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Introduction

Due to the special nature of TDD, a user can be allocated one or more uplink (UL) subframes within the same downlink (DL) subframe on the DPCCH (via the UL grant). In this respect, it has been decided in RAN WG1 that the UL grant must contain explicit signalling of exactly which UL subframe is allocated. Hence, and unlike the operation in FDD mode LTE, it is likely that a specific user may receive multiple UL grants within the same DL subframe. Hence, it is natural to consider ways of compressing the allocation information in order to lower the load on the DPCCH. Especially, for TDD systems where there are more UL subframes than DL subframes (e.g. in symmetric traffic where coverage requirements need be met in UL) such potential savings become very attractive. In this contribution, we recommend a way forward for reducing the UL grant overhead considering other aspects such as HARQ, packet scheduler operation, etc.
Multi-TTI Allocation in TDD

“Multi-TTI” means in this context that multiple UL subframes can be allocated in a single UL grant. Based on the general assumption for LTE, the individual UL subframes (and TTIs) are self-decodable with separate CRC check and HARQ signalling so the purpose of multi-TTI is merely to reduce DPCCH overhead.

Multi-TTI is not a new item in the LTE discussions and has been discussed in some form in e.g. TS36.300 (v8) although detailed discussions have not been conducted. The convention used is typically long-lived dynamic allocations where the UL grant contains a parameter denoting the “duration of assignment” in number of subframes. Exact flexibility and usage of the parameter is still FFS.
It is important to note that multi-TTI has an inherent loss due to the configuration into multiple TTIs. Hence, for small packets the distribution of the payload into multiple TTIs is not attractive due to excessive overhead originating from MAC header and CRC field. However, in many situations multi-TTI allocation is needed, e.g. when the packet is “too large” to fit a single subframe. Some examples include:

· When UE is power limited and can only support partial bandwidth transmission.
· When scheduling bandwidth is limited to unleash frequency domain packet scheduling (FDPS) gain in UL.

In TDD, where multiple UL subframes can be allocated in the same DL subframe, we therefore envision that consideration of the associated overhead reduction available from clever multi-TTI schemes brings significant gains to the system. However, as the very nature of TDD poses some special challenges with respect to long-lived dynamic allocations it is worth considering if the successive (e.g. “duration of assignment”) method is sufficiently flexible or if other methods (specifically a bitmap type approach where the used subframes can be masked out flexibly) are more attractive considering limited available signalling space. We therefore recommend to RAN WG1 to discuss a feasible multi-TTI concept optimized for TDD.
Multi-TTI Allocation and HARQ

The multi-TTI scheme clearly needs to be optimized with UL HARQ for best signalling savings. With respect to HARQ, two main operational modes are still considered for uplink:
· Synchronous adaptive HARQ: No ACK/NACK is needed in downlink since the retransmission is always scheduled with “retransmission” indication (details still FFS in 3GPP).
· For optimum multi-TTI we would need to have bitmap giving “new data indicator” for each TTI such that new transmissions and retransmissions could be compressed together in same multi-TTI allocation. However, if packet scheduling (PS) and link adaptation (LA) decision has changed for new transmissions, multi-TTI is not possible for combined case and hence gain will be marginal overall.
· With 1-bit “new data indicator”, any multi-TTI transmission will either be 100% retransmissions (will often be single-TTI anyway with a 10-20% BLEP target for UL) or 100% new transmissions.
· Synchronous non-adaptive HARQ: ACK/NACK is needed in downlink on separate control channel and thus single-TTI/multi-TTI is only used for first transmissions.
· There are no additional issues for multi-TTI except that the gain of bitmap-type multi-TTI over “duration of assignment” multi-TTI will be larger.
· Double booking of same subframe (e.g. NACK sent and also DPCCH allocation received) will bring problems of interpretation for UE (e.g. was NACK the really an ACK?).

In conclusion there are no major issues with synchronous non-adaptive HARQ except that quite flexible multi-TTI will be needed for best savings. To exemplify the issues, consider the two “boundary” cases in Figure 1. To simplify the explanation “real” HARQ delays are not considered in figure for simplicity; in reality UL grants may need to consider UL subframes in the following 5 ms radio frame. Here it is important for final setup to consider the processing time between an UL grant is given in downlink until the uplink transmission can take place. When we discuss multi-TTI in the following we consider a window of N uplink subframes where the first subframe is the first possible uplink transmission considering the processing times (e.g. same as for single-TTI). The following N-1 uplink subframes are thus included in the multi-TTI window and thus the time duration of a multi-TTI allocation may vary over time.

In case 1 in Figure 1, we have “duration of assignment”-based multi-TTI allocation scheme with enough flexibility to allocate 4 subframes to a user within a single UL grant. We have one DL subframe and 4 UL subframes configured within a single allocation period. In the first allocation period, a user is assigned all UL subframes and the second TTI fails and requires a retransmission. Because of the retransmission in the second allocation period, and the associated fragmentation, the system is now forced to use two separate UL grants for allocating the remaining subframes to user 2. Due to further retransmissions, the third allocation period has to be allocated using single-TTI UL grants only. Total cost of assignment of the 12 UL subframes is 8 UL grants (compared to 12 UL grants if single-TTI only is possible).
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Figure 1. Two cases showing the benefit of flexible bitmap-type multi-TTI schemes.
In case 2, the bitmap-type multi-TTI scheme is considered. Basis of the UL grant is a bit mask that tells the UE which UL subframes are included in the multi-TTI allocation. Hence, all combinations of multi-TTI can be configured and multi-TTI can be “formed” even though the resources are fragmented from HARQ retransmissions. In the example, the desired operation is the same as for case 1 and we have the same packets failing. The difference is visible in the second allocation period where user 2 can be now allocated using a single UL grant (using bit mask {1011}). In the third allocation period, we have two retransmissions pending from user 2 and these can be retransmitted together in a single UL grant. For user 1 we have a retransmission and a new transmission (possibly with different transmission parameters) and these need to be scheduled separately using 2 UL grants. The saving compared to single-TTI is 50% and 25% compared to the “duration of assignment” based multi-TTI.
Provided that multi-TTI UL grants can only be used for new transmissions we have the ability to share the HARQ information and thus provide added signalling saving. E.g. we can assume for multi-TTI that new data indicator as well as redundancy version (e.g. the retransmission sequence number) can be the same for all the subframes embedded in the multi-TTI allocation. Hence, with the normal operational BLEP targets it is proposed that multi-TTI allocation of retransmissions is not supported.

