, the DDDSU frame structure provides good balance for overhead, UL CSI acquisition, and RTT delay. 
[bookmark: _Ref518401111]Table 28: Overhead assumption for different frame structures in UL
	Overhead
assumption
	DDDSU
	DDDDDDDSUU
	DSDU

	PUCCH
	7 OFDM symbols;
2 PRBs/symbol
	7 OFDM symbols;
2 PRBs/symbol
	7 OFDM symbols;
2 PRB/symbol

	DMRS
	2 complete OFDM symbols
	2 complete OFDM symbols
	2 complete OFDM symbols

	SRS
	2 OFDM symbols per 5 slots
	2 OFDM symbols per 10 slots
	2 OFDM symbols per 4 slots


[bookmark: _Ref518404372]
[bookmark: _Ref533080841]Table 29: Overhead calculation for different frame structures in UL
	Overhead
	GP (2 symbols)
	GP (4 symbols)

	
	DDDSU
	DDDDD
DDSUU
	DSDU
	DDDSU
	DDDDD
DDSUU
	DSDU

	PUCCH 
	0.017
	0.018
	0.021
	0.017
	0.018
	0.025

	DMRS 
	0.125
	0.133
	0.154
	0.125
	0.133
	0.182

	SRS
	0.125
	0.067
	0.154
	0.125
	0.067
	0.182

	Total overhead
	0.267
	0.218
	0.329
	0.267
	0.218
	0.389








For UL spectrum efficiency evaluation, the performance under full buffer traffic with different moving speeds is illustrated in Figure 46 and Figure 47. Similarly to what was observed in DL, the cell average and cell-edge spectrum efficiency for DDDSU and DDDDDDDSUU are better than that of DSDU due to the combined effect from overhead and the fast CSI acquisition. The cell average and cell-edge spectrum efficiency can achieve 14% and 15% gain for DDDDDDSUU vs. DSDU, respectively, when the speed of outdoor users is 10 km/h. 
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[bookmark: _Ref518413040][bookmark: _Ref518413034]Figure 46: UL spectrum efficiency with different speeds - cell average spectrum efficiency
[image: ]
[bookmark: _Ref518413060]Figure 47: UL spectrum efficiency with different speeds – cell-edge spectrum efficiency
In Figure 48 and Figure 51, the UL UPT performance with different arrival rates is presented under different traffic loads. In the evaluation, the speed of the 20% outdoor users is assumed to be 30 km/h and the 80% indoor users still keep the moving speed of 3km/h. 
Under different traffic loads, DDDSU frame structure has the best performance in most cases. Compared to DSDU with 3 files/s arrival rate, the frame structure DDDDDDDSUU can obtain 14% and 12% gain for average UPT and 95% UPT, respectively, where re-transmission is less needed. 
For 5% UPT, it is observed that DSDU has around 2% gain over DDDDDDDSUU. This is similar to the observation in DL 5% UPT, which resulted by the higher RTT delay for DDDDDDDSUU. However, the gain is not significant after the trade-off with the GP overhead is taken into account. 
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[bookmark: _Ref518416837]Figure 48: UL UPT with different arrival rates in burst traffic - user average UPT
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Figure 49: UL UPT with different arrival rates in burst traffic – 5% UPT
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Figure 50: UL UPT with different arrival rates in burst traffic – 95% UPT
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[bookmark: _Ref518416851]Figure 51: UL UPT with different arrival rates in burst traffic – 50% UPT
A1.3.1.7 [bookmark: _Toc521332438]UL Capacity assessment in case of support from lower frequency bands (grant-based UL transmissions)
The combined use of lower frequency bands with the 3400-3800 MHz band (e.g. via Carrier Aggregation and Supplemental Uplink schemes) allows to enhance the 5G-NR uplink coverage providing good UL performance under the same inter-site distance used for the lower frequency bands.
It is to be noted, that licensees for the 3400-3800 MHz frequencies do not necessarily have access to lower frequency bands.
In general terms, the evaluation procedure for the 5G-NR multi-band operation with TDD band + SUL is summarised hereafter.
Step 1: users are dropped across the network coverage area, each user selects its serving cell and frequency band fi (i=1 or 2) based on RSRP. gNB configures MS’s frequency band fi (i=1 or 2);
Step 2: Data transmission simulation on each frequency band;
Step 3: Collect each user’s simulated throughput on specific band;
Step 4: Generate the CDF of user throughput from all users on frequency band f1 and f2, and take the 5th percentile point of the user throughput CDF as the cell-edge data rate.
For frequency bands f1 and f2, the carrier frequency 3500 MHz (TDD band) and 1800 MHz (SUL band) are used, respectively. For SUL band, the duplexing mode FDD is used. 
Since the channel bandwidth in the TDD band (100 MHz) and SUL band (20 MHz) are different in the evaluation, the spectrum efficiency metric cannot intuitively present the performance difference. Hence the cell average throughput and cell-edge throughput metrics are selected to evaluate the SUL capacity.
In Figure 52 and Figure 53, the UL throughput for TDD band only and TDD+SUL band is provided. In the evaluation, the speed of the 20% outdoor users is assumed to be 30 km/h and the 80% indoor users keep the moving speed of 3km/h. 
For cell average throughput, using the SUL band allows for about 40% gain due to the bandwidth increase. More spectrum resources can be allocated to the 70% users in the TDD band when the 30% users are offloaded to the SUL band. Up to 5-times gain can be reached for cell-edge users exploiting the SUL band due to the fact that such users benefit from the lower path loss and the sufficient bandwidth, 
[bookmark: _Ref518480967][image: ]
Figure 52: UL throughput with TDD+SUL band - cell average throughput

[image: ]
[bookmark: _Ref518480976]Figure 53: UL throughput with TDD+SUL band – cell-edge throughput
A1.3.1.8 [bookmark: _Toc521332440][bookmark: _Ref526079851]Assumptions
The system configuration parameters for the Macro BS Urban test environment are illustrated in Table 30 and the technical parameters are illustrated in Table 31 and Table 32. 
[bookmark: _Ref514853184]Table 30: Simulation parameters for Macro BS Urban test environment
	System configuration parameters
	Values

	Test environment
	Macro BS Urban

	Carrier frequency 
	3.5GHz (1 Macro BS layer)
Lower frequency band: 1.8GHz (when applicable)

	BS antenna height
	20m

	Total transmit power per TRxP
	46 dBm

	MS power class
	23 dBm

	Inter-site distance
	500 m

	User distribution
	Indoor: 80%
Outdoor: 20%

	MS speeds of interest
	Indoor users: 3 km/h
Outdoor users: 10/30/60/90/120 km/h

	Inter-site interference modelling
	Explicitly modelled

	BS noise figure
	5 dB

	MS noise figure
	9 dB

	BS antenna element gain
	8 dBi

	MS antenna element gain
	0 dBi

	Thermal noise level
	-174 dBm/Hz

	Traffic model
	Full buffer;
Burst buffer: file size 0.5 Mbytes, arrival rate 0.5/1/2/3

	MS density
	10 MSs per TRxP

	MS antenna height
	Outdoor MSs: 1.5 m
Indoor UTs: 3(nfl – 1) + 1.5; 
nfl ~ uniform(1,Nfl) where 
Nfl ~ uniform(4,8)

	Channel model variant
	Channel model A (follow TR36.873)

	TRP number per site
	3

	Mechanic tilt 
	90 degree in GCS (pointing to horizontal direction)

	Electronic tilt
	100 degree

	Handover margin (dB)
	1

	UT attachment
	Based on RSRP from port 0

	Wrapping around method
	Geographical distance based wrapping

	Minimum distance of TRxP and MS
	Follow corresponding channel model variant

	Polarised antenna model
	Model-2 in TR 36.873

	frequency reuse
	1

	Antenna pattern
	Follow TR 36.873

	Below rooftop BS antenna deployment
	0%

	Indoor user terminal penetration loss
	Follow channel model A in TR 36.873


[bookmark: _Ref514853337]Table 31: Technical configuration parameters in DL
	Technical configuration Parameters
	Values

	Waveform
	OFDM-based

	Multiple access
	OFDMA

	Duplexing
	TDD

	Network synchronisation
	Synchronised

	Modulation
	Up to 256 QAM

	Numerology
	30kHz SCS

	Guard band ratio on simulation bandwidth
	8.2% (for 20 MHz)

	Simulation bandwidth
	20 MHz (51 PRBs)

	Frame structure
	DDDSU, DDDDDDDSUU, DSDU

	Transmission scheme
	Closed SU/MU-MIMO adaptation

	DL CSI measurement
	Precoded CSI-RS based, non-PMI

	DL codebook
	N/A

	MU dimension
	Up to 12 layers

	SU dimension
	Up to 4 layers

	SRS transmission
	Non-precoded SRS, 4 Tx ports, 
8 PRBs per symbol,
2 symbols per 10 slots for DDDDDDDSUU,
2 symbols per 5 slots for DDDSU,
2 symbols per 4 slots for DSDU

	CSI feedback
	CQI/RI feedback every 10 slots for DDDDDDDSUU,
CQI/RI feedback every 5 slots for DDDSU,
CQI/RI feedback every 4 slots for DSDU,
Non-PMI feedback, Sub-band based 

	Interference measurement
	SU-CQI

	Max CBG number
	1

	ACK/NACK delay
	N+1

	Re-transmission delay
	the next available DL slot after receiving NACK

	Antenna configuration at TRxP
	32 TxRU, (8,8,2,1,1;2,8), 
(dH, dV)=(0.5, 0.8)λ,
Vertical 1 to 4.

