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Discussion and Decision
1 Introduction
In this contribution, we present a proposal on how to include multi-TTI uplink scheduling in LTE TDD for the case when there are more uplink subframes than PDCCH instances. A good design must balance savings in PDCCH overhead from using multi-TTI scheduling versus increase in UL grant payload. The following generic design guidelines have been considered, see also [1] [5]:

· Multi-TTI scheduling is only applicable when there is shortage of available PDCCH resources. Of the currently discussed DL:UL configuration in RAN1#51bis meeting, the only applicable configuration is 1DL:3UL (e.g. 2 PDCCH instances per 3 UL subframes).

· To limit the PDCCH overhead while still facilitating significant gain from multi-TTI scheduling in a practical network, we propose to limit the maximum uplink multi-TTI scheduling window to 2 TTIs. We show below the inherent performance tradeoff.

· To ensure consistent mapping of multi-TTI allocations in the ACK/NACK sense, it is proposed that a PHICH mapping scheme based on the physical resources allocation is adopted, aka as in [7] for 1DL:3UL configuration, and in [3] for other DL/UL configurations where DL is equal or longer than UL thus one-to-one mapping between PHICH/PDCCH UL grant and PUSCH is possible as it is in FDD.

· The number of UL HARQ processes and the associated RTT (Round Trip Time) should not be sacrificed, i.e. to be maintained as they are with pure single uplink TTI scheduling.
· The concept should be designed to distribute the load of uplink single-TTI and multi-TTI grants evenly across available PDCCHs in order not to be limited by PDCCH resource limits. This allows the DL<UL configuration to be implemented without having to increase the possible number of OFDM symbols for control. 
· The UL multi-TTI scheduling grant is considered to be integrated with the indicator for scheduled CQI (aperiodic CQI). It is believed that such integration is attractive for the special DL<UL case where downlink traffic is assumably reduced. It is shown that joint coding of multi-TTI information and scheduled CQI provides a good tradeoff among payload size of UL grant and multi-TTI scheduling performance. A scheduled CQI flexibility that is better than for FDD is still maintained.
When designing the multi-TTI uplink concept there are three main areas that have been considered:

· Maximum duration of the multi-TTI scheduling window. The tradeoff among maximum saving in number of UL grants versus PDCCH UL grant size is optimized. In addition, the timing relationship of PUSCH receiption and associated PHICH transmission in case of single uplink TTI scheduling provide further limitation of scheduling window length [6] [8].
· Flexibility in defining the multi-TTI window. E.g. whether duration of assignment method or bitmap indication is used to allow for flexibible multiplexing of multi-TTI UL grants with pending retransmissions (either single TTI or multi-TTI), persistent allocations, etc.

· Consideration of flexibility in UL multi-TTI grant to handle HARQ retransmissions. A compromise between gain from multi-TTI scheduling gain and UL grant payload size of handling multiple RSV for jointly scheduled UL retransmissions.

· Impact of jointly coding the multi-TTI information with the indicator for scheduled (or aperiodic) CQI on multi-TTI scheduling gain and UL grant payload saving.
These aspects are considered in the following before proposing a solution for multi-TTI uplink scheduling for LTE TDD.
2
Selecting the maximum scheduling window
The multi-TTI UL scheduling is most needed when there is a significant amount of users in the cell and the PDCCH becomes a limitation. As we need to reserve PDCCH resources also to handle the case of only single-TTI allocations (e.g. in case with many small data allocations and many pending retransmissions) we cannot easily free PDCCH resources for data unless there is consistent PDCCH saving available. The selected assumptions are given in Table 1.
Table 1. Simulation assumptions for studying impact of multi-TTI scheduling window length.

	Parameter
	Setting
	Comment

	Number of active users in cell (UL)
	10
	

	Maximum number of UL grants supported per DL subframe (single-TTI/multi-TTI)
	8
	Assuming that DL/UL scheduling activity is balanced according to UL/DL split.

	Buffer model
	Infinite
	

	Uplink packet scheduler
	Metric is Proportional Fair based in throughput domain
	PF5: Packet scheduler decision is updated and maintained every 5-ms period (aggressive multi-TTI scheduler).
PF1: 1-TTI scheduling resolution, fixed 6 PRB bandwidth allocation (multi-TTI is used only when it is optimum from user/radio perspective).

	Channel model/environment
	Case 1, 3 km/h, 10 MHz
	

	Multi-TTI method
	Fully flexible bitmap method, scheduling window length from 2-4 TTIs.
	Maximum gain assuming perfect interleaving with HARQ retransmissions.

	DL/UL configuration
	1:3, special timeslot carries full PDCCH capacity
	


The results from simulations in average number of UL scheduling grants per DL subframe is shown in Figure 1. Results show the span from a scheduler (PF5) that aggressively exploits the multi-TTI functionality to reduce PDCCH overhead whereas the other scheduler (PF1) only explots multi-TTI signalling reduction when the user and radio conditions deem it optimum (according to the proportional fair criterion in this case). The numbers are normalized according to a “default” single-TTI allocation method (also plotted for convenience). As expected the gain of going to 2-TTI scheduling dominates the gain of continuing with 3-TTI and 4-TTI schemes. When considering the default proportional fair scheduler PF1, it is seen that the absolute gains are further reduced but again main saving can be achieved by a multi-TTI window of length 2. When further adopting QoS and buffer aware scheduling, flexible bandwidth scheduling, VoIP traffic, and persistent allocations to the network it is assumed that benefit of longer windows than 2 further diminishes. Based on these observations we propose to define the maximum width of the multi-TTI scheduling window to 2 subframes. Significant PDCCH reduction gain of 20% is available even in the PF1 case where a radio aware scheduler is used that does not optimize according to multi-TTI operation.
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Figure 1. Illustration of the PDCCH saving gain versus the maximum length of the multi-TTI scheduling window.
3
Bitmap versus duration of assignment

For a maximum window duration of 2 it is meaningless to separate between the two modes. However, if longer TTI windows are considered it was shown in an earlier contribution [4] that benefit of bitmap approach is minor even when considering the interaction with uplink HARQ (due to fragmentation). The reason is that due to link adaptation uncertainties the probability that not all TTIs in a multi-TTI scheduling batch either fail or succeed is relatively low. Hence, if bitmap method results in increase in UL grant payload it is not generally recommended.


