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1. Introduction
RAN#62 approved a new work item on increasing the minimum number of carriers for UE monitoring in UTRA and E-UTRA in [1]. This work item aims to continue the work, which RAN4 initially started as TEI enhancement. In this contribution, we discuss from the TS25.133 and TS36.133 requirements perspective how the number of carriers that the UE needs to monitor could be extended while minimizing or avoiding negative impacts on cell identification and measurement time requirements, measurement accuracy, mobility and UE implementation, especially power consumptions and memory increase. Based on the discussion on different options we also propose a way forward.
2. Discussion
According to WID [1], increasing of minimum number of carriers for UE monitoring shall be considered for all RRC states which are Idle/URA_PCH/CELL_PCH and CELL_DCH/CELL_FACH  states in case of UTRA and RRC idle mode and RRC connected states in case of E-UTRA.  Depending on the actuall RRC state, UE performs measurements in assigned measurement gaps or autonomously when necessary. However, both these ways of performing measurements are impacted by increased number of monitoted carriers and the same solution can apply when agreed. 

Below we describe the most straigforward solutions of increasing the minimum number of carriers which UE shall monitor from the perspective of cell identification/measurement time requirements. All these solutions have similar implications for both, measurement gap and autonomous, ways of measurements, and are as follow:

1. Scaling of existing requirements by number of carriers
2. Changing of existing requirements

3. Prioritization of carriers
4. Partial scaling and changing of existing requirements and prioritization of carriers
2.1. Scaling of existing requirements by number of carriers
TS25.133 and TS36.133 defines how many different carriers for intra-frequency, inter-frequency and inter-RAT neighbor cell searches and level measurements the UTRA and E-UTRA UE has to be able to monitor respectively. As an example, for the E-UTRA connected mode inter-frequency and inter-RAT neighbor cell monitoring the following is defined in the Section 8.1.2.1.1.1 of TS36.133:
The UE shall be capable of monitoring at least per RAT group:

-
Depending on UE capability, 3 FDD E-UTRA inter-frequency carriers, and

-
Depending on UE capability, 1 FDD E-UTRA inter-frequency carrier for RSTD measurements, and

-
Depending on UE capability, 3 TDD E-UTRA inter-frequency carriers, and

-
Depending on UE capability, 1 TDD E-UTRA inter-frequency carrier for RSTD measurements, and

-
Depending on UE capability, 3 FDD UTRA carriers, and

-
Depending on UE capability, 3 TDD UTRA carriers, and

-
Depending on UE capability, 32 GSM carriers (one GSM layer corresponds to 32 cells), and

-
Depending on UE capability, 5 cdma2000 1x carriers, and

-
Depending on UE capability, 5 HRPD carriers

In addition to the requirement concerning the amount of carriers the UE shall be capable of monitoring per RAT group 36.133 also defines a minimum number carrier frequency layers the UE shall be able to monitor:
In addition to the requirements defined above, the UE shall be capable of monitoring a total of at least 7 carrier frequency layers comprising of any above defined combination of E-UTRA FDD, E-UTRA TDD, UTRA FDD, UTRA TDD, GSM (one GSM layer corresponds to 32 carriers), cdma2000 1x and HRPD layers.

If for instance the number of E-UTRA FDD inter-frequency carriers is increased from the current 3 FDD inter-frequency carriers, the UE inter-frequency cell identification time requirement without DRX (connected mode) would be directly increased if assuming unchanged requirements. If no changes are made to the requirements or requirement assumptions the cell identification minimum requirement would increase as Nfreq (the number of E-UTRA carriers being monitored) is multiplier in the following requirement formula of TS36.133:
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where 

TBasic_Identify_Inter = 480 ms and e.g. in case of the gap pattern #0 Tinter1 = 60 ms.
The increases of inter-frequency cell identification times are likely to have negative impact on handover delays especially in radio environments where fast inter-frequency handovers and short cell identification times would be required. 
Also inter-frequency measurement period would increase if the number of carriers to be monitored is increased without any other updates to the requirements or requirement assumptions as shown by the following Table 8.1.2.3.1.1-1 of TS36.133 for E-UTRA:
	Configuration
	Physical Layer Measurement period: TMeasurement_Period _Inter_FDD [ms]
	Measurement bandwidth [RB]

	0
	480 x  Nfreq
	6

	1 (Note)
	240 x  Nfreq
	50

	Note: This configuration is optional


Below we have calculated some practical examples for the E-UTRA inter-frequency cell identification minimum requirements without DRX as function of number of E-UTRA inter-frequency carriers to be monitored. In these examples, we have used up to 8 FDD inter-frequency carriers and the same gap pattern #0 as in one of the E-UTRA inter-frequency test cases of TS36.133. 