	Antenna configuration at MS
	4 TXRU, (1,2,2,1,1; 1,2)
(dH, dV)=(0.5, N/A)λ

	Scheduling
	PF

	Receiver
	MMSE-IRC

	Channel estimation
	Non-ideal

	Overhead
	PDCCH
	2 symbols

	
	SSB
	8 SSB / 20ms

	
	CSI-RS 
	DDDDDDDSUU: 4 ports per MS with 10 slots period (MS-specific beamformed CSI-RS);
DDDSU: 4 ports per MS with 5 slots period (MS-specific beamformed CSI-RS);
DSDU: 4 ports per MS with 4 slots period (MS-specific beamformed CSI-RS);
40 REs/PRB for 10 users per cell

	
	DMRS
	Type II, up to 12 ports

	
	TRS
	2 burst consecutive slots per 20ms, bandwidth 51 PRBs

	
	GP
	2 symbols



[bookmark: _Ref526969790]Table 32: Technical configuration parameters in UL
	Technical configuration Parameters
	Values

	Waveform
	OFDM-based

	Multiple access
	OFDMA

	Duplexing
	TDD, FDD

	Network synchronisation
	Synchronised

	Modulation
	Up to 256 QAM

	Numerology
	TDD: 30kHz SCS; FDD: 15Hz SCS

	Guard band ratio on simulation bandwidth
	TDD: 8.2% (for 20 MHz), 1.8% (for 20 MHz);
FDD: 4.6% (for 20 MHz) 

	Simulation bandwidth
	TDD: 20 MHz, 100 MHz
FDD: 20MHz

	Frame structure
	DDDSU, DDDDDDDSUU, DSDU, UUUUU

	Transmission scheme
	SU adaptation

	UL CSI measurement
	Non-precoded SRS and wideband PMI

	UL codebook
	Codebook based

	SU dimension
	Up to 2 layers

	SRS transmission
	Non-precoded SRS, 2 Tx ports, 8 PRBs per symbol,
2 symbols per 10 slots for DDDDDDDSUU,
2 symbols per 5 slots for DDDSU,
2 symbols per 4 slots for DSDU,
2 symbols per 5 slots for FDD

	Max CBG number
	1

	Antenna configuration at TRxP
	32 TxRU, (8,8,2,1,1;2,8), 
(dH, dV)=(0.5, 0.8)λ,
Vertical 1 to 4.

	Antenna configuration at MS
	2 TXRU, (1,1,2,1,1; 1,2)
(dH, dV)=(0.5, N/A)λ

	Power control parameters
	P0 = -60 dBm, alpha = 0.6

	Power backoff
	Continuous PRB allocation model: follow TS 38.101;
Non-continuous PRB allocation: additional 2 dB reduction

	Scheduling
	PF

	Receiver
	MMSE-IRC

	Channel estimation
	Non-ideal

	Overhead
	PUCCH
	7 symbols, 2 PRBs per symbol

	
	DMRS
	2 complete symbols

	
	SRS
	2 symbols per SRS transmission period


[bookmark: _Toc525915236][bookmark: _Toc526180209][bookmark: _Toc528652161][bookmark: _Toc532306933][bookmark: _Ref533160925][bookmark: _Ref533164997][bookmark: _Toc3534896]MFCN parameter values and assumptions for simulations
The following tables list the parameters that have been agreed for the coexistence studies at the basis of this Report.
[bookmark: _Ref526139477]Table 33: 5G-NR BS and User Equipment parameters
	Parameter
	Value
	Remarks

	Carrier Frequency
	3.5 GHz
	 

	Channel bandwidth
	60 MHz
(for Macro, Micro and indoor BS deployments)
	 

	Handover margin
	3 dB
	 

	MACRO-CELLULAR NETWORK PARAMETERS

	Layout
	Hexagonal grid
	 

	Number of sites
	19
	 

	Number of cells per site
	3 cells/site
	 

	Inter-Site Distance (ISD)
	500 m (3GPP Case 1)
	 

	Network shift (Macro BS ↔ Macro BS case)
	Baseline: 70m
Additional for reference: 288 m
	

	BS antenna height
	25 m
	 

	BS antenna mechanical down tilt
	10 degrees
	 ECC Report 281

	BS antenna horizontal 3 dB beam-width
	65°
	 

	BS antenna vertical 3 dB beam-width
	80°
	

	BS antenna element gain
	8 dBi
	 

	BS antenna array
	8x8 array
	 

	BS Element spacing (X, Y) 
	0.5 λ , 0.5 λ
	

	BS antenna beamforming
	Beamforming towards MSs with (8x8) array
	 

	BS noise figure
	5 dB
	 

	BS max transmitted power
	51 dBm
	 

	Inter-site fading correlation
	0.5
	 

	Maximum Coupling Gain
	-70 dB (i.e. ~= 30m from BS)
	 

	Scheduler (# active MSs / cell)
	OPTION 1: Proportional Fairness
OPTION 2: Round robin
	

	# active MSs / BS
	OPTION 1: 3 active MSs / cell
OPTION 2: 1 active MSs / cell
	For reference: 10 active MSs / Cell (Macro BS to Macro BS)

	MICRO DEPLOYMENT PARAMETERS

	BS antenna type
	3D direction antenna 
	 

	Layout
	Hexagonal grid
	 

	# sites
	19
	 

	# sectors per site
	Option 1: 1 cell / site
Option 2: 3 cells / site
	

	Inter-Site Distance (ISD)
	166 m
	 

	BS antenna height
	6 m
	 

	BS antenna mechanical down tilt
	Option 1: 10 degrees
Option 2: 0 degrees
	ECC Report 281

	BS antenna horizontal 3 dB beam-width
	65°
	 

	BS antenna vertical 3 dB beam-width
	80°
	

	BS antenna element gain
	8 dBi
	 

	BS antenna array
	8x8 array
	 

	BS Element spacing (X, Y) 
	0.5 λ , 0.5 λ
	

	BS antenna beamforming
	Beamforming towards MSs with (8x8) array
	 

	BS noise figure
	8 dB
	 

	BS max transmitted power
	40 dBm
	3GPP TS 38.104 Table 6.2.1-1: defines the rated output power for Medium Area BS as <= 38dBm. 40dBm value is kept since no significant difference is expected in the simulations results.

	Maximum Coupling Gain
	-53 dB (i.e. @ 3m from BS)
	 

	Min. separation distance between Macro BS and Micro BS
	30m
	 

	INDOOR BS NETWORK PARAMETERS

	# floors / building
	One floor (50x120 m)
[image: ]

	3GPP TR 36.873
(Related to the small cell transmission power)




	Floor layout
	Recommendation ITU-R M. 2101-0 (02/2017) - Figure 5
"Modelling and simulation of IMT networks and systems for use in sharing and compatibility studies)" 
From 3GPP TR 36.873 ("Study on 3D channel model for LTE-TDD): 50m x 120m
	Also addressed in From 3GPP TR 38.901 ("Study on channel model for frequencies from 0.5 to 100 GHz") Table 7.2-2

	# INDOOR BS / floor
	2
	3GPP TR 36.873

	% ceiling mounted INDOOR BS in the building
	100%
	Other configurations could be considered with clear setup description

	Floor height (antenna height for ceiling mounted INDOOR BS)
	3 m
	 

	Min. distance between Macro BS and building (outer wall)
	70 m
	 

	OPTION 1 (challenging case: small distance, BS antenna panel azimuth pointing towards the building)
	

	# buildings / Macro BS
	1
	 

	Indoor penetration loss
	Recommendation ITU-R P.2109 ("Prediction of building entry loss")
Traditional building: 100%
Thermally efficient building: 0%
	 

	OPTION 2 (statistical with random drop of buildings in a cell)
	 

	# buildings / sector
	3
	 

	Minimum distance between buildings
	70 m
	 

	# sectors / INDOOR BS
	1 panel / site
	

	Inter Site Distance (ISD)
	60 m
	

	INDOOR BS antenna height
	3 m
	3GPP TR 36.873

	INDOOR BS antenna mechanical tilt
	90 deg (ceil mount)
	 

	INDOOR BS antenna element gain
	5 dBi
	 

	INDOOR BS antenna array
	4x4
	 

	INDOOR BS Element spacing (X, Y) 
	0.5 λ , 0.5 λ
	

	INDOOR BS antenna beamforming
	Beamforming towards MSs with (4x4) array
	 

	Ohmic loss
	3 dB
	

	INDOOR BS noise figure
	5 dB
	 

	INDOOR BS max TRP
	24 dBm
	3GPP TS 38.104 Table 6.2.1-1: defines the rated output power for Local Area BS as <= 24dBm.

