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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#68bis, [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. 
At RAN4#58bis a way forward was agreed, [2], where interested companies are to provide feedback on whether the UE behaviour after a gap needs to be modified for the following scenarios:
· FDD single carrier case
· TDD single carrier case
· FDD CA:
· Single TA and multiple TAGs
· TDD CA with same UL/DL subframe configuration on PCell and SCell:
· Single TAG and multiple TAGs
· TDD CA with different UL/DL subframe configurations on PCell and SCell:

· Single TAG and multiple TAGs
The analysis shall take the following into account:

· UE implementation complexity
· Network implementation complexity
· System impact e.g. throughput loss, measurement performance etc.
In this contribution we provide figures for minimum gap length for each case above and discuss the impact on UE implementation complexity and system throughput. It is proposed to drop the UL after measurement gaps also for TDD to secure enough radio time in measurement gaps since this has no impact on system throughput.
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 [3]. 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 [3] 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. The maximum allowed difference between TAGs of any two aggregated carriers to 32.47us [6].
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 [4]. 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.
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 [4].    
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), [3])
	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 – 0.032 = 5.97 ms

(TA difference between multiple TAGs shall be at most 32.47 us, [5])
	5.95-4×0.0167 =  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 – 0.032 = 5.97 ms

(TA difference between TAGs shall be at most 32.47us, [5])
	5.95-4×0.0167 =  5.90 ms

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


The result in Table 1 indicate that if the gap is positioned between DL subframes (c) 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 [3]. 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) will due to existing rules on UE behavior after a gap [4] 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), and 5.93 for the single carrier scenario (b). 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.

2.3 Considerations on UE and NW complexity, Throughput and Measurements
From UE perspective the complexity arises from late decisions on when to resume reception on the intra-frequency carrier. Typically the switching of radio from the intra-frequency carrier to the measured carrier is prepared some time before the measurement gap, and at the same time the switching back from the measured carrier to the intra-frequency carrier is planned. Moreover AGC strategy is planned before the gap. Depending on whether the measurements are carried out in real time or samples are recorded and post-processed, also hardware may be configured beforehand, e.g. for cell search, RSRP and RSRQ measurements, and/or RSTD measurements. Late decisions on actual radio time available for measurements either call for late reconfiguration of the hardware or that less than potentially available radio time has to be assumed to take into account the possibility that TA will shorten the available radio time in the measurement gap. Hence from UE perspective for many design alternatives it would be beneficial to know beforehand how much radio time is available. 
Observation 4: For many UE designs it is beneficial to know beforehand how much radio time is available, as late decisions e.g. call for time-critical reconfiguration of hardware.
From mobility perspective if the net measurement gap becomes too short there is not enough radio time to detect inter-frequency neighbor cells with particular cell timings relative the serving cell. For E-UTRA FDD 5.14 ms and for E-UTRA TDD 5.29 ms net radio time is needed in order to secure that cells can be detected regardless of the timing relative the serving cell. Also other RATs with 5 ms repetition period of synchronization signals have similar requirements, e.g. UTRA TDD 1.28 Mcps aka TD-SCDMA. The result may be that although the UE is within excellent coverage of an inter-frequency neighbor it will not detect that cell. This in turn will have negative impact on the mobility function. 

Observation 5: In case the resulting net radio time in a gap is shorter than 5.14 ms for E-UTRA FDD target carrier and 5.29 ms for E-UTRA TDD target carrier, the UEs ability to detect an inter-frequency neighbor cell will depend on the relative timing between the serving cell and the neighbor cell.

From network perspective complexity arises in case UEs do not detect strong inter-frequency neighbor cells. Particularly an inconsistent UE behavior could lead to efforts being spent on validating an already good cell planning, as it would look like coverage holes. Moreover restricting the usage of TA may lead to more complex implementation. From network perspective it would be beneficial to have a consistent UE behavior where strong inter-frequency neighbor cells are detected regardless of timing relative the serving cell.

Observation 6: An inconsistent UE behavior may show up as occasional coverage holes in an otherwise good cell planning, and may lead to wasted efforts to improve coverage. For the concerned UEs it may lead to going out-of-sync due to not having been able to report a candidate for handover to the network.

From throughput perspective it is undesirable to drop the UL after the gap since it reduces the scheduling opportunities in one subframe per 40 or 80 ms (depending on gap configuration). On system level UEs going out of sync due to not having been able to detect an existing strong inter-frequency neighbor cell for handover causes throughput losses in terms of signaling due to reestablishment of connection. It shall be noted that the missed scheduling opportunity in the UL after the gap is not causing loss on system level, since other UEs with other measurement gap offsets, can be scheduled in those ULs. However, an inconsistent UE behavior for the UL after the gap would cause losses on system levels since resources would be allocated but occasionally not used. 

Observation 7: Loss of scheduling opportunity for individual UEs due to consistently dropping UL after a measurement gap does not have any impact on the system throughput since the resources can be used by other UEs. Inconsistent UE behavior is causing loss in system throughput since occasionally allocated UL resources will not be used. UEs going out-of-sync due to not having been able to detect a suitable candidate for handover cause loss in system throughput due to overhead for reestablishment of connection. 
2.4 Proposal

Based on the analysis above, and particularly Observation 7 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 0.10 ms (for UL CA cases).
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 [4] 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.
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, while at the same time securing that there is no additional loss in system throughput. 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. 
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