1) In test case “A.8.3.1 E-UTRAN FDD-FDD Inter-frequency event triggered reporting under fading propagation conditions in asynchronous cells” the inter-frequency cell identification test time requirement is 3840 ms when only 1 inter-frequency carrier is indicated to the UE.
2)  In a similar scenario as in the test case A.8.3.1 but with 3 inter-frequency carriers to be monitored the inter-frequency cell identification time requirement would become 3*3840 ms = 11520 ms 

3) Further, in a similar scenario as in the test case A.8.3.1 but with 8 inter-frequency carriers to be monitored the inter-frequency cell identification time requirement would become 8*3840 ms = 30720 ms
These examples indicate how noticeably the UE inter-frequency cell identification minimum requirements are increased in case the number of maximum inter-frequency carriers is increased to 8 FDD inter-frequency carriers and the network would actually indicate all 8 FDD inter-frequency carriers for the UE to monitor. This would be comparable figure with the current minimum requirement of having maximum of 3 FDD inter-frequency carriers (e.g. 30720 ms vs.  11520 ms in the example above). 

Similar observations can be also made for connected mode requirements with DRX operations as well as idle mode requirement. Because of that the same implications for measurements in gaps and autonomuous measurements can be observed. When measurements are performed in measurement gaps, cell identification and measurement times increase linearly with number of monitoring carriers if all carriers would share the same current gap pattern. It looks similar in case of autonouomus measurements when UE is supposed to measure each carrier in separate DRX cycle and when current DRX cycle length would remain.
Currently when monitoring of multiple inter-frequency E-UTRAN and inter-RAT (UTRAN, GSM) 36.133 states following UE requirement:

When monitoring of multiple inter-frequency E-UTRAN and inter-RAT (UTRAN, GSM) using gaps (or without using gaps provided the UE supports such capability) is configured, the UE shall be capable of performing one measurement of the configured measurement type (RSRP, RSRQ, UTRAN TDD P-CCPCH RSCP, UTRAN FDD CPICH measurements, GSM carrier RSSI, etc.) of detected cells on all the layers

The effective total number of frequencies excluding the frequencies of the PCell and SCell being monitored is Nfreq, which is defined as:

Nfreq = Nfreq, E-UTRA + Nfreq, UTRA + Mgsm + Nfreq, cdma2000 + Nfreq, HRPD

When discussing increasing the number of carrier frequencies per inter-frequency and inter-RAT that the UE shall be able to monitor we would also need to consider if changes to the total number of frequencies that the UE shall be able to monitor are needed. 

The above example calculations have been provided for current E-UTRA requirements, but the same conclusions can be drawn for UTRA requirements as well, i.e. simple scaling of current identification and measurement time requirements leads to much longer reselection and handover delays, which have negative impact on mobility, as well as impacts UE implementation by increased memory required due to higher number of monitored carriers. On the other hand it is expected that impact of this solution on UE power consumptions is limited. 
2.2. Changing of existing requirements

Naturally, alternative approach would be to tighten all the UE neighour cell identification and level measurement requirements for different modes (FDD and TDD) and RATs for both UTRA and E-UTRA. This would, however, mean improvements for physical layer cell search performance and potentially also CPICH and RSRP/RSRQ measurement performance. This type of L1 improvements would most likely also improve intra-frequency cell identification and measurement performance in addition to inter-frequency cell identification. In addition, L1 enhancements would need to be considered for inter-RAT cases if this approach is selected.

This approach would, however, have rather significant specification and UE implementation impacts and would require rather extensive simulation evaluation when and in which environments UE cell search performance could be improved both for UTRA and E-UTRA. It is also expected that with this approach it would be difficult to avoid increasing UE power consumption in idle mode and connected mode with DRX. Furthermore, tightening of UE inter-frequency and inter-RAT cell identification and measurement requirements is likely to impact measurement gap patterns as well in order to get more measurement time for larger number of carriers to be searched and measured. Increasing measurement time by defining new measurement gap patterns would naturally have negatives impacts on system performance and user throughputs and therefore, we do not see this as very attractive solution. 

Changes in the measurement gap patterns would require additional changes to the specifications as well as both the network and UE implementations. Increasing measurement gap time for inter-frequency and inter-RAT cell identifications and measurements would have negative impacts on UE intra-frequency cell identification and measurement performance and requirements as the available measurement time is reduced. Normally the intra-frequency measurement performance is the most critical for ensuring good end-user experience and system performance, and we do not see increased measurement gap time as very viable solution for increasing the maximum number of carriers to be monitored. 