	MS PARAMETERS

	MS max transmitted power
	23 dBm
	 

	MS antenna type
	Omni directional (3 dimensional)
	 

	MS antenna gain
	-4 dBi
	

	MS antenna height
	1.5 m (if connected to Macro and Micro)
1 m  (if connected to indoor BS)
	 

	MS noise figure
	9 dB
	 

	UL Power Control parameters
	NOTE: parameters are chosen to maximise the network performance: maximise the 5% and average t-put network performance (for a single operator)

	MSs connected to
Macro BS
	OPTION 1: (Set 1 in 3GPP TR 36.942)
CLxile = 94 dB, ɣ = 1
5% MSs transmitting at full power
OPTION 2:
P0 = -92 dBm, ɣ = 0.8
	

	MSs connected to
Micro BS
	OPTION 1: (Set 1 in 3GPP TR 36.942)
Clxile = 82 dB, ɣ = 1
1% MSs transmitting at full power
OPTION 2:
P0 = -86dBm, ɣ = 0.8
	

	MSs connected to
Indoor BS
	OPTION 1: (Set 1 in 3GPP TR 36.942)
CLxile = 94 dB, ɣ = 1
5% MSs transmitting at full power
	

	MS distribution
	 

	

	MSs connected to
Macro BS
	Uniform MS distribution (excluding the area of the building with indoor BS)
OPTION 1:
80% indoor – see 3GPP 38.802 table 8.2.1-1
OPTION 2: 0% indoor
	

	MSs connected to
Micro BS
	Uniform MS distribution
OPTION 1: 
70% indoor (urban) - see ECC Rep. 281, ITU-R M.2292
OPTION 2: 7% indoor
	

	MSs connected to
indoor BS
	Uniform MS distribution over the floor
- Indoor MSs: 100 %
	Low power Indoor BS assumed, targeting indoor coverage only.


Table 34: Radio channel parameters
	Channel parameters

	Propagation models
	 
	 

	Macro BS -> Macro BS
	Free space path loss
	 

	Macro BS -> Macro MS
(same network)
	3D UMa
Indoor penetration (to reach indoor MSs) according to Table 7.4.3-3
	3GPP TR 38.901 ("Study on channel model for frequencies from 0.5 to 100 GHz")

	Macro BS -> Micro BS
	3D Uma
	

	Micro BS -> Micro BS

Micro BS -> Micro MS
(same network)
	3D UMI
	

	Macro BS -> INDOOR BS
	3D UMa
	

	MS connected to Macro BS <->
MS connected to INDOOR BS
	3D UMi
	

	Macro BS -> MS (indoor propagation)
	InH – Office
	3GPP TR 38.901

	Outdoor to indoor penetration loss
	For MS connected to Macro BS: according to 3GPP TR 38.901 – Clause 7.4.3.1 “O2I building penetration loss”, parameter settings in Table 7.4.3-3. “O2I building penetration loss model for single-frequency simulations <6 GHz”

	3GPP TR 38.901


	LoS probability model
	Indoor - Open office 
	3GPP TR 38.901


[bookmark: _Ref505340310]Table 35: 5G MFCN Antenna element and array parameters
	Parameter
	Values

	Vertical cut of the radiation pattern (dB)
	


	Horizontal cut of the radiation pattern (dB)
	


	3D radiation pattern (dB)
	


	Maximum directional gain of an antenna element 
	8 dBi

	Number of beamforming antenna elements
	

	Element spacing
	 horizontal separation
 vertical separation



[bookmark: _Toc3534897]Unsynchronised operation of two Macro BS MFCN networks not in the same area- Study #3 and #4
A1.4 study #3
Coexistence between unsynchronised Macro BSs at 3400-3800 MHz is assessed when additional isolation is available. 
More specifically the objective is to derive the minimum isolation, expressed in terms of separation distance, required between two unsynchronised networks when all deployed BSs meet the ECC baseline out of block power limits as defined in ECC Report 281. 
The following two cases have been considered for the deployments of the interfering and victim BSs, see Figure 54 and Figure 55:
The two networks operating in adjacent frequency channels;
The two networks operating in the same frequency channel.

[image: ]
[bookmark: _Ref525905776]Figure 54: Unsynchronised operation of two MFCN networks not in the same area – 
adjacent channel

[image: ]
[bookmark: _Ref525905795]Figure 55: Unsynchronised operation of two MFCN networks not in the same area – 
co-channel
The impact of BS-BS interference due to simultaneous UL and DL transmissions is taken into account.
The impact of interference is assessed by evaluating the degradation in the mean uplink throughput of the victim MFCN.
For each of the two cases, the two scenarios are addressed according to whether the interferer and victim BSs use AAS technology or not, namely:
Interference from AAS BSs to non-AAS BSs;
Interference from AAS BSs to AAS BSs.
Accounting for the propagation loss as a function of distance, this analysis shows how the mean UL throughput loss decreases with the distance increase between the victim and interferer networks.
Since this analysis assumes fixed ACIR (given by 3GPP SEM), the required guard band remains unchanged regardless of the distance between victim and interferer networks.
Note that an AAS BS is considered to form a beam towards a MS (assumed to be uniformly distributed within a cell), whereas a non-AAS BS is assumed to have a fixed antenna directional pattern. 
Simulation parameters
Table 36 and Table 37 show parameters used in simulating the various scenarios.
The antenna directional pattern for non-AAS BSs is modelled as per described in ECC Report 203. Table 3 shows the antenna array characteristics modelled for AAS BSs, aligned with earlier agreements in the PT1 correspondence group. 
[bookmark: _Ref526222970][bookmark: _Ref526222946]Table 36: Parameters for “AAS to non-AAS” scenario
	Interferer
	Victim

	Beamforming towards MSs with (88) array. 
MSs uniformly distributed in each hexagonal cell.
	Fixed directional pattern
(effectively single antenna)

	Network
Deployment
	Hexagonal cells
ISD = 500m.
	Network
Deployment
	Hexagonal cells
ISD = 500m.

	Element gain
	8 dBi
	Maximum antenna gain
	18 dBi

	Channel bandwidth 
	60 MHz
	Channel bandwidth 
	20 MHz

	Effective channel bandwidth
	90%
	Effective channel bandwidth
	90%

	Tx (conducted) power
	51 dBm/(60 MHz)
	Noise figure
	5 dB

	ACLR 
	45 dB
(from 3GPP for 60MHz ch. BWBWBWBWBWBWBW.W)
	ACS
	46 dB
(from 3GPP for 20MHz channel bandwidth)


[bookmark: _Ref526222975]Table 37: Parameters for “AAS to AAS” scenario
	Interferer
	Victim

	Beamforming towards MSs with (88) array. 
MSs uniformly distributed in each hexagonal cell.
	Beamforming towards MSs with (88) array. 
MSs uniformly distributed in each hexagonal cell.

	Network
deployment
	Hexagonal cells
ISD = 500m.
	Network
deployment
	Hexagonal cells
ISD = 500m.

	Element gain
	8 dBi
	Element gain
	8 dBi

	Channel bandwidth 
	60 MHz
	Channel bandwidth 
	60 MHz

	Effective channel bandwidth
	90%
	Effective channel bandwidth
	90%

	Tx (conducted) power
	51 dBm/(60 MHz)
	Noise figure
	5 dB

	ACLR 
	45 dB
(from 3GPP for 60MHz channel bandwidth)
	ACS
	46 dB
(from 3GPP for 60MHz channel bandwidth)


[bookmark: _Ref533161485]Table 38: Antenna radiation pattern
	Antenna radiation pattern

	Antenna element
directional pattern 
	According to 3GPP TR 37.840 (Section 5.4.4.2):



where
3 dB elevation beam width 3dB = 65, 
3 dB azimuth beam width 3dB = 80, 
Front-to-back ratio Am = 30 dB, 
Side-lobe ratio SLAV = 30 dB.

NOTE: .
NOTE: Each antenna element is larger in size in the vertical direction, and so 3dB < 3dB . See 3GPP TR 37.840.

	Antenna element gain 
	8 dBi

	Number of BS beamforming elements
(NV, NH)
	(8,8)

	Element spacing
	0.9 vertical separation.
0.6 horizontal separation.
NOTE: Larger vertical spacing provides narrower array beam width in elevation. See 3GPP TR 37.840 (Table 5.4.4.2.1-1). 


