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1 Introduction
In RAN4#78bis, first discussions under the release 14 work item for measurement gap enhancement took place. 
Most of the bullets in the way forward for per CC measurement gaps were not agreed and the following agreement (marked in green) may be seen from the meeting report

	· By RAN4#79, companies are encouraged to analyze the feasibility and impact of how per-CC measurement gaps can be configured considering what capability information is required to perform the configuration :

· Option 1: UE determines the exact measurement gap configurations for each CC. 

· In this case, UE needs to indicate per-CC measurement capability and the preferred measurement gap configuration for each CC.

· NW can override UE’s decision by falling back to legacy measurement gap configuration

· Option 2: NW decides per-CC based measurement gap configurations

·  The explicit band combination information for parallel measurement may have to be fed back from UE to NW

· Other options are not precluded

· Further details of baseband and RF capabilities for parallel measurement and per CC measurement gaps are FFS

· Candidate proposals in TR36.894 should be primarily considered as baseline in the WI
· Other proposal is not precluded if significant benefit/gain is identified or information is identified to be necessary for the configuration which is not covered by the candidate proposals 




Hence the starting point should be to consider the candidate proposals in TR36.894 and to see if they are sufficient to allow configuration of per CC measurement gaps to exploit UE multiple RF chains, or if further capabilities or a different approach are needed.

2 Discussion

We evaluate further the concrete proposal for signalling in TR36.894, which is summarised as follows
	6.3.3
Signalling for measurement gaps configured on component carrier [50], Qualcomm 

Since Rel.10 the measurement gap pattern was defined as common on all CCs. While the scheduling loss opportunity is not that big for a 2xCA UE, the losses become much higher (in absolute terms) when the UE is configured with 4 or 5 CCs. For the current gap pattern with GL=6ms and MGRP=40ms, if the gaps are common on all CCs, the throughput loss is 15% (likely to be ~20% if the gap impact to the subframes adjacent to the gap is taken into account). If the gaps are scheduled only 1 CC then the corresponding loss is only 3% (4% with 20% loss per CC). Here only the legacy gaps are considered (MGL=6ms, MGRP =40ms or 80ms).

In order for the network to be able to configure measurement gaps on a single CC or subset of CCs, it needs some detailed knowledge of the UE RF architecture and dependencies between the bands supported by the UE receivers. In order to have full flexibility, the network would have to know which receiver chain can be used to perform measurements on which bands for each CA combination supported by the UE. Below some possible solutions to this problem are presented. This list is not exhaustive; other solutions might also be feasible.

Possible solutions:

1)
One way to address this problem could be by having the UE send a bitmap with all the bands where it needs or does not need gaps for each CC in a combo. An example is shown below in Table 6.3-1. The UE supports CA combination B1+B2+B3 and also other bands up to B10. In Table 6.3-1, '1' shows that gaps are not needed while 0 shows that gaps are needed. 

Table 6.3-1:  Bitmap signaling for measurements without gaps per CC

CC

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

B1

-

-

-

0

1

0

1

0

0

0

B2

-

-

-

1

0

1

1

0
0
0
B3

-

-

-

1

1

1
1

1

0

0

The network could use this table as follows: if the network wants to configure measurements on B4 when UE is configured with CA B1+B2+B3 it would have to schedule gaps on B1 but not on B2 or B3. If the network wants to configure measurements on B5 it would have to scheduled gaps on B2 but not on B1 or B3. The decision on which CC is chose for gaps (or not) is up to eNB. This solution might have a large overhead if the UE has to report such tables for each CA combination supported by the UE. Possible optimizations to limit the overhead are presented below.

-
The overhead can be reduced if the network signals the UE which CA combinations it supports and the UE would signal the network the capabilities only for these combinations.

-
UE could signal the gap dependencies for a certain combination after it is configured with that combination. For example, the network configures the UE in CA combo B1+B2+B3, when the UE sends the RRC configuration complete message it also includes the gap dependencies for this combination (e.g. Table 6.3-1).

1)
In this approach, the network first configures the inter-frequencies where the UE is to perform measurements, the UE would reply by sending the gap dependencies and the network would configure the gaps based on these. With the above example(based on dependencies in Table 1), network configures the UE to perform measurements on B6 and B7, UE sends back to the network the columns in Table 1 corresponding to B6 and B7 and the network configures measurement gaps on the CC corresponding to either B2 or B3. 