Therefore, we see that it is difficult to tighten the UE physical layer requirements for cell identification and measurements that much that it alone would be sufficient for compensating the increase in cell identification and measurement times due to increase in the number of cells to be monitored.
2.3. Prioritization of carriers 
Another way of reducing negative impacts on inter-frequency cell identification and measurement requirements due to increase in carriers to be monitored would be that the UE is allowed to prioritize certain inter-frequency carriers when searching and measuring neighbor cells on different carrier frequencies. Only if the UE did not find any neighbor cells on the prioritized carriers, it would start searching for and measuring neighbor cells on non-prioritized carriers. The requirements could e.g. be defined so that that the UE would only be required to search and measure in parallel in maximum the same amount of neighbor carriers as currently required by the current TS25.133 and TS36.133 requirement. This approach would allow keeping the inter-frequency cell identification and measurement requirements practically unchanged for the prioritized carriers. Additionally, requirements and rules would need to be defined when the UE would start searching and measuring neighbour cells on non-prioritized carriers. In this way we could be able to minimize additional handover delays for cells on the prioritized carriers and increase in UE power consumption. The consequences would naturally be that identifying and measuring a neighbour cell on non-prioritized carrier would take longer than identifying and measuring a cell on prioritized carrier but this might better approach than increasing cell identification and measurement times for all inter-frequency cells or tightening requirements for all carriers. 
The same prioritization could also be done for inter-RAT carriers where the prioritization would be done between the same type of inter-RAT carriers similarly as between inter-frequency carriers but not between different type of inter-RAT carriers, i.e. prioritization would only done among different WCDMA carriers, not between WCDMA carriers and GSM carriers.
This prioritization of carrier frequencies could be either explicit in the RRC signalling or the UE would be allowed to do the carrier prioritization based on certain rules. Below we have listed some examples how the prioritization of the inter-frequency carriers to be monitored could be done in practice (the same principles could also be used for inter-RAT carrier prioritization); 
a)  RRC signalling indicates priority orders for inter-frequency carriers used for the corresponding neighbor cell searches and level measurements. This option would give the full control of the prioritization to the operators through network control. Also the UE performance in the networks, where the maximum number or carriers would not need to be increased, would not be negatively impacted as the UE requirements would remain unchanged for these cases.
b) The UE could also be allowed to freely do the carrier prioritization of for a given type of neighbor carriers (inter-frequency or inter-RAT carriers) e.g. based on its stored information in similar manner as in initial synchronization and cell selection. The UE could for instance prioritize carrier frequencies where it has previously found neighbor cells for a given PLMN and given geographical area. The benefit of allowing implementation freedom for the UE to do the prioritization would be that less changes would be required to the network implementations and for operators to consider when increasing the maximum number of carriers to be monitored. The consequence of this UE implementation freedom would naturally be that the network could not control the prioritization and the network would not know prior to UE measurement reporting what carriers the UE has prioritized.
c) It would be “hard coded” to the specifications which carrier the UE should prioritize in case the prioritization is needed for avoiding impacting cell identification and neighbour cell measurements. Based on this “hard coded” information the UE could prioritize either lower or higher carrier frequencies for given type of neighbor carriers (inter-frequency or inter-RAT carriers). This hard coding of priorities would help the network to know what carriers the UE has prioritized but it might not give sufficient flexibility for various different operator deployment scenarios.
2.4. Partial scaling and changing of existing requirements and prioritization of carriers
Another solution to minimize negative impact of increased number of carriers for UE to monitor on requirements and UE implementation might be combination of previously presented options, i.e. scaling and changing of existing requirements and carrier prioritization. Since UE implementation complexity increase due to more memory required for higher number of monitored carriers is issue for both these solution, other negative impacts can be minimized by appriopriate application of recognized solutions. One of the approaches is selection of the solution depending on the RRC state. For example, in idle state where power consumption limited due to DRX is important from the perspective of end user experience, simple scaling solution can be used, which has limited impact on battery life. At the same time, connected states can apply tightened identification and measurement time requirements to limit the impact on mobility by maintaining current delays for increased number of carriers. 

Another alternative can be maintaining current identification and measurement requirements for current number of carriers and application of new solution only in case of new additional carriers. This alternative implicitely introduces carrier prioritization as well.
Regardless of the chosen solution, adventages from increased number of monitored carriers should compensate negative impact on current requirements and UE implementation.
3. Conclusions 
For increasing the maximum number of carriers to be monitored in UTRA and E-UTRA, we have identified and discussed four different high level approaches:

1) Retaining legacy requirements: Simply increase the maximum number of carriers to be monitored but keep all other UE inter-frequency and inter-RAT neighbor cell identification and measurement requirements unchanged.

2) Tightened monitoring requirements: Tightening all the UE inter-frequency and inter-RAT requirements and most likely updating measurement gap patterns when increasing the maximum number of carriers to be monitored. 

3) Priorization of measured carriers: When larger number of carriers per type is indicated for the UE to monitor than currently supported by TS36.133, additional prioritization of carriers to be monitored would also be indicated to the UE. Different prioritization schemes and their benefits were also discussed in the contribution.

4) Combination of above alternatives: Combination of simple increasing the maximum number of carriers to be monitored (scaling) and tightening of existing requirements as well as carrier prioritization.
Based on the discussions and our initial analyses we would propose that RAN4 discuss and agrees which options are seen feasible for achieving the WI objective: 
Proposal 1: RAN4 to discuss and agree on which approaches in this document are seen feasible for achieving the WI objective.

For all options except 1), some form of prioritization seems to be necessary. Should RAN4 choose to investigate the prioritization approaches further, the approaches in this document should be analyzed further to decide on the best approach for realizing the WI objective. 

Proposal 2: Analyze the approaches in this document further.

Finally, we would note that, as always, any solution should achieve a good balance between performance improvements, impacts to UE power consumption, UE implementation complexity, network implementation complexity and impacts to the specification.
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