The following propagation model is used from an interfering BS to a victim BS: Recommendation ITU-R P.452 20% time percentage, smooth earth path loss – for both co-channel and adjacent channel case.
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Figure 56: ITU-R P.452 P=20% propagation loss (smooth earth, Tx/Rx antenna height = 25 m)
Simulation results
The studies have characterised the impact of BS-BS interference between MFCNs with simultaneous UL/DL transmission in terms of the resulting degradation in UL throughput of the victim MFCN. Specifically, the co-channel and the adjacent channel operation of the interfering and victim networks was considered. For each of the two cases, the “AAS to non-AAS” and “AAS to AAS” interferer to victim scenarios have been addressed.
A1.4.1.1 Unsynchronised operation of two MFCN networks not in the same area – adjacent channel
AAS to AAS scenario
Assuming all BSs meet the baseline limit defined in ECC Report 281, the minimum required separation distance of ca. 10.5km is required to ensure mean UL throughput degradation of ca. 5%
The following figure shows the relationship between the mean uplink throughput loss and distance.
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Figure 57: Mean UL throughput loss (%) vs. separation distance for the AAS to AAS case
– adjacent channel
AAS to non-AAS scenario
Assuming all BSs meet the baseline limit defined in ECC Report 281.
The minimum required separation distance of ca. 14km is required to ensure mean UL throughput degradation of ca. 5%.
The following figure shows the relationship between the mean uplink throughput loss and distance.
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Figure 58: Mean UL throughput loss (%) vs. separation distance for the AAS to non-AAS case
 – adjacent channel
A1.4.1.2 Unsynchronised operation of two MFCN networks not in the same area – co-channel
When the two networks operate on the same channel, compared with adjacent channel results, additional 42.5 dB loss is required to guarantee uplink throughput loss below 5%. Larger separation distances will therefore be required in this case.
With larger separation distances, different terrain environments will significantly affect the propagation loss, impacting the actual separation distance to a significant extent. As described in Section 2 of, the ITU-R P.452, the specified propagation model with 20 % time percentage considers smooth-earth path loss.
AAS to AAS scenario
Assuming all BSs meet the baseline limit defined in ECC Report 281.
The minimum required separation distance of ca. 60 km is required to ensure mean UL throughput degradation of ca. 5%.
The following figure shows the relationship between the mean uplink throughput loss and distance.
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Figure 59: Mean UL throughput loss (%) vs. separation distance for the AAS to AAS case
– co-channel
AAS to non-AAS scenario
Assuming all BSs meet the baseline limit defined in ECC Report 281.
The minimum required separation distance of ca. 60km is required to ensure mean UL throughput degradation of ca. 5%
The following figure shows the relationship between the mean uplink throughput loss and distance.
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Figure 60: Mean UL throughput loss (%) vs. separation distance for the AAS to non-AAS 
– co-channel
Conclusions from results
The following conclusion can therefore be derived from the results above for the unsynchronised operation of Macro BSs meeting the baseline ECC out of block power limits as defined in ECC Report 281, belonging to different networks in different areas:
AAS to AAS scenario:
Adjacent channel case: assuming all BSs meet the baseline limit defined in ECC Report 281, the minimum required separation distance of ca. 10.5km is required to ensure mean UL throughput degradation of ca. 5%;
Co-channel case: assuming all BSs meet the baseline limit defined in ECC Report 281, the minimum required separation distance of ca. 60km is required to ensure mean UL throughput degradation of ca. 5%.
AAS to non-AAS scenario:
Adjacent channel case: assuming all BSs meet the baseline limit defined in ECC Report 281, the minimum required separation distance of ca. 14 km is required to ensure mean UL throughput degradation of ca. 5%;
Co-channel case: assuming all BSs meet the baseline limit defined in ECC Report 281, the minimum required separation distance of ca. 60km is required to ensure mean UL throughput degradation of ca. 5%.
A1.5 study #4
Simulation scenarios and assumptions
Simulation scenario is illustrated in Figure 61. Network A and Network B are two unsynchronised macro-cellular networks separated at a distance D which is the distance between the two nearest sites of the network A and B. 
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[bookmark: _Ref526414685]Figure 61: Simulation scenario between two networks (Network A and Network B)
Three possible cases are 
1. Non-AAS Network A to non-AAS Network B
This case represents two LTE-TDD FWA networks in the C-band (3400-3800 MHz)
AAS Network A to non-AAS Network B
This case represents the situation of 5G-NR AAS network to a non-AAS LTE-TDD FWA network in the C-band (3400-3800 MHz)
AAS Network A to AAS Network B
This case represents the situation of two 5G-NR AAS networks in the C-band (3400-3800 MHz)
The system parameters and network assumptions are summarised in Table 39below.
[bookmark: _Ref533159698]Table 39: IMT System parameters and assumptions
	Channel bandwidth (MHz)
	20

	BS antenna height (m)
	25

	Cell Range (m)
	300

	Non-AAS BS Tx Power (dBm)
	49

	Non-AAS BS antenna gain (dBi)
	18

	AAS BS Tx Power (dBm)
	46,2

	AAS antenna element
	8x8


Simulation results for the case Non-AAS to Non-AAS with Propagation model ITU-R P.2001-2.
The simulation results of co-channel interference and adjacent channel interference for the case of Non-AAS Network A to non-AAS Network B are given in Table 40 and Table 41.
[bookmark: _Ref526414704]Table 40: Co-channel interference simulation results (non-AAS to non-AAS)
	D (km)
	Throughput Loss (%)

	
	Ref_Cell
	Network

	60
	2,163
	0,985

	55
	10,5
	5

	52
	25,1
	12,4

	50
	40,2
	21,3

	49
	48,2
	26,3

	48
	58,4
	32,1

	45
	91,5
	55,6

	30
	100
	100

	10
	100
	100


For the co-channel interference case where two networks A and B are in urban area, and the separation zone between the two networks are in rural environment, based on reference cell 5% throughput loss protection threshold, the required separation distance is about 58 km. Based on reference cell 50% throughput loss protection threshold, the required separation distance is about 49 km.
[bookmark: _Ref526414707]Table 41: Adjacent interference simulation results (non-AAS to non-AAS)
	D (km)
	Throughput Loss (%)

	
	Ref_Cell
	Network

	33
	2,9
	1,4

	32
	4,1
	2

	31
	5,7
	2,7

	30
	7,7
	3,7

	20
	27,3
	15,6

	15
	39
	23,1

	12
	50,2
	30,2

	10
	60,1
	36,4


For the adjacent channel interference case where two networks A and B are in urban area, and the separation zone between the two networks are in rural environment, based on reference cell 5% throughput loss protection threshold, the required separation distance is about 31 km. Based on reference cell 50% throughput loss protection threshold, the required separation distance is about 12 km.
Simulation results for the case Non-AAS to Non-AAS with Propagation model ITU-R P.452-16
The simulation results for the case of non-AAS to non-AAS in co-channel case are presented in Table 42. The results for adjacent channel are presented in Table 43. These results were obtained with the propagation model Recommendation ITU-R P.452-16 [21] at 50% time.
[bookmark: _Ref526414801]Table 42: Co-channel simulation results with P.452-16
	D (km)
	Network capacity loss
	iRSS_unwanted

	50
	4,96%
	-92,1


[bookmark: _Ref526414871]Table 43: Adjacent channel simulation results with Recommendation ITU-R P.452-16
	D (km)
	Network capacity loss
	iRSS_unwanted
	iRSS_Blocking

	15
	4,90%
	-94,2
	-99,5

	10
	9,58%
	-90,6
	-95,9


Simulation results for the case AAS to AAS with Propagation model ITU-R P.452-16
The simulation results for the case of AAS to AAS in co-channel case are presented in Table 44. The results for adjacent channel are presented in Table 44 and Table 45. These results were obtained with the propagation model P.452-16 [21] at 50% time.
[bookmark: _Ref526414906]Table 44: Co-channel simulation results with Recommendation ITU-R P.452-16
	D (km)
	Network capacity loss
	iRSS_unwanted

	52
	2,73%
	-91,4

	50
	4,99%
	-88,6

	49
	6,30%
	-87,1

	40
	34,90%
	-72,5

	30
	64,40%
	-60

	20
	77,10%
	-53,2



[bookmark: _Ref526414947]Table 45: Adjacent channel simulation results with Recommendation ITU-R P.452-16
	D (km)
	Network capacity loss
	iRSS_unwanted
	iRSS_Blocking

	15
	4,51%
	-89,9
	-95

	12
	6,10%
	-88,6
	-93,9

	10
	7,37%
	-87,3
	-92,6

	5
	16,20%
	-80,2
	-87,3


Separation distance calculation based on I/N protection ratio
The required separation distances based on I/N protection ratio using the propagation model ITU-R P.2001-2 are given in Table 46. Based on I/N=-6 dB, the required separation distance is 44 km. This approach is valid only for the case non-AAS to non-AAS. For the case AAS to AAS or AAS to non-AAS, due to the dynamic moving of AAS antenna radiation pattern, the antenna gain in the direction of the victim BS is not constant.
[bookmark: _Ref526414992]Table 46: Required separation distance based on I/N protection ratio for non-AAS to non-AAS
	I/N (dB)
	Ptx (dBm)
	G1 (dB)
	G2 (dB)
	BW (MHz)
	NF (dB)
	N (dBm/18 MHz)
	I (dBm/18 MHz))
	PL (dB)
	D (km)

	-6
	49
	2,4
	2,4
	18
	5
	-96,4
	-102,4
	156,2
	44


Application of trigger values
Between two neighbouring countries, there exists a physical borderline, the field strength trigger value is defined at borderline, the C-Band trigger values are given in the ECC Recommendation (15)01.[4].
Between two unsynchronised networks within a given country the physical borderline does not exist, ECC Recommendation (15)01 cannot be applied directly to deal with the case between two unsynchronised TDD networks within a country. There are two possible ways to deal with the two unsynchronised TDD networks within a country:
1. Define a separation distance;
Define a trigger value at the victim network side.
These two approaches should be equivalent; there is no need to define both together.
The trigger value can be defined at the victim network edge towards the interfering network, such as the reference cell shown in figure 1. It can be defined at the BS antenna height, e.g. 25 m, or at 3 m similar to the receiving antenna height used in the ECC Recommendation (15)01.
Antenna height conversion factor
There is no analytical formula for converting the field strength level between 25 m and 3 m, the differences of path losses calculated with different receiving antenna heights of 25 m and 3 m with the propagation model ITU-R P.2001-2 [22] at the frequency 3600 MHz and transmitting antenna height at 25 m in the rural environment are given in Table 47.
[bookmark: _Ref526415016]Table 47: Differences of Path losses at 25 m and 3m (ITU-R P.2001-2)
	ITU-R P.2001-2
	f=3600 MHz
	Diff