Overhead calculations

To have the possibility to do flexible bitmap-type multi-TTI has a cost compared to reducing the number of multi-TTI options that can be used. However, it is important to note that the TDD UL grant already has increased size due to the requirement for explicit signalling of the UL subframe that is allocated. And provided that “duration of assignment” still has reserved signalling space, joint coding of offset and pattern can be used effectively to compress the UL grant size.

To have an explicit UL subframe indication as well as an independent “duration of assignment” we need to have 2 x log2(Nul) bits representation as minimum to have ability to allocate all combinations (Nul representing the number of UL subframes within the allocation period). By jointly coding the two (e.g. since large offset means low possible “duration of assignment” assuming that allocation is limited to current allocation period for TDD) we can reduce the overhead significantly to 
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where NTTI denotes the maximum duration of the duration of assignment (assumed to be less or equal to Nul).
As discussed in the earlier section, the duration of assignment method has a problem when considering HARQ retransmissions and that time/frequency resources may be fragmented. This problem becomes more significant when low system bandwidths are considered. To achieve best performance, the multi-TTI allocation should be indicated by a bit mask of length Nul. In Figure 2 the theoretical bit requirements for the three schemes are shown versus the number of UL subframes that reside within the allocation period. It is seen that the added flexibility has a limited additional cost over separate coding (default following existing setup) for the realistic values of UL subframes.
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Figure 2. Comparison of the signalling cost of different multi-TTI allocation schemes.
Savings in DPCCH overhead

Figure 3 shows signalling overhead saving gains for PDCCH compared to full signalling (e.g. one grant per UL allocation) with different DL/UL allocation ratios. We can see that for multi-TTI, almost 30% signalling overhead is saved in comparing with single-TTI. For the cases with only few subframes allocated for downlink, the compression of the DPCCH overhead becomes very large. Due to a relatively low block error target, the difference between a duration of assignment (DoA) approach and the bitmask approach is marginal. In cases, when the uplink is not controlled so tightly, the benefit of the bitmask approach will increase. Please see Appendix-A  for more detailed simulation assumptions.
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Figure 3. Illustration of the saving gains for PDCCH overhead with multi-TTI allocation for uplink. Different UL/DL allocation patterns are considered.

Proposed UL Grant Design for TDD

Based on the discussion and findings above, we propose specific design of the UL grant with emphasis on multi-TTI allocation. The proposal is given in Table 1. As mentioned, the gain of the bitmask approach was not found to be very significant in the conducted simulation. However, if there are other persistent allocations in uplink (or limitations due to DRX operation) the use of a bit mask also improves the multiplexing flexibility for the system. Hence, this is our proposed baseline method since the overhead compared to jointly coded duration of assignment is small. Further, the use of bitmask allows for compression of total signalling needed for HARQ control.
Table 1. Description of UL grant data fields which are important to multi-TTI allocation.

	UL grant field
	TDD

	New data indicator and redundancy version (synchronous HARQ)
	Shared field for all TTIs/subframes within long-lived dynamic allocation. Retransmission cannot be sent as multi-TTI UL grants.

	Duration of assignment
	N.a.

	Explicit UL subframe indication and multi-TTI specification
	Bitmask of Nul where Nul denote number of UL subframes within allocation period.

	Other parameters
	Common


Conclusions

We have illustrated the added benefit of multi-TTI allocations (aka dynamic long-lived allocations) for TDD systems. However, due to the special nature of TDD, the default multi-TTI scheme based on successive allocations is inflexible in terms of multiplexing flexibility and in terms of associated DPCCH savings for cases when UL is not tightly controlled. Hence, to maintain efficient use of multi-TTI also with synchronous adaptive HARQ, we propose to use a bitmap-type approach for the UL grant design. From signalling perspective, the overhead is insignificant compared to separate traditional encoding of “duration of assignment” and explicit offset signalling. There is no need to be able to combine retransmissions and new transmissions within the same UL grant and thus only a single “new data indicator” is needed as for single-TTI. To compress HARQ signalling we propose that retransmissions can only be scheduled as single-TTI allocations.
Appendix-A Simulation Assumptions
Besides simulation assumptions of Case 1 defined in TR25.814, the other parameters are listed in Table-2.
Table 2. Simulation Assumptions

	Parameter
	Value
	Note

	Simulation time
	5 run – 10 s per run – 2 s warm-up period
	

	PRBs per user
	5 (fixed)
	

	BW
	10M, 50 PRBs
	

	Time domain packet scheduling
	Proportional Fair
	

	Frequency domain packet scheduling
	Max C/I 
	

	Link Adaption
	Fast AMC with open loop link adaptation
	

	Traffic model
	Full buffer
	

	Power control
	Fractional power control
	Compensation factor = 0.75
X-percentile pathloss = 93 dB
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