2)
Yet another approach would be for the network to configure measurement gaps on all carriers and UE responding back with the CCs where it needs/does not need gaps. The UE could inform the network on which carriers it needs gaps and the network could de-configure the gaps on the carriers on which they are not needed. For the example above, the network could configure measurements on B6 and B7, the UE would respond that it needs gaps only on B2 or B3 and the network would de-configure the gaps on the CCs corresponding to B1 and B2. The overhead could be further reduced if the UE would autonomously pick the carriers on which it uses gaps based on some priority mechanism and just informs the networks which CCs will need gaps and de-configuring of the gaps becomes implicit. 

Table 6.3-1 could be extended to different gap patterns by increasing the number of values in each entry. For example, besides '0' and '1', '2' could be added to show that a different kind of gaps (e.g. small gaps) are needed.

Another aspect that has to be taken into account is the feasibility of performing measurements without interrupting other CCs from an RF and baseband point of view. It should be noted that this kind of capability will depend on the UE RF architecture. As such, UEs not able to support it can always fall back to the Rel.10 method of having common gaps for all carriers. From an RF point of view, there could be some issues with inter-modulation products causing desensitization and inaccurate measurements. The amount of parallel measurement may be standardized (e.g. as part of a CA combination) or not, however, whether the UE supports concurrent measurements in these cases could be left to UE implementation if the UE can meet the accuracy requirements. 



The core of this proposal is table 6.3-1 in TR36.894 which provides an example bitmap for measurements without gaps. The interpretation of the table is described in TR36.894; in summary the example table gives the UE capability when a UE is configured with a CA combo B1_B2_B3 and shows which CC gaps are needed on to be able to measure bands B4, B5, B6,B7,B8, B9 and B10.

There are a number of issues discussed about the table, many of which would need to be decided upon to make a practical scheme. We would also like to highlight some additional areas where decisions would be needed.

Complexity of signalling : 
This is discussed in the TR and some solutions are proposed. There are a very large number of CA DL band combinations (2DL, 3DL, 4DL and 5DL) and it is likely that UEs will support hundreds or thousands of CA bands, even before RAN4 defines RF requirements for B5C. We can also observe that the number of band combinations is growing exponentially, especially since introducing a new higher order band combination may introduce many lower order CA bands as fallback combinations. It seems that a table similar to table 6.3-1 is needed for every CA band that a given UE supports. Moreover, it is likely that UEs could support more than 10 bands for measurements, so the columns in table 6.3-1 would need, in practice, to be expanded to account for all the bands that a certain UE supports (or even bands that are specified by 3GPP specifications).  In the future (eg considering B5C), a UE may support tens or hundreds of thousands of CA band combinations, and signalling complexity needs to be taken into account. Several solutions are provided in 36.894, and one practical approach would seem to be (with slightly modified wording)
The overhead can be reduced if the network signals the UE which CA combinations it is interested in discovering measurement capabilities for and the UE would signal the network the capabilities only for these combinations.
Observation 1 : Overhead needs to be taken into account in the work
This observation may perhaps be accounted for by RAN2 without input from RAN4. 
Impact of PCell and SCell uplink transmissions

One important reason why measurement gaps are needed is to stop uplink transmission while measurements are being made. For instance, the transmitter may cause significant receiver noise on an inter-frequency measurement object, making measurements inaccurate or in the worst case impossible. Table 6.3-1 seems to make no distinction of which of the configured CC is the PCell and also whether some of the SCells have an uplink even though this would appear to have a significant impact on whether the UE is able to measure without gaps. Various mechanisms from the uplink transmission cause noise in the receiver including 
1. The uplink signal may fall directly into a band/frequency of interest for measurement

2. Harmonics of the uplink signal may fall into a band/frequency of interest for measurement

3. Intermodulation sum/difference products from uplink signals may fall into a band/frequency of interest for measurement (IMD is mentioned in 36.894)
Observation 2 : PCell and SCell uplink transmissions need to be taken account in the work

Proposal 1 : In the context of per CC gap configuration, a gap is assumed to apply to both DL and UL (same definition as a per UE gap)
In general, a UE should not report capability to measure without gaps on some CC unless it is capable of meeting all of the RAN4 performance requirements including measurement accuracy. To give sufficient flexibility to make use of per CC gap configurations, it should be considered to extend the capability signalling (eg table 6.3-1) to cover the UE uplink configuration.
Proposal 2 : It is necessary to extend the capability signalling (eg table 6.3-1) to cover the UE uplink configuration
In practice, this may mean that there is a separate bitmap (such as the one in table 6.3-1) for every possible uplink configuration, and the per CC gap configuration may vary depending on how the uplink is configured as well as the downlink.
Intraband interfrequency measurement
In table 6.3-1, all of the entries for B1, B2 and B3 are indicated as ‘-‘. However, we think one very important use case for per CC measurement gaps would be to make intra-band (to the configured CC(s) ) interfrequency measurements. It appears that the bitmap concept could be extended to cover this case eg:

	CC
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10

	B1
	0
	1
	1
	0
	1
	0
	1
	0
	0
	0

	B2
	1
	0
	1
	1
	0
	1
	1
	0
	0
	0

	B3
	1
	1
	0
	1
	1
	1
	1
	1
	0
	0


In this example case, we have assumed that the RF chain used to receive B1 may be reconfigured in per CC gaps to receive other carriers on B1, the B2 RF may be reconfigured to receive other carriers on B2 and similarly for B3, without the need for other gaps. Of course it is also possible that there are other capabilities, eg the B1 serving cell RF may be capable of operating on B2, B3 and so on as well as B1.

Proposal 3 : It is necessary to extend the capability signalling (eg table 6.3-1) to cover intraband (to the serving cell(s) ) interfrequency measurement

Need for NCSG or legacy gap for interrupt control
In TR36.894, there are some comments eg that an additional value could be defined in the table, indicating the need for NCSG for interruption control purposes. The TR says “Table 6.3-1 could be extended to different gap patterns by increasing the number of values in each entry. For example, besides '0' and '1', '2' could be added to show that a different kind of gaps (e.g. small gaps) are needed.” In our view, this would be very important. If per CC gaps cause autonomous interruptions on other CC then there seems to be no benefit or incentive for the eNB to configure per CC gaps at all, because it may still expect autonomous interruptions on other carriers around the time of the measurement gap. 
Proposal 4 : The capability signalling (eg table 6.3-1) shall be extended to cover need for other types of gap especially NCSG.

Proposal 5 : The UE shall not make any autonomous interruption, but shall use the capability signalling under proposal 4 if there is impact to the operation of another serving cell.
Another aspect which should be considered is whether the NW needs to configure exactly the type of gap indicated by the UE in its capabilities. Our view is that the NW may provide any gap configuration which is not less than that indicated by the UE. This is perhaps best illustrated by some examples. Suppose a UE supporting CA combo B1+B2+B3, and according to table 6.3-1 it can measure B4 with gaps on B1 serving frequency. However, suppose that this will cause interruption on the B2 serving frequency as well. The UE may indicate eg
	CC
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10

	B1
	-
	-
	-
	0
	1
	0
	1
	0
	0
	0

	B2
	-
	-
	-
	NCSG 

(2)
	0
	1
	1
	0
	0
	0

	B3
	-
	-
	-
	1
	1
	1
	1
	1
	0
	0


Which shows that to measure B4, 6ms gaps are needed on the B1 CC, and NCSG are needed on the B2 CC. However, if the NW configures legacy gaps on B1 and B2 (and potentially not B3, otherwise this would just be fallback to per UE measurement gaps) the UE should still be able to measure. Similarly, even if gaps are not needed at all on the B2 serving carrier (as per the original table 6.3-1 for B4 measurements), the UE is still capable of measuring if they are provided.

Proposal 6 : As long as the eNB provides a gap configuration which is not lesser than the UEs capabilities, the UE shall meet relevant requirements. This includes configuring a 6ms gap for a CC where the UE has indicated that an NCSG could be used.

Use of multiple RF chains for receiving component carriers in one band

Table 6.3-1 seems to make the assumption that there is a 1:1 mapping between CC and RF chain, eg that the UE is performing interband CA with one RF chain operating on each band. There are many other cases which have previously been discussed in RAN4, and may be considered eg

· Non-contiguous intraband CA : This may be implemented with multiple RF chains or wideband RF (as a UE implementation option) and hence not all of the CC on a certain band may need gaps.

· Contiguous intraband CA : This may also be implemented with multiple RF chains, or with wideband RF, and although it is less likely to be implemented in this way it is an implementation option which has been discussed previously in RAN4. For example, in release 10 capabilities discussions it was discussed that a UE may either tune 4 diversity receiver branches to the same frequency, which would allow 4 layer MIMO operation, or tune 2 of its 4 diversity branches to one frequency and the other 2 to an adjacent frequency to allow 2DL intraband contiguous CA with 2 branch diversity 

Since there can be multiple CC in each band and there exist architectures where the UE would not need measurement gaps on all CC in a band, at the very least this aspect merits further discussion in RAN4. It may be that RAN4 introduces per band measurement gaps rather than per CC measurement gaps (this is actually implied by table 6.3-1 in the TR) but this should be a conscious decision as the outcome of a technical discussion in RAN4, and if RAN4 is really deciding to introduce per band rather than per CC measurement gaps we need to be careful to describe this correctly to RAN4.