	D (km)
	Hrx=25 m
	Hrx=3 m
	

	10
	123.64
	124.22
	0.58

	20
	129.75
	141.56
	11.81

	30
	135.79
	157.4
	21.61

	40
	150.08
	173.1
	23.02

	50
	165.4
	188.24
	22.84

	60
	180.63
	195.2
	14.57


Propagation model ITU-R P.1546-5 (Land) is valid for frequency range until 3 GHz. The differences of path losses calculated with different receiving antenna heights of 25 m and 3m with the propagation model Recommendation ITU-R P.1546-5 (Land) at the frequency 3000 MHz and transmitting antenna height at 25 m in the rural environment are given in Table 48.
[bookmark: _Ref526415033]Table 48: Differences of Path losses at 25 m and 3m (ITU-R P.1546-5 Land)
	ITU-R P.1546-5 (Land)
	f=3000 MHz
	Diff

	D (km)
	Hrx=25m
	Hrx=3m
	

	10
	142.5
	165.61
	23.11

	20
	159.1
	182.31
	23.21

	30
	169.6
	192.02
	22.42

	40
	176.8
	199.09
	22.29

	50
	180.63
	203.28
	22.65

	60
	183.06
	205.43
	22.37


Based on the calculation results in Table A5-9 and A5-10, it is proposed to use a conversion factor of 22 dB between 25 m and 3 m.
Calculation of trigger values
The relation between field strength E (dBuV/m) and power level Pr (dBm) can be expressed as:
E=Pr+20*log10(F)+77,2						(3)
Where F is the frequency in MHz.
			Pr=Ptx+G1 - PL							(4)
Pr is the received power level at the receiving BS antenna (before antenna), Ptx is the transmit power before antenna, G1 is interfering BS antenna gain including feeder loss in the direction of the receiving antenna, PL is the path loss at the distance D.
Using equation (3) and (4), the calculated trigger value at 25 m and 3 m are summarised in Table 49 and Table 50 for co-channel case and in Table 51 for adjacent channel case. 
[bookmark: _Ref526415052]Table 49: Calculated trigger value at 25 m and 3 m for co-channel case with ITU-RP.2001-2
	Rx Antenna Height (m)
	Ptx (dBm)
	G1 (dB)
	D (km)
	PL (dB)
	Pr (dBm)
	E (dBuV/m/20 MHz)

	25
	49
	2.4
	49
	163.8
	-112.4
	35.9

	3
	49
	2.4
	49
	186.8
	-135.4
	12.9


[bookmark: _Ref526415112]Table 50: Calculated trigger value at 25 m and 3 m for co-channel case with ITU-R P.2001-2
	Rx Antenna Height (m)
	Ptx (dBm)
	G1 (dB)
	D (km)
	PL (dB)
	Pr (dBm)
	E (dBuV/m/20 MHz)

	25
	49
	2.4
	44
	156.2
	-104.8
	43.5

	3
	49
	2.4
	44
	179.2
	-127.8
	20.5



The results in Table 49 correspond the protection ratio of 50% reference cell throughput loss. The results in Table 50 correspond the protection ratio of I/N=-6 dB at reference cell BS. 
[bookmark: _Ref526415133]Table 51: Calculated trigger value at 25 m and 3 m for adjacent channel case with ITU-R P.2001-2
	Rx Antenna Height (m)
	Ptx (dBm)
	G1 (dB)
	D (km)
	PL (dB)
	Pr (dBm)
	E (dBuV/m/20 MHz)

	25
	49
	2.4
	12
	125.2
	-73.8
	74.5

	3
	49
	2.4
	12
	128.2
	-76.8
	71.5


In Table 51, the trigger value for 3 meters receiving antenna height is calculated with the propagation model ITU-R P.2001-2. When using the conversion factor of 22 dB, the field strength level at 3m height is 74.5-22 = 52.5 dBuV/m/20 MHz.
Conclusions from results
ECC Recommendation (15)01 may be used to deal with the case of two unsynchronised macro-cellular networks within a given country, when the physical borderline is defined between two networks within a country.
The required separation distance and trigger values calculation depend many elements: 
· Cellular network topology (LTE-TDD or 5G-NR, non-AAS or AAS, BS antenna height, environment or cell range);
· Propagation environment and propagation model;
· Frequencies and overlap of the channels, e.g. full overlap as co-channel case, or partial overlap or adjacent channel;
Protection ratio, e.g. I/N, or network throughput loss at x%, etc. As an example, the simulated results show that in a co-channel case the required separation distance is about 50 km and in an adjacent channel case the required separation distance is between 12 and 15 km;
A conversion factor of 22 dB can be used for the field strength conversion between 25 m and 3 m. For different antenna height the conversion factor is different.

[bookmark: _Ref524491995][bookmark: _Ref524492002][bookmark: _Toc525915238][bookmark: _Toc526180211][bookmark: _Ref526878539][bookmark: _Toc528652163][bookmark: _Toc532306935][bookmark: _Toc3534898]Coexistence studies between unsynchronised Micro BSs and Macro BSs - Study #5 and #6
A1.6 study #5
Macro BS vs. Micro BS networks
A1.6.1.1 [bookmark: _Ref527545486]Assumptions
The Macro BS vs. Micro BS scenario models the interference between one building and a hexagonal macro-cellular network.
Macro-cellular network assumptions
The assumptions used for the macro-cellular network are identical to the Macro BS - Indoor BS study in section 2.
The only difference is that in this study there is no building area that should be avoided when dropping the Macro users.
Micro BS network assumptions
Table 52: BS parameters for the Micro BS network
	BS parameters
	Value
	Source / reference

	BS Element gain
	8 dBi
	

	BS Antenna array
	8x8 array
	

	BS Element spacing (Horizontal, Vertical)
	0.5 λ , 0.5 λ 
	

	BS antenna beamforming
	Beamforming towards MSs with (8´8) array
	

	BS noise figure
	8 dB
	C-band synch toolbox – studies and assumptions v0.11

	BS transmit power
	40 dBm
	C-band synch toolbox – studies and assumptions v0.11

	BS mechanical down tilt
	10 deg.
	ECC Report 281 [2]


Table 53: MS parameters for the Micro BS network
	MS parameters
	Value
	Source / reference

	MS max transmitted power
	23 dBm
	

	MS antenna type
	Isotropic, -4 dBi
	ITU-R M.2292-0 [23]

	[bookmark: _GoBack]MS noise figure
	9 dB
	

	Power control: CLxile
	94 dB
	Correspondence group discussions

	Power control: gamma
	1
	Correspondence group discussions


Table 54: System related parameters for the Micro BS network
	e
	Value

	Channel bandwidth
	60 MHz

	Layout
	Hexagonal grid

	Number of sites
	19

	Number sectors per site
	1 sector/site (Random orientation)

	Inter-Site Distance (ISD)
	166 m

	BS antenna height
	6 m

	MS antenna height
	1.5 m

	MS distribution
	Uniform over the area

	Fraction of MSs that are indoor
	70%


Table 55: Propagation parameters for propagation in the Micro BS network
	Propagatione
	Value
	Source / reference

	Propagation model (BS-MS within the system)
	UMi
	3GPP TR 38.901 [24]

	Indoor penetration model parameters for Macro MS
	According to Table 7.4.3-3
	3GPP TR 38.901 [24]


Macro-cellular network vs. Micro BS network parameters
Table 56: Parameters related to inter-system deployment
	System parameters
	Value

	Macro BS vs. Micro BS distance 
	30m (min. distance)


Table 57: Propagation parameters for inter-system propagation
	Propagation
	Value
	Source / reference

	Propagation model Macro BS vs. Micro BS
	UMa
	3GPP TR 38.901 [24]

	Propagation model Macro MS vs. indoor MS
	ITU-UMi
	


Figure 62shows the one snapshot of the deployment of the micro and macro-cellular networks. The centre BS in the macro-cellular network is located 30m from the centre BS in the Micro BS network.
[image: Picture1]
[bookmark: _Ref533074321]Figure 62: Deployment of micro and macro-cellular networks
A1.6.1.2 Simulation results – Impact on micro BS network
The impact on the throughput loss in the Micro BS network is shown in Figure 63 to Figure 65. In all figures the results are averaged over many different snapshots of MS locations.
In Figure 63, the results are averaged over all Micro BSs for several realisations of the Macro BS -  Micro BS propagations. In Figure 64Figure 63: Mean uplink throughput loss for the Micro BS network. , separate curves are shown for each realisation of Micro BS - Macro BS propagation. Finally, in Figure 65 only the results from the centre BS are shown.


