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1 Introduction
The problem of how to secure 6 ms measurement gaps has been addressed in several contributions since RAN4#66, see e.g. our contribution from RAN4#68, [1]. The original issue at RAN4#66 was about impact of timing advance on measurement gaps that are positioned between UL subframes in LTE TDD single carrier case. Such gaps will change temporal position with timing advance. Since then the topic has been broadened to also include aspects of carrier aggregation with single and multiple TAGs and carrier aggregation of TDD with CCs with different UL/DL allocations. 
In this contribution we include also carrier aggregation of CCs with different duplex modes, which is Rel-12 WI and a feature that currently is discussed in RAN1. Impact of time difference of arrival for DL subframes, CCs belonging to different TAGs, and timing advance is analysed for each case, and a proposal is made on how to secure that the UE gets enough time in the gap.
2 Impact of propagation delays and timing advance on measurement gaps
2.1 Background
Timing difference between DL subframes is restricted to be within 30.26us between any two inter-band carriers to be aggregated. The figure is based on a TX timing tolerance of 260ns between any two cells, and a 30us difference in propagation delay [5]. For intra-band contiguous CA the requirements are tighter and the DL subframes are to be received by the UE with at most 130ns difference. Intra-band non-contiguous CA will likely have the same constraints as for inter-band CA, i.e. DL subframe difference of at most 30.26us.

Regarding the timing offset between UL and DL, a timing advance command received in subframe n shall be applied in subframe n+6 [5] and each such command can shift the UL-DL timing offset by -31×16Ts to 32×16Ts, approximately ±17us. Timing advance commands can be received both in downlink subframes and special subframes.

The carriers to be aggregated can belong to the same or to different TAGs (timing advance groups). The same timing advance is used for carriers within a TAG. A Rel-10 UE is only capable of handling a single TAG, whereas UEs supporting later releases may be capable of aggregating carriers that belong to different TAGs, meaning that the applied timing advance may differ between the component carriers. Current proposal is to limit the maximum difference between TAGs of any two aggregated carriers to 30 us without impairments [7].
For FDD, the first UL subframe after the measurement gap is not used for transmission since if it had, it would have shortened the available gap due to the UL-DL timing offset. Same rule applies for TDD, with the exception measurements gaps that are positioned between UL subframes [6]. Here the idea has been that the UL-DL timing offset shifts the position of the whole gap but does not shorten it as for the FDD case or for a TDD case where the gap e.g. is positioned between a DL and an UL subframe. However timing advance commands received immediately before the measurement gap have to be applied before transmission is resumed after the gap, and hence may shorten or extend the gap even in case of the gap being positioned between UL subframes.  
2.2 Analysis of measurement gap lengths

The minimum guaranteed measurement gap is analysed for the following scenarios:

· (a) FDD single component carrier, Rel.8 and onwards

· (b) TDD single component carrier, Rel.8 and onwards

· (c) FDD CA, Rel.10 and onwards

· (d) TDD CA with same UL/DL allocation on both carriers, Rel.10 and onwards for single TAG, and Rel.11 and onwards for multiple TAGs. Gap positioned between UL subframes.

· (e) TDD CA with different UL/DL allocation on the carriers, Rel.11 and onwards. But there are no requirements in Rel-11. Gap on one carrier positioned between UL subframes.
· (f1) CA with different duplex modes, and measurement gap on TDD carrier positioned between UL subframes, Rel-12. No aggregation on UL; future use case.
· (f2) CA with different duplex modes, and measurement gap on TDD carrier positioned between DL subframes, Rel-12. No aggregation on UL; future use case.
Sketches are provided in Figure 1 below and minimum guaranteed measurement gap length as well as mitigation to achieve at least 6 ms is provided in Table 1 below.
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Figure 1: Sketch of scenarios for which resulting measurement gap length is analyzed. Timing advance commands received during the 6 subframes before the gap will modify the length of the gap. Shaded subframes are those where no serving cell transmission or reception is to be carried out under existing rules [6].    
Table 1: Analysis of minimum guaranteed measurement gap both with and without received TA commands before the gap, and mitigation to guarantee a minimum gap length of 6 ms.
	Scenario
	Description
	Minimum gap when no TA commands are received immediately before the gap
	Minimum gap when TA immediately before, to be applied during gap
	Mitigation to guarantee minimum 6ms gap

	A
	Single carrier FDD cell
	6 ms
	6 ms

(No impact since first UL after gap is dropped)
	Nothing needed

	B
	Single carrier TDD cell, UL/DL configuration 0
	6 ms
	6-4×0.0167 = 5.93 ms

(4 TA commands may have to be applied during gap)
	Drop UL after gap

	C
	CA of FDD cells; single TAG

	6 – 0.030 = 5.97 ms

(UE shall handle DL timing offset of up to 30.26 us between PCell and SCell(s), [5])
	5.97 ms

(No impact since first UL after gap is dropped)
	Drop DL after gap

	D
	DL & UL CA of TDD cells with same configuration, UL/DL configuration 0
	6 – 0.030 = 5.97 ms

(TA difference between multiple TAGs shall be at most 30us, [7])
	5.97-4×0.0167 =  5.90 ms

(4 TA commands may have to be applied during gap, and hence shorten it)
	Drop UL after gap

