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1 Introduction

In the WI on Short TTI and reduced processing [1], reduced processing time for 1ms TTI should be specified. In RAN1#86 the following agreements among others were made.

· For FS1,2&3, a minimum timing n+3 is supported for UL grant to UL data and for DL data to DL HARQ for UEs capable of operating with reduced processing time with only the following conditions: 

· A maximum TA is reduced to x ms, where x <= 0.33ms (exact value FFS); 

· At least when scheduled by PDCCH 

· PHICH-less asynchronous HARQ for UL is used for 1 ms TTI with shortened processing time 
· For FS1 and FS2, bit fields are defined in the applicable DCI messages to indicate HARQ processes ID and RV 
· No change in FS3 asynchronous UL HARQ operation
During the SI on Short TTI and reduced processing the following was agreed and included in the TR [2]. 

For PUSCH transmission in sTTI (sPUSCH for short TTI), a UE can be dynamically (with a subframe to subframe granularity) scheduled with PUSCH and/or sPUSCH.
The minimum timing for UL grant to UL data and for DL data to DL HARQ is n + k sTTI for short TTI operation;

-
Processing time >= the legacy processing time linearly downscaled with TTI length

-
4 <= k <= 8

-
Note that sTTI refers to 

-
sPUSCH sTTI for the UL grant to UL data timing 

-
sPDSCH sTTI for the DL data to DL HARQ feedback timing

At RAN1#87 the following agreement was made, among others.
· A UE can be dynamically (with a subframe to subframe granularity) scheduled with legacy TTI unicast PDSCH and/or short TTI unicast PDSCH
· If the UE is indicating the capability of decoding PDSCH and sPDSCH assigned with C-RNTI/SPS C-RNTI in the same subframe for a given carrier

· If valid DL assignments are detected based on C-RNTI/SPS C-RNTI in PDCCH/EPDCCH for PDSCH and PDCCH/sPDCCH for sPDSCH in the same subframe for a given carrier, the UE should decode the PDSCH in addition to sPDSCH

· UE shall provide HARQ-ACK feedback for both PDSCH and sPDSCH

· No special consideration is specified for overlapping of sPDSCH and PDSCH

· Otherwise

· If valid DL assignments are detected based on C-RNTI/SPS C-RNTI in PDCCH/EPDCCH for PDSCH and PDCCH/sPDCCH for sPDSCH in the same subframe for a given carrier, the UE should decode the sPDSCH and is not required to decode PDSCH

· UE shall provide HARQ-ACK feedback for both PDSCH and sPDSCH

In this contribution, we discuss the maximum UE processing capabilities and HARQ process operation when switching between 1ms TTI operation with and without reduced processing time and short TTI operation
2 Discussion
The link and system level evaluation campaign [2] highlighted that short TTI is beneficial in terms of user throughput but may also have negative impact on spectral efficiency and UL coverage in certain situations. The dynamic switching between sTTI and 1ms TTI agreed in RAN1 enables an eNB to change quickly between short TTI operation and 1ms TTI operation for a given UE depending on the situation. One example situation where a switch from sTTI to 1ms TTI operation can be beneficial is after the TCP slow-start of a TCP connection. During the TCP slow-start sTTI operation is used to converge faster to the actual throughput provided by the radio link. After the TCP slow-start 1ms TTI is used to benefit from the higher spectral efficiency due to lower control and reference signal overhead. When switching between sTTI and 1ms TTI, the issues of HARQ process handling and UE processing capabilities need to be solved.
2.1 HARQ process handling when switching from sTTI to 1ms TTI operation
In FS1, 8 HARQ processes are available for the legacy n+4 timing. With n+3, 6 HARQ processes are sufficient. As discussed in [3], if the UE is configured with n+3 timing and is not configured with sTTI operation, the DCI for n+3 timing should include a HARQ process number (HPN) field of 3 bit which results in the availability of 8 HARQ processes. If the UE is configured with both 1ms n+3 timing and with sTTI operation, some additional considerations must be made to ensure smooth switching between 1ms TTI and short TTI operation.
For short TTI operation, a minimum timing between n+4 and n+8 was agreed in [1], meaning that 16 HARQ processes would be needed. The minimum timing for the 2os sTTI operation is likely to be larger than n+4 due to the fixed component of the processing delay that do not scale linearly with the TTI length. This means that DCI for sTTI operation will likely contain a HPN field of 4 bit for the HARQ process allowing thus the scheduling of up to 16 HARQ processes.