[image: ]

[bookmark: _Ref535442280][bookmark: _Ref525906598]Figure 63: Mean uplink throughput loss for the Micro BS network. Throughput loss averaged over different Macro BS – Micro BS propagation realisations and the interfering Macro BS serving different users
[image: ]
[bookmark: _Ref1051845][bookmark: _Ref525906640]Figure 64: Mean uplink throughput loss for the Micro BS network. Throughput loss averaged over many realisations of Macro BS serving different users

[image: ]
[bookmark: _Ref533074365]Figure 65: Mean uplink throughput loss for the Micro BS in the centre (worst case). Throughput loss averaged over many realisations of Macro BS serving different users
A1.6.1.3 Simulation results - Impact on macro-cellular networks
Figure 66 shows the throughput loss vs. ACIR for the BS in the centre of the Micro BS network. I.e. the BS most impacted by the Micro BS network for different realisations of Micro BS to macro-cellular networks propagation.
Figure 67 depicts the averages the throughput loss vs. ACIR for all the Macro BSs and realisations of Micro BS to Macro BS propagation, while Figure 68 shows the throughput loss for all Macro BSs for each realisation of Micro BS to Micro propagation.
[image: ]
Figure 66: Average uplink throughput loss for the macro-cellular network. Throughput loss averaged over different Macro BS - Micro BS propagation realisations and the interfering Micro BS serving different users
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[bookmark: _Ref533074445]Figure 67: Average uplink throughput loss for the macro-cellular network. Throughput loss averaged over many realisations of Micro BS serving different users

[image: ]
[bookmark: _Ref533074452]Figure 68: Average uplink throughput loss for the Macro BS in the centre (worst case). Throughput loss averaged over many realisations of Micro BS serving different users
[bookmark: _Ref525732798]

A1.7 [bookmark: _Ref535443898]Study #6
This study considers the impact of BS-BS interference between MFCNs with simultaneous UL/DL transmission in terms of the resulting degradation in the mean UL throughput of the victim MFCN. The MFCNs consist of Macro and Micro BSs.
The study addresses two scenarios according to the specific class of base stations, namely:
Macro-cellular network (hexagonal grid placed outdoors)  operates as the interferer and the Micro BS network (hexagonal grid placed outdoors) is interfered;
Micro BS network(hexagonal grid placed outdoors)  operates as the interferer and the Macro BS (placed outdoors) is interfered;
Interference from one Micro BS to another Micro BS (both base stations are placed outdoors) 
The two interfering deployments operate in the same geographic area on adjacent frequency channels.
All Micro and Macro BSs are assumed to be AAS base stations forming a beam towards a MS (MSs are assumed to be uniformly distributed within a cell).
The Macro BSs have 25m high antennas and comprise three sectors per site; the Micro BSs are placed 6 meters above ground, comprising one sector per site with random boresight.
See Section A6.2.3 for the full list of assumptions and parameters.
Interference between Macro-cellular networks and Micro BS netwoRks
Figure 69 provides the topology used for the coexistence studies in case of a macro-cellular network (placed outdoors) operating as the interferer towards a Micro BS network (hexagonal grid placed outdoors).
[image: ]
[bookmark: _Ref511115107]Figure 69: Topology for the Macro BS to Micro BS interference scenario
Figure 70 provides the topology used to support coexistence studies in case of a Micro BS network (hexagonal grid placed outdoors) operating as the interferer towards the macro-cellular network (hexagonal grid placed outdoors). In line with ECC Report 203[footnoteRef:55], the simulations address one Macro BS that is completely surrounded by the Micro BSs grid. [55:  ECC Report 203 [5] page 26: “One important thing to note here is that the results contained in Table 17 are for one reference cell in the macro-cellular network, which is overlapped completely by the Micro BS network (Manhattan) grid (see Figure 19).”] 

[image: ]
[bookmark: _Ref523320754][bookmark: _Ref523238720]Figure 70: Topology for the Micro BS to Macro BS interference scenario
[bookmark: _Ref523156137]Interference from AAS Micro BSs to AAS Micro BSs
Approach 1: In this analysis, the separation distance between the Micro BSs is an input parameter, the UMi path loss model determines the associated Line-of-sight probability.

The following two settings have been considered:
Case 1a: 30m separation distance between the two Micro BSs leading to 80% LoS probability based on the UMi path loss model (the smaller the distance, the greater the probability the two Micro BSs will be along the same street),
[image: ]
[bookmark: _Ref523260465]Figure 71: Micro BS to Micro BS interference scenario topology - Case 1a:
30m separation distance leading to 80% LoS probability based on UMi path loss model
Case 1b: 100m separation distance between the two Micro BSs leading to 25% LoS probability based on the UMi path loss model (the larger the distance, the greater the probability the two Micro BSs will be located in different streets),
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[bookmark: _Ref523322347]Figure 72: Micro BS to Micro BS interference scenario topology - Case 1b:
100m separation distance leading to 25% LoS probability based on UMi path loss model
Approach 2: in this analysis the separation distance between the Micro BSs is an input parameter as well as the line-of-sight probability.

This approach accounts for the fact that it is difficult to carry out meaningful simulations to assess the interference between two Micro BS networks in the same urban area since the interference scenario will be strongly impacted by the LoS/NLoS conditions which radically change as the Micro BSs change their locations with respect to buildings.

The study therefore considers two specific set of cases for the deployments of the interfering and victim base stations:

Cases 2a, 2b and 2c: two Micro BSs located in different streets at 30m, 50m and 75m separation distance with 0% LoS probability

	[image: ]
[bookmark: _Ref523148740]Figure 73: Micro BS to Micro BS interference scenario topology. Case 2a, 2b and 2c:
30m separation distance and 0% LoS probability (different streets)
[bookmark: _Ref523148746]

Case 2d: two Micro BSs located along the same street (100% LoS probability) at 100 m separation distance.
[image: ]
Figure 74: Micro BS to Micro BS interference scenario topology. Case 2d: 100m separation distance and 100% LoS probability (same street)


[bookmark: _Ref523071532]Simulations parameters
The assumptions used the basis for the coexistence studies are as in Table 33 in ANNEX 4, with the following options used:
[bookmark: _Ref523155547]Table 58: Simulation Parameters
	Parameter
	Value
	

	MACRO-CELLULAR NETWORK DEPLOYMENT PARAMETERS

	Scheduler (# active MSs / cell)
	Proportional Fairness scheduling
	Option 1 in Table 33

	# active MSs / BS
	3 active MSs / CELL
	Option 1 in Table 33

	MICRO DEPLOYMENT PARAMETERS

	#sectors per site
	1 cell/site
	Option 1 in Table 33

	BS antenna tilt
	10 degrees 
	Option 1 in Table 33

	MS PARAMETERS

	MS max transmitted power
	23 dBm
	 

	UL Power Control
	NOTE: parameters are chosen to maximise the network performance: maximise the 5% and average t-put network performance (for a single operator)

	
	Macro MS: P0 = -92dBm, ɣ = 0.8
Micro MS: P0 = -86dBm, ɣ = 0.8
	Option 2 in Table 33

	MS distribution
	 
	 

	Macro ↔ Macro
	80% indoor
(aligned with RAN1 3GPP 38.802 table 8.2.1-1)
	Option 1 in Table 33

	Macro ↔ Micro
	Macro MSs:
- Indoor: 70 %, outdoor: 30 %
	Option 1 in Table 33


A1.7.1.1 MS Power Control parameters selection
As shown in Table 58, the following MS power control parameters are chosen for the MSs connected to the Micro BS network:
P0 = -86 dBm , ɣ = 0.8
This section shows how the selected parameters maximise the network performance in terms of the average uplink throughput and on the 5% edge throughput loss (for a single operator).
Impact on the average uplink throughput:
[image: ]7
Figure 75: Relationship between Po and average uplink throughput, ɣ = 0.8
Impact on the cell edge uplink throughput loss:
[image: ]
Figure 76: Relationship between Po and edge UL average throughput, ɣ = 0.8

The 5G MFCN antenna element and array parameters were as in Table 38 in ANNEX 5.
Simulations results
The following sections present the simulations results expressed in terms of degradation of the mean uplink throughput of the victim MFCN due to base station to base station interference from the interfering MFCN, presented as a function of ACIR. In general terms, as expected, the impact of interference on network performance diminishes with increasing values of ACIR. 
Note that the required ACLR is assumed to be nominally equal to the required ACIR, with the understanding that interference is not dominated by the adjacent channel selectivity (ACS) of the victim base station.
Note that both victim BS and interferer base stations are assumed to operate with 60 MHz channel bandwidth.
It is important to highlight that the following were not accounted for:
blocking effect on the victim BS receiver;
MS – MS interference.
A1.7.1.2 Macro-cellular network interferes with Micro BS network
The results presented in this section refer to the topology proposed in Figure 69.
Figure 77 shows how an ACIR greater than 68 dB is required to ensure a mean uplink throughput degradation smaller than 5%.
[image: ]
[bookmark: _Ref523155990]Figure 77: Impact of the macro-cellular network interference to Micro BS network 
In terms of mean uplink throughput
Micro BS network interferes with macro-cellular network
The results presented in this section refer to the topology proposed in Figure 21.
Figure 78 shows how an ACIR greater than 55 dB is required to ensure a mean uplink throughput degradation smaller than 5%.
[image: ]
[bookmark: _Ref523322218]Figure 78: Impact of the Micro BS network interference to macro-cellular network 
In terms of mean uplink throughput
A1.7.1.3 Micro BS interferes with another micro BS
The results presented in Figure 79 refer to the topology proposed in Figure 71.
Figure 79 shows how an ACIR greater than 63dB is required to ensure a mean uplink throughput degradation smaller than 5%.