4
HARQ and multi-TTI request

Since multi-TTI UL scheduling is needed for a single UL:DL configuration case and we expect significant use of single-TTI allocations, we find that the size of the UL multi-TTI grant needs to be controlled when considering HARQ. We believe the best tradeoff is to not include multi-TTI HARQ information by installing the following limitations:

· The UL multi-TTI scheduling grant can be used for jointly scheduling transmissions with same RSV and TBS settings in the uplink. HARQ process numbering is inherent from a synchronous HARQ perspective.

This means that uplink multi-TTI scheduling is primarily used for lowering the overhead of scheduling first transmissions to a user. With an effective controlled target BLEP, gain of uplink multi-TTI scheduling is only slightly reduced and the UL grant design can be kept at a minimum.

5
Joint coding of scheduled CQI and multi-TTI request
In an earlier contribution [1], we illustrated how the indicator for scheduled/aperiodic CQI (1 bit in UL grant as decided for FDD/TDD in RAN#51bis) can be jointly coded with a 2-TTI UL scheduling concept to create an effective overhead of flexible multi-TTI of only 1 bit compared to the normal UL grant design. It is noted that this solution is only sought for the special case of 1:3 where we would like to have the possibility of multi-TTI uplink scheduling without excessively increasing the UL grant payload. Drawback of the method is that the scheduled CQI can only be scheduled in 2 out of 3 slots but this is believed to be sufficienct considering (1) there is still a 1-1 mapping between available CQI resources and downlink subframes (if special time slot allows downlink data) and (2) periodic CQI is seen as the default reporting mechanism and is not limited. It should be noted that there are still more opportunities for sending scheduled CQI per available downlink subframe than for FDD.
6
Summary 

Based on the discussion above we present a simplest case multi-TTI scheduling in Figure 2 or Figure 3, depending on the conclusion on TDD UL HARQ. 
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Figure 2. Illustration of the simplest possible uplink multi-TTI scheduling idea (FDD 3ms UL UE processing time considered, still FSS for TDD mode).
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Figure 3. Illustration of the simplest possible uplink multi-TTI scheduling idea (2ms UL UE processing time considered, still FSS for TDD mode).
Signalling-wise, this idea is conveniently combined with the required indicator for scheduled/aperiodic CQI. In total it is proposed to have 2 bits represent multi-TTI+scheduled CQI information (here denoted a MT-SCQI field) in each UL grant. The exact interpretation of this field is defined in Table 2.
Table 2. Meaning of the 2-bit multi-TTI/scheduled CQI field. Note that subframe notation (e.g. a, b) depends on the downlink subframe containing the UL grant as indicated in Figure 2.
	Value of MT-SCQI field
	Meaning

	00
	This is a single-TTI grant where data as well as a scheduled CQI is scheduled in UL subframe (a). 

	01
	This is a single-TTI grant where data is scheduled in UL subframe (a).

	10
	This is a single-TTI grant where data is scheduled in UL subframe (b).

	11
	This is a multi-TTI (2-TTI) grant where data is scheduled in both UL subframes (a) and (b).


It is assumed that it is desirable to have as short latency of the scheduled CQI as possible as it is placed in (a). However, if some special slots were to considered to be used primarily for periodic CQI (e.g. due to match with processing times and minized link adaptation delays) it could be considered to move it to (b) instead. The principle remains the same.
Although the signalling overhead of the proposed multi-TTI method is negligible considering that we anyway need to represent scheduled CQI as well as absolute UL subframe indication in the UL grant, it still offers a high degree of flexibility in terms of scheduling freedom and potential PDCCH saving.

· 2-TTI transmission is facilitated in 2 out of 3 possible combinations. We believe this may be sufficient since we will anyway have a significant amount of single-TTI allocations and will need to schedule retransmissions as well (often as single-TTI allocations). For PF1 above, the resulting normalized UL grant per DL subframe ratio was degraded from 0.81 to 0.85 which is acceptable compromise. For PF5 it is reduced from 0.51 to 0.68.
· Single-TTI scheduling load for all three UL subframes can be balanced evenly among the two DL subframes containing the PDCCH. This is attractive for using radio-aware packet scheduling in downlink and maintaining high multiplexing order in both DL subframes.

· Scheduled CQI is facilitated in 2 out of 3 UL subframes which is an acceptable loss of flexibility. The remaining UL subframe can be loaded more heavily for the periodic CQI reporting if better CQI load balancing is needed. Flexibility is still better than for e.g. FDD (e.g. 1½ scheduled CQI option per DL subframe compared to 1).
Finally, by using only 2 bit indication we cover scheduled CQI, multi-TTI allocation, and full single-TTI allocation in a single field, thereby lowering the cost of implemting multi-TTI for the DL<UL TDD case.
7



Conclusions
We have presented a proposal for an uplink multi-TTI solution for LTE TDD. We propose that the solution is discussed and accepted as the way forward, on the other hand we are open for further discussion how/what to use the 4th pattern of 2-bits multi-TTI allocation command, e.g. something else than scheduled CQI. 
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