When switching from short TTI to 1ms TTI, as currently specified, the number of available HARQ processes goes from 16 to 8. This means that half of the HARQ processes cannot be scheduled anymore. Consider that an initial transmission for HARQ process ID 15 scheduled on sTTI before the TTI length switch failed. The eNB then decides to switch to 1ms TTI operation. If only 8 HARQ processes are available in 1ms TTI operation, HARQ process ID 15 cannot be scheduled anymore on a 1ms TTI and data in the corresponding HARQ buffer is lost. This example illustrates the fact that any remaining data in the HARQ buffers that cannot be scheduled anymore will be lost, resulting in need for a (slow) RLC retransmission. With a typical setting of the RLC poll timer and the RLC reordering timer of dozens of ms, the introduced delay for the retransmission will be high. This will degrade latency performance for those users, which is especially harmful for latency-critical users and reverts the latency benefit of sTTI operation. For TCP users, higher latency negatively affects the achievable throughput and in general the user performance. 
In Figure 1, we show the performance of a user downloading 1 MB file size via FTP and over 2os sTTI (with 12 HARQ processes, i.e. n+6 configuration). The results are related to one transfer and two different cases: the case without HARQ buffer loss and the case where HARQ buffer loss occurs. For the case with HARQ buffer loss, the user experiences the buffer loss at the end of the TCP slowstart phase (i.e. taking into account the need of switching the TTI length from 2os TTI to 1ms TTI at the end of the slowstart). The HARQ buffer loss occurs only once and affects those processes with pending data: either waiting for a HARQ feedback or ready for a HARQ retransmission. The results show the negative impact on the TCP performance due to the HARQ buffer loss. As observed, no packets arrive at the UE TCP receiver right after the buffer loss. Once the required RLC retransmissions are done (at around 0.34s), the TCP packets are received and their acknowledgments (ACKs) are transmitted to the TCP transmitter. But the transmission of the TCP ACKs is not instantaneous. It undergoes delay over the radio and transport networks. This explains why there is again a period of time from time 0.34s where no packets are observed at the TCP receiver.  Finally, this leads to a longer transfer of the remaining packets.
Observation 1
Reducing the number of HARQ processes during TTI length change (from sTTI with 16 processes to TTI with 8 processes) leads to severe performance degradation due to inevitable data loss on HARQ. 
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Figure 1 RLC and TCP HARQ buffer loss impact due to TTI length switching
Based on these results and considering also that the switching from short TTI to 1ms TTI and vice versa can happen very frequently (which is why the scheduler-level-switch is introduced), data loss induced by the switching should be avoided. A simple way to avoid it is to define the HPN field with 4 bits for 1ms TTI and to have shared HARQ processes between 1ms TTI and sTTI operations. As discussed in [3], this increase of HARQ processes should be applied only for 1ms TTI DCI sent on USS in order not to increase the number of blind decodes for the UE.
Proposal 1 

Support 16 HARQ processes with 1ms TTI operation scheduled from USS if the UE is configured with sTTI operation
Proposal 2 

Introduce a HPN field of 4 bits in UL and DL DCI of 1ms TTI operation sent on USS if the UE is configured with sTTI operation
Proposal 3 

Any HARQ process initially scheduled with TTI/sTTI shall be possible to retransmit with either 1ms TTI or sTTI
Proposal 4 

The DCI used for scheduling 1ms TTI from CSS remains unchanged if the UE is configured with sTTI operation
 A HPN field is available in both DL and UL DCIs for 1ms TTI with n+3 timing, but it is only available in DL for 1ms TTI with n+4 timing. The 1ms TTI operation with n+4 timing uses synchronous UL HARQ. To keep synchronous UL HARQ and avoid the introduction of a HPN field in the UL DCI of 1ms TTI operation with n+4 timing, a mapping between subframe and the 16 HARQ process ID can be defined. This would enable to schedule any potential remaining data in the HARQ buffers in the corresponding subframes after a switch from sTTI to 1ms TTI with n+4 timing. But this mapping will create additional delay to serve remaining data in HARQ buffer compared to introducing a HPN field. In the worst case the delay can be 15ms to serve a given HARQ process while it would be 1ms with the introduction of a HPN field. Since asynchronous UL HARQ is supported for 1ms TTI with n+3 timing, it can also be supported for n+4 timing scheduled from USS in case a UE is configured with sTTI operation.