[image: 屏幕剪辑]
[bookmark: _Ref523311271][bookmark: _Ref523310852]Figure 79: Micro BS to Micro BS interference scenario simulation results - Case 1a:
30m separation distance leading to 80% LoS probability based on UMi path loss model
Figure 80: shows how an ACIR greater than 54dB is required to ensure a mean uplink throughput degradation smaller than 5%.
[image: 屏幕剪辑]
[bookmark: _Ref523311785][bookmark: _Ref523310813]Figure 80: Micro BS to Micro BS interference simulations results - Case 1b:
100m separation distance leading to 25% LoS probability based on UMi path loss model
Figure 81 shows how an ACIR greater than 49 dB is required to ensure  mean uplink throughput degradation smaller than 5% for 30 m separation distance. If separation distance is 50 m, 45 dB ACIR can satisfy the requirement of 3GPP.
[image: ]
[bookmark: _Ref523322570]Figure 81: Micro BS to Micro BS interference scenario simulations results – Case 2a, 2b and 2c:
30 m, 50 m and 75 m separation distance and 0% LoS probability (different streets)
Figure 82 shows how an ACIR greater than 70 dB is required to ensure a mean uplink throughput degradation smaller than 5%.
[image: ]
[bookmark: _Ref523311863]Figure 82: Micro BS to Micro BS interference scenario simulations results – Case 2b:
100 m separation distance and 100% LoS probability (same street)
[bookmark: _Ref525810899][bookmark: _Toc525915239][bookmark: _Toc526180212][bookmark: _Toc528652164][bookmark: _Toc532306936][bookmark: _Ref535444117][bookmark: _Toc3534899]Coexistence study between unsynchronised indoor BS and Macro base stations - Study #7
A1.8 assumptions
Macro BS vs. indoor BS
The Macro BS vs. Indoor BS scenario models the interference between one building and a hexagonal macro-cellular network.
Macro-cellular network assumptions
Table 59: BS parameters for the macro-cellular network
	BS parameter
	Value
	Source / reference

	BS Element gain
	8 dBi
	

	BS Antenna array
	8x8 array
	

	BS Element spacing (Horizontal, vertical)
	0.5 λ , 0.5 λ 
	

	BS antenna beamforming
	Beamforming towards MSs with (8´8) array
	

	BS noise figure
	5 dB
	

	BS transmit power
	51 dBm
	

	BS mechanical down tilt
	10 deg.
	ECC Report 281 [2]


Table 60: MS parameters for the macro-cellular network
	MS parameter
	Value
	Source / reference

	MS max transmitted power
	23 dBm
	

	MS antenna type
	Isotropic, -4 dBi
	ITU-R M.2292-0 [23]

	MS noise figure
	9 dB
	

	Power control: CLxile
	94 dB
	

	Power control: gamma
	1
	


Table 61: System related parameters for the macro-cellular network
	System parameters
	Value
	Source / reference

	Channel bandwidth
	60 MHz
	

	Layout
	Hexagonal grid
	

	Number of sites
	19
	

	Number sectors per site
	3 sectors/site
	

	Inter-Site Distance (ISD)
	500 m
	

	BS antenna height
	25 m
	

	MS antenna height
	1.5 m
	

	MS distribution
	Uniform over the area (excluding the area of the building).
NOTE: Uniform distribution is commonly used, but how the area occupied by the building is handled should be discussed.
	

	Fraction of MSMS that are indoor
	80%
	


Table 62: Propagation parameters for propagation in the macro-cellular network
	e
	Value
	Source / reference

	Propagation model 
(BS-MS within the system)
	UMa
	3GPP TR 38.901 [24]

	Indoor penetration model parameters for Macro MS
	According to Table 7.4.3-3
	3GPP TR 38.901 [24]


Indoor system assumptions
Table 63: BS parameters for the Indoor system
	BS parametere
	Value
	Source / reference

	BS Element gain
	8 dBi
	

	BS Antenna array
	4x4 array
	

	BS Element spacing (X, Y)
	0.5 λ , 0.5 λ 
	

	BS antenna beamforming
	Beamforming towards MSs with (4x4) array
	

	BS noise figure
	5 dB
	

	BS transmit power
	24 dBm
	3GPP TR 36.873 [26]

	BS mechanical down tilt
	90 deg. (ceil mount)
	3GPP TR 36.873 [26]


Table 64: BS parameters for the Indoor system
	MS parameters
	Value
	Source / reference

	MS max transmitted power
	23 dBm
	

	MS antenna type
	Isotropic, -4 dBi
	ITU-R M.2292-0 [23]

	MS noise figure
	9 dB
	

	Power control: CLxile
	94 dB
	Correspondence group discussions

	Power control: gamma
	1
	Correspondence group discussions


Table 65: System related parameters for the Macro BS network
	System parameters
	Value
	Source / reference

	Building layout
	1 floor 50x120 m building
	3GPP TR 36.873 [26]

	Number of sites
	2, ceiling mount
	3GPP TR 36.873 [26]

	Number sectors per site
	1 panel/site
	3GPP TR 36.873 [26]

	Inter-Site Distance (ISD)
	60 m
	3GPP TR 36.873 [26]

	BS antenna height
	3 m
	3GPP TR 36.873 [26]

	MS antenna height
	1 m
	3GPP TR 36.873 [26]

	MS distribution
	Uniform over the floor
	

	Fraction of MS that are indoor
	100%
	



[image: ]
Figure 83: Building and the Indoor BS layout

Table 66: Propagation parameters for propagation in the macro-cellular network
	Propagation
	Value
	Source / reference

	Propagation model indoor BS-MS
	InH - Office
	3GPP TR 38.901 [24]

	LoS probability model
	Indoor - Open office
	3GPP TR 38.901 [24]


Macro-cellular network vs. indoor BS network parameters
Table 67: Parameters related to inter-system deployment
	System parameters
	Value
	Source / reference

	Macro BS vs. building distance (outer wall)
	70 m
	

	Building orientation
	Case 1: Short wall facing BS
Case 2: Long wall facing BS
	


Table 68: Propagation parameters for inter-system propagation
	Propagation
	Value
	Source / reference

	Propagation model Macro BS vs. indoor BS
	UMa
	3GPP TR 38.901 [24]

	Propagation model Macro MS vs. indoor MS
	UMa
	3GPP TR 38.901 [24]


Two cases of building orientation are studied. One when the building has the short wall toward the BS and one when the BS has the long wall toward the BS.
[image: ]
[bookmark: _Ref533075476]Figure 84: Case 1: Short wall facing the BS
[image: ]
[bookmark: _Ref533075482]Figure 85: Case 2: Long wall facing the BS
Simulation results – impact on indoor networks
The results for Case 1 where the short edge of the building is 70 m away from the Macro BS and oriented such that the boresight of the antenna beam is towards the short edge of the building, is shown in Figure 84 and Figure 85. In both figures the throughput loss is averaged over many realisations of MS locations and consequently the direction of the interfering BS beam.
In Figure 86 the results are also averaged over several realisations of the outdoor-to-indoor channel model, while in Figure 87 each realisation is plotted individually.
The corresponding results for Case 2 when the long edge of the building is facing the outdoor Macro BS are shown in Figure 88 and Figure 89 respectively. The performance is slightly worse in this case. The reason is that in this case there are two BS relatively close to the victim, while in case 1 the other BS is farther away.
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[bookmark: _Ref533075385]Figure 86: Average uplink throughput loss for the Indoor network in Case 1. Throughput loss averaged over different O2I channel realisations and the interfering Macro BS serving different users
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[bookmark: _Ref533163483][bookmark: _Ref533075409]Figure 87: Uplink throughput loss for the Indoor network in Case 2. Throughput loss in each curve averaged over many realisations of the Macro BS serving different users
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[bookmark: _Ref533163506]Figure 88: Average uplink throughput loss for the Indoor network in Case 2. Throughput loss averaged over different O2I channel realisations and the interfering Macro BS serving different users
[image: ]
[bookmark: _Ref533163509]Figure 89: Uplink throughput loss for the Indoor network in Case 2. Throughput loss in each curve averaged over many realisations of the Macro BS serving different users
Impact on macro BS network
[bookmark: _Ref524463330][bookmark: _Ref524463338][bookmark: _Ref524463345][bookmark: _Ref524463353][bookmark: _Toc521332441]The reverse case where the macro-cellular network is the victim has not been simulated. However it can be observed that the indoor system has lower output power, which means that there should be lower impact from the indoor system. On the other hand if there are several buildings with indoor systems deployed there is a need to consider the effect of the aggregate interference. 
[bookmark: _Toc3456386][bookmark: _Toc3534900]	Coexistence between semi-synchronised MFCN networks - Study #8
Simulation results are presented, focusing on the following scenarios:
Macro BS to macro-cellular networks:
Fully unsynchronised operation: Operator A and Operator B have simultaneous UL/DL transmissions for the whole frame duration. This is the worst-case scenario that becomes realistic only when the operators choose to have unsynchronised duplex directions for the whole frame duration;
Semi-synchronised operation in case only 50% of the frame is designated for flexible operation and operators have unsynchronised duplex directions in all flexible slots;
Semi-synchronised operation in case only 20% of the frame is designated for flexible operation and operators have unsynchronised duplex directions in all flexible slots;
Semi-synchronised operation in case only 20% of the frame is designated for flexible operation and operators have unsynchronised duplex directions in 50% of the flexible slots - in the following such a case will be referred to as 10% unsynchronised operation.
Micro BS to Micro BS networks:
Same semi-synchronised operation cases as for Macro BS to macro-cellular networks.
A1.9 simulation assumptions
Simulations were performed based on the set of assumptions in Table 33 with the exception of the parameters specified in Table 69 for macro-cellular network to macro-cellular network and Table 70 for Micro BS network to Micro BS network. 
They are consistent with several coexistence studies in 3400-3800 MHz band (e.g.3GPP TR 36.942 [27], ECC Report 203 [5]). 
[bookmark: _Ref526890274]Table 69: Macro-cellular network to macro-cellular network simulation assumptions
	Parameter
	Value