Proposal 7 : RAN4 should discuss whether the scope of the work is “per CC” or “per band” measurement gap and communicate accordingly with RAN2

 Multiple configurations which may be used

There is a risk that a bitmap such as table 6.3-1 will become ambiguous when multiple RF chains are capable of measuring the same target cell. For example, if we look at the B8 measurement column, there are “0” entries for both CC B1 row and CC B2 row. A ‘0’in the table indicates that gaps are needed, but the question is whether  the two “0” entries mean that gaps are needed on both CC to measure B8, or do they mean that either the RF chain being used to receive CC B1 or  the RF chain being used to measure CC B2 are B8 capable, so as long as gaps are provided on one or other of the CC, the UE would be able to make the measurement of B8.
Observation 3 : There exists an ambiguity in table 6.3-1 whenever there is more than one “without gap” configuration for a certain measurement band

This issue is also more complicated if we consider the need to indicate NCSG (eg according to proposal 4). The assumption of adding NCSG as an additional value in the table seems to be to indicate that certain CC need NCSG for measurement (in addition to the measurement gap on other CC) but again if there are multiple configurations which would allow measurement to be made then the situation become much more complicated. Before discussing this issue, we propose that the basic ambiguity is discussed
This discussion becomes more important to understand when the network wants to configure multiple measurement objects. For example, taking again the example in table 6-3.1, one possible interpretation of the zeros in the first row is that the RF used for B1 CC is capable of measuring B4, B6, B8, B9, and B10. So possibly measurement objects on all of these bands could be configured with only gaps on B1 CC. Note that we are not yet discussing parallel measurement in the same gap. This would be quite beneficial compared to the other interpretation which could be that gaps shall be provided everywhere that there is a ‘0’ in the bitmap, which for this measurement combination means that per UE gaps would be needed.

In principle the ambiguity stems from whether a ‘0’ in the bitmap means that the RF circuit being used for receiving that CC is capable of making the measurement of the target band, or a ‘0’ in the bitmap means just that a gap is needed (but other RF circuits may make the measurement instead). Clearly the preferred interpretation from the point of view of exploiting per CC measurement gaps is the former but real life may not be this simple – for example a UE might need to make gaps on one CC to free up an RF chain to make the measurement and also make gaps on another CC to prevent the uplink corrupting the measured value. It seems likely that the bitmap concept needs extended to differentiate these cases.
Proposal 8 : Possible ambiguity in the bitmap when multiple configurations may allow the same measurement to be made need to be discussed.

Parallel measurements of multiple carriers in one gap
One of the objectives of the work item is also to facilitate more efficient use of RF resources when there are multiple RF chains by allowing parallel measurements to be made. This can have benefit from both a user and system perspective. From a user perspective, call drops can be avoided when there are multiple measurement objects configured for interfrequency handover because a measurement result is likely to be reported more quickly. From a  system perspective, the serving cell may choose to configure measurement gaps later because it does not need to wait as long to get a measurement result. Therefore, the overall usage of gaps in the system can be significantly reduced. This is particularly important for offloading and hetnet scenarios  (which may make use of increased UE carrier monitoring, incmon) where there could be a large number of measurement objects (frequencies) configured and no clear trigger to start the gaps. For example, in a hetnet offload scenario, the serving cell may not become weaker at the point where offloading is desired.

A discussion in RAN4#78bis was about the baseband capabilities of the UE. We acknowledge that increased baseband complexity will result from parallel interfrequency measurement, although we also think that CA capable UE will anyway need to have more capable baseband searcher hardware than single carrier UEs due to the need to measure more intra-frequency carriers. As discussed, this kind of capability is likely to be very useful in future. Some discussion on the suitable baseband capability took place in RAN4#78bis, and it seemed acceptable to define a maximum number of measurement frequencies which a UE could process in one gap as a capability.
Proposal 9 : The maximum number of carrier frequencies which a UE could process in parallel in one gap is a UE capability defined under measurement gap enhancements work item.
In addition, the number of frequencies which will be measured in a certain gap depends on the UE’s RF capabilities. The ambiguity discussed in proposal 8 needs to be discussed prior to this, but if we take again the example from the TR, it is perhaps possible to infer that this UE would be capable of measuring on B4, B5 and B9 (for example) in parallel, if it was provided with per UE measurement gaps. However, this interpretation is dependent on interpreting a “0” to mean that a certain RF chain is being used for the measurement
	CC
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10