Proposal 5 

Support asynchronous UL HARQ for 1ms TTI operation with n+4 timing scheduled from USS if the UE is configured with sTTI operation
2.2 Soft buffer considerations

A UE can be served alternately with sTTI and 1ms TTI on a subframe basis but a simultaneous transmission or reception of sTTI and 1ms TTI in the same subframe is not a scenario targeted for sTTI operation. Therefore, there is no need to increase the overall soft buffer requirements in 3GPP TS 36.306 as also has been agreed in RAN1#88bis. 
Consider that there is the same number of HARQ processes for sTTI and 1ms TTI and that these HARQ processes are shared for the 1ms TTI and sTTI operation. In this case, the soft buffer memory corresponding to a given HARQ process can remain the same, independently if the HARQ process was scheduled using a 1ms TTI or using a sTTI. When scheduled over a 1ms TTI, the HARQ process will certainly carry a larger TBS but the UE can dimension the soft buffer memory for a given HARQ process based on the expected TBS for the 1ms TTI. 
The number of soft channel bits nSB that shall be stored upon decoding failure of a code block is defined in 3GPP TS 36.213 section 7.1.8. For convenience, the equation is copied here. The definition of each parameter can be found in the mentioned specification.
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The right component of the min operation represents the number of soft bits in case of an equal repartition of the overall soft buffer memory of a UE (as given in 3GPP TS 36.306) over the DL HARQ processes, the MIMO layers and the serving cells. The number of DL HARQ processes is actually bounded by a constant 
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= 8. So, even in FS2 configuration with more than 8 HARQ processes, the soft channel bits are stored assuming a total soft buffer partitioning for at most 8 HARQ processes. 
The same principle could be applied for short TTI and 1ms TTI with 16 HARQ processes, thus requiring no change to the specified soft channel bits storage. 
Observation 2
If HARQ processes are shared among 1ms TTI and sTTI, no change is required to the already specified soft channel bits storage 

The demodulation requirements in the RAN4 specifications (see 3GPP TS 36.104) already considers HARQ retransmissions and soft buffer storage by the UE. For sTTI operation new demodulation requirements are foreseen, and hence the soft buffer handling by the UE when scheduled over sTTI will be handled by these new requirements. 
No new demodulation requirements are foreseen for 1 ms operation. However, to ensure that the soft buffer is appropriately managed by sTTI UEs with sTTI with 16 HARQ processes, with 1ms TTI with 16 HARQ processes, and after a switch between sTTI and 1ms TTI, it is proposed to ask RAN4 to accommodate a requirement for this operation.
Observation 3 
Performance requirements could be defined in RAN4 to ensure proper soft buffer management by sTTI UEs when switching between sTTI and 1 ms TTI operation

2.3 Exceeding maximum UE capabilities in terms of SCH processing

3GPP TS 36.306 defines the maximum number of DL-SCH transport block bits received within a TTI and the maximum number of UL-SCH transport block bits transmitted within a TTI per UE category. With sTTI operation, the DL-SCH and UL-SCH processing capability defined in [3] is shared between 1ms TTI and sTTI channels. As discussed in [4, 5], there is a risk that a UE exceeds its processing capabilities due to dynamic switching from sTTI to 1ms TTI. Due to prioritization of sTTI related processing over 1ms TTI processing, processing of a sTTI in subframe n overlaps with processing of a 1ms TTI scheduled earlier.
As baseline rule, if the total eNB scheduling for DL-SCH or UL-SCH on 1ms TTI channels and sTTI channels in one serving cell at a given subframe n is larger than the defined processing capability, the UE should prioritized sTTI channels over 1