	E
	DL & UL CA of TDD cells with different configuration, UL/DL configurations 0 and 5, respectively
	6 – 0.030 = 5.97 ms

(TA difference between TAGs shall be at most 30us, [7])
	5.97-4×0.0167 =  5.90 ms

(4 TA commands may have to be applied during gap, and hence shorten it)
	Drop UL after gap

	F1
	Aggregation of TDD and FDD cells, UL/DL configuration 5 for the former. Gap between UL subframes.
	6 – X < 5.97 ms
(Difference between DLs are to be at most 30.26 us and additional timing difference due to offset between UL and DL in TDD cell)
	6 – X – 4×0.0167 <  5.90 ms

(4 TA commands may have to be applied during gap, and hence shorten it)
	Drop UL after gap

	F2
	Aggregation of TDD and FDD cells, UL/DL configuration 5 for the former. Gap between DL subframes.
	6 – 0.030 = 5.97 ms

(UE shall handle DL timing offset of up to 30.26 us between PCell and SCell(s), [5])
	5.97 ms

(No impact since first UL after gap is dropped)
	Drop DL after gap


The result in Table 1 indicate that if the gap is positioned between DL subframes (c, f2) on different component carriers, the minimum guaranteed measurement gap becomes 5.97 ms. Timing advance has no impact on this scenario, only the transmit time tolerance and propagation delay from PCell and SCell(s) which may amount up to 30.26us [5]. Mitigation to guarantee 6ms gap would be to drop the DL subframe after the gap.

Observation 1: Measurement gaps that are positioned between DL subframes on the different carriers will have a guaranteed minimum gap length of 5.97 ms. Dropping the DL subframe after the gap will secure that at least 6 ms are available for measurements.
Moreover it is indicated in Table 1 that gaps on TDD carriers that are positioned between uplink subframes (d, e, f1) will due to existing rules on UE behavior after a gap [6] have a minimum guaranteed gap length smaller than 6 ms, due to difference in timing advance for different TAGs but also due to that timing advance commands received during the 6 subframes before the gap will have to be applied within the gap, and hence modify the length of the gap. It shall be noted that the latter is also the case for single carrier TDD (b). Minimum guaranteed gap length is 5.90 ms for UL CA scenarios (d) and (e), 5.93 for the single carrier scenario (b), and less than 5.90 ms for (f1) where the exact figure is depending on the UL-DL timing offset in the TDD cell. Mitigation to guarantee 6ms gap length would be to drop the UL after the gap also when the gap is following immediately after an UL subframe.
Observation 2: For a single TDD carrier a measurement gap that is positioned between UL subframes will have a guaranteed minimum gap length of 5.93 ms. Dropping the UL subframe after the gap will secure that at least 6 ms are available for measurements.

Observation 3: For UL CA scenarios with multiple TAGs, a measurement gap that is positioned between UL subframes will have a guaranteed minimum gap length of 5.90 ms. Dropping the UL subframe after the gap will secure that at least 6 ms are available for measurements.

Observation 4: For DL CA between FDD and TDD carriers, a measurement gap that is positioned between UL subframes on the TDD carrier will have a minimum gap length of less than 5.90 ms, where the exact figure depends on the UL-DL timing offset in the TDD cell. Dropping the UL subframe after the gap will secure that at least 6 ms are available for measurements.

2.3 Proposal

Based on the analysis above we propose that UL subframes are to be dropped after measurement gaps also for TDD. It will improve the situation both for single carrier and CA cases. There are several Rel-11 and Rel-12 features which can benefit. Therefore general requirements applicable to Rel-12 should be specified. The improvement is in the range 0.07 ms (for single carrier case as in Rel.8) to at least 0.10 ms (for UL CA cases) but potentially more for scenarios where FDD and TDD cells are aggregated on the downlink.
One can argue that also DL subframes should be dropped for both FDD and TDD, but the improvement would be 0.03 ms and hence is small compared to the other cases. We therefore propose not to drop DL after the gap.

Proposal 1: From Rel.12 and onwards, the UL subframe following immediately after a measurement gap shall always be dropped, regardless of duplex mode, the kind of subframe immediately before the gap, and the number of component carriers. 
The proposed change to the specification 36.133 [6] is as follows:

During the measurement gaps the UE:

-
shall not transmit any data

 -
is not expected to tune its receiver on any of the E-UTRAN carrier frequencies of PCell and SCell.

In the uplink subframe occurring immediately after the measurement gap,

-
the E-UTRAN FDD UE shall not transmit any data
-
the E-UTRAN TDD UE shall not transmit any data if the subframe occurring immediately before the measurement gap is a downlink subframe.
A change request [8] is submitted to introduce the proposed change. 
3 Conclusions
We have provided an analysis of guaranteed minimum measurement gap length for single carrier as well as for various carrier aggregation scenarios, and have come up with a proposal on how to improve the situation such that at least always 5.97 ms or more shall be available for measurements. The proposal is as follows.   
Proposal 1: From Rel.12 and onwards, the UL subframe following immediately after a measurement gap shall always be dropped, regardless of duplex mode, the kind of subframe immediately before the gap, and the number of component carriers. 

A change request [8] is submitted to introduce the proposed change to TS 36.133. 
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