	B1
	-
	-
	-
	0
	1
	0
	1
	0
	0
	0

	B2
	-
	-
	-
	1
	0
	1
	1
	0
	0
	0

	B3
	-
	-
	-
	1
	1
	1
	1
	1
	0
	0


We would see the important use case for parallel measurement with multiple RF chains as being when the UE is configured with per UE measurement gaps, although we also appreciate that it is possible to perform parallel measurements when only a subset of CC have measurement gaps.
At any rate, for parallel measurements, it is very important that the eNB is aware of the measurement performance (the effective scaling factor, Nfreq, that will be applied, given a certain measurement configuration). Based on this information, the eNB can

1. Decide how many measurement objects to configure the UE with, considering deployment related aspects. A UE which reports measurements more quickly can be configured with a greater number of measurement objects than a UE which does not perform parallel measurement, for instance.

2.  Start gaps later (eg lower serving cell measurement) for UE which it expects to be able to find a target cell more quickly
3. Stop gaps more quickly in the event of no measurement report (eg for offload scenarios), deducing that the UE is not in coverage of any of the configured offload layers.

Ideally this information is known by the eNB in advance of configuration of the measurement since many of these aspects (eg deciding how many measurement objects to configure and deciding a suitable serving cell measurement value to start gaps) depend strongly on having a good understanding of the expected UE measurement performance.
Proposal 10 : Capability signalling shall be investigated which provides information on the parallel measurement capability of a UE (eg effective Nfreq that it will use for measurements).
In RAN4#78bis there was a discussion about whether the detailed signalling design could be done in RAN2. Ultimately RAN2 is responsible for the design of signalling, however, there are also many aspects of the design which are related to UE architecture in both RF and baseband. One purpose of this contribution is to highlight some of these issues, which, in our view, need to be resolved to allow clear guidance to be given to RAN2 and to avoid a long exchange of liaison statements which ultimately could lead to per CC measurement gap work not being completed in release 14.
3 Conclusions

In this contribution, we follow the agreements from RAN4#78bis and evaluate a baseline solution from TR36.894 for per CC measurement gaps. Although the solution appears to provide a good starting point for the work, there are a number of open issues, observations and proposals which would need to be addressed
Observation 1 : Overhead needs to be taken into account in the work

Observation 2 : PCell and SCell uplink transmissions need to be taken account in the work

Proposal 1 : In the context of per CC gap configuration, a gap is assumed to apply to both DL and UL (same definition as a per UE gap)

Proposal 2 : It is necessary to extend the capability signalling (eg table 6.3-1) to cover the UE uplink configuration

Proposal 3 : It is necessary to extend the capability signalling (eg table 6.3-1) to cover intraband (to the serving cell(s) ) interfrequency measurement

Proposal 4 : The capability signalling (eg table 6.3-1) shall be extended to cover need for other types of gap especially NCSG.

Note that to progress proposal 4, further work is likely to be needed on the definition of an NCSG.
Proposal 5 : The UE shall not make any autonomous interruption, but shall use the capability signalling under proposal 4 if there is impact to the operation of another serving cell.
Proposal 6 : As long as the eNB provides a gap configuration which is not lesser than the UEs capabilities, the UE shall meet relevant requirements. This includes configuring a 6ms gap for a CC where the UE has indicated that an NCSG could be used.

Proposal 7 : RAN4 should discuss whether the scope of the work is “per CC” or “per band” measurement gap and communicate accordingly with RAN2

Observation 3 : There exists an ambiguity in table 6.3-1 whenever there is more than one “without gap” configuration for a certain measurement band

Proposal 8 : Possible ambiguity in the bitmap when multiple configurations may allow the same measurement to be made need to be discussed.

Proposal 9 : The maximum number of carrier frequencies which a UE could process in parallel in one gap is a UE capability defined under measurement gap enhancements work item.

Proposal 10 : Capability signalling shall be investigated which provides information on the parallel measurement capability of a UE (eg effective Nfreq that it will use for measurements).
In RAN4#78bis there was a discussion about whether the detailed signalling design could be done in RAN2. Ultimately RAN2 is responsible for the design of signalling, however, there are also many aspects of the design which are related to UE architecture in both RF and baseband. One purpose of this contribution is to highlight some of these issues, which, in our view, need to be resolved to allow clear guidance to be given to RAN2 and to avoid a long exchange of liaison statements which ultimately could lead to per CC measurement gap work not being completed in release 14. 