	Deployment

	Networks shift
	288 m

	BS / MS parameters

	Uplink Power Control
	PC Set 1 in 3GPP TR 36.942
CLxile = 94 dB, Gamma = 1


[bookmark: _Ref526890301]Table 70: Micro BS network to Micro BS network simulation assumptions
	Parameter
	Value

	BS / MS parameters

	Uplink Power Control
	PC Set 1 in 3GPP TR 36.942
CLxile = 82 dB, Gamma = 1


Uplink power control settings are derived from 3GPP TR 36.942 and scaled to account for a different Carrier Frequency, Channel bandwidth and deployment scenario.
With reference to the assumptions above;
As shown in Figure 15, the 288 m network shift assumption between macro-cellular networks represents a best case assumption. Similarly, the 96 m network shift assumption between micro-cellular networks represents  best-case assumptions.
Differently from the approach followed in this study, the recommended approach is to use the separation distance and the line-of-sight probability as input parameter during the coexistence studies between the Macro-cellular network and the Micro BSs network. This approach accounts for the fact that it is difficult to carry out meaningful simulations to assess the interference between two Micro BS networks in the same urban area since the interference scenario will be strongly impacted by the LoS/NLoS conditions which radically change as the Micro BSs change their locations with respect to buildings.
Coexistence between the macro-cellular network and the Micro BS network was not assessed by this study.
Antenna radiation pattern is as in 3GPP TR 38.901 [24] and is shown in Table 35 of ANNEX 4.
A1.10 Simulation results
This Section presents simulation results for the semi-synchronised operation scenarios listed above for the macro-cellular network to macro-cellular network case and for Micro BS network to Micro BS network deployment case.
Macro BS to macro-cellular networks
Figure 90 below shows the impact of Adjacent Channel Interference (ACI) on victim network performance in terms of average throughput loss for macro-cellular network to macro-cellular network. As expected, the impact diminishes when the operators have unsynchronised duplex directions for smaller portion of the frame. 
Results show that with the baseline requirement for synchronised MFCNs in ECC Report 281 [2] performance degradation is ~9% for 10% unsynchronised operation among operators. It is important to notice that results are preliminary and do not consider any interference mitigation technique that would likely bring degradation down.
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[bookmark: _Ref527545579]Figure 90: ACI impact on network performance - average throughput loss for Macro BS to Macro BS deployment and different semi-synchronised operation cases
Micro BS to Micro BS network deployment
Figure 91 shows the impact of Adjacent Channel Interference (ACI) on victim network performance in terms of average throughput loss for Micro BS to Micro BS network deployment. As expected, the impact diminishes when the operators have unsynchronised duplex directions for smaller portion of the frame. 
Results show that it is possible to achieve 5% average throughput loss with 38 dB ACIR in the case the two operators have unsynchronised duplex directions for 20% of the frame. In this case it will be possible to use the current baseline requirement in ECC Report 281 [2] for synchronised BSs without additional throughput degradation.
It is again important to notice that results are preliminary and do not consider any interference mitigation technique that would likely bring degradation down.
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[bookmark: _Ref526890103]Figure 91: ACI impact on network performance - average throughput loss for Micro BS to Micro BS deployment and different semi-synchronised operation cases
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The 5G-NR core RF requirements in 3GPP Release 15 were derived with the assumption of synchronised operation between two TDD systems. This follows the same approach adopted during LTE-TDD requirements specification. 
During the course of Rel-14 5G-NR SI and Rel-15 5G-NR WI, 3GPP TSG RAN4 has not studied the 5G-NR RF requirements that can be applied for unsynchronised or semi-synchronised operation between two TDD systems on adjacent channels, where simultaneous UL/DL transmissions occur. However, RAN4 specifications allow the possibility to support unsynchronised or semi-synchronised operation across adjacent channels and/or operators, e.g. when either the two TDD systems are sufficiently isolated or some interference mitigation schemes are deployed. Furthermore, 5G-NR has the design flexibility to operate with full bandwidth in some time instances and narrower bandwidth in other time instances. Therefore, this may allow simultaneous transmissions to be operated instantaneously with a narrower bandwidth to provide isolation in frequency from adjacent channels. This type of operation has some restriction however, and will lead to spectrum efficiency impacts during those simultaneous UL/DL feedback on the amount of support in Release 15 5G-NR specifications for the unsynchronised or semi-synchronised operations described in the ECC Report 281. In the following, synchronisation between two networks or two BSs means the same beginning of the slot and the alignment of transmission directions (DL, UL), as in the definitions from CEPT. 
3GPP TSG RAN1 has taken a general approach when specifying 5G-NR, enabling support for synchronised, semi- and unsynchronised deployment. It is RAN1 understanding that there is no coexistence issue due to adjacent channel interference among TDD networks in case of synchronised operation of multiple TDD networks on adjacent channels.
Unsynchronised or semi-synchronised 5G-NR operation may occur in the context of two scenarios:
Operators choose to use semi-statically configured DL / UL partitioning but use different DL / UL patterns
One or more operators choose to use dynamic DL / UL partitioning
The air-interface specifications developed by RAN1 support that each slot can be dynamically scheduled to transmit on either uplink or downlink, or the slot could include both a DL part and an UL part. Slots (and symbols within a slot) can be semi-statically configured to be UL or DL or an ‘undefined’ state that can be dynamically allocated to UL or DL. In the presence of the semi-static configuration, the dynamic allocation applies only to the ‘undefined’ part, while the slots and symbols indicated as DL or UL can only be used in the indicated duplex direction. 
The air-interface specifications developed by RAN1 allow adjusting the bandwidth occupied by the modulated waveform (note that LTE-TDD is not capable of this since there are always-on wideband common reference signals in LTE-TDD). More specifically, 5G-NR can adapt by scheduling the DL and UL bandwidths occupied by physical channels and signals, and those bandwidths can be different in different symbols and between DL and UL.
RAN1 will not determine what would be the exact conditions for 5G-NR to allow synchronised, unsynchronised and semi-synchronised operation. The current available tools that RAN1 sees to mitigate BS-BS and MS-MS interference are sufficient guard bands, sufficient geographical separation, sufficient physical isolation (such as outdoor to indoor propagation isolation), or applicable transmission power.
3GPP in the past has studied inter-operator coexistence for LTE-TDD on adjacent channels [28][29]. The study in [28] concluded that significant BS-BS coexistence challenges have been observed to apply different TDD UL-DL configurations in different cells without any interference mitigation mechanisms for scenario 7, which represents inter-operator coexistence on adjacent channels in macro-cellular networks. It was also noted that in Macro BS to Macro BS coexistence (scenario 7 in [28] ), only the uplink exhibited degradation. There was no study in [28] or conclusion on the coexistence feasibility with interference mitigation mechanisms for scenario 7. The study in [28]was completed at RAN#56 (June 2012), and did not include other techniques specified subsequently, e.g., AAS. There has been no further studies on coexistence feasibility of inter-operator MBS Macro BS deployments with unsynchronised or semi-synchronised operation on adjacent channels and using the techniques specified since June 2012, e.g., AAS.
When LTE-TDD is present and used in the same band as 5G-NR then, depending on the scenario such as large cell vs. small cell deployments or geographical separation, sufficient physical isolation, restrictions on the transmission directions may be necessary between the LTE-TDD and 5G-NR carriers to avoid the use of fixed guard bands. Likewise, similar restrictions on the transmission directions of 5G-NR Macro BSs would be necessary between neighbour 5G-NR networks in adjacent frequencies, although the constraints in terms of DL and UL patterns might be different than for coexistence with LTE-TDD.
However, RAN1 believes that such restrictions on the transmission directions are only required for certain types of deployments such as Macro BSs, and may be relaxed in more deployments with appropriate cross-link interference mitigation techniques. RAN1 believes that enabling 5G-NR deployments in the above three types of operation (either in earlier or later deployments) is important for achieving the full potential of 5G-NR TDD in areas/scenarios where sufficient conditions are met to mitigate 5G-NR BS-BS and 5G-NR MS-MS interference.
3GPP TSG RAN has approved a Release 16 work item [30] on cross-link interference handling and Remote Interference Management (RIM) for 5G-NR, which is relevant to deployments where interference occurs between uplink and downlink of two networks. The target completion date of the work item is June 2019. The work item should specify cross-link interference mitigation techniques to support flexible resource adaptation. 
The detailed objectives for cross-link interference mitigation to support flexible resource adaptation for unpaired 5G-NR cells are: 
Specify cross-link interference measurements at a MS (e.g., CLI-RSSI and/or CLI-RSRP) (RAN1 and RAN4); 
Identify when cross-link interference mitigation techniques based on such measurement(s) provide benefits with practical RF performance (RAN4);
Specify network coordination mechanism(s) including at least exchange of intended DL/UL configuration (RAN and RAN3);
Perform coexistence study to identify conditions of coexistence among different operators in adjacent channels (RAN4);
Target no or very minimal impact on RF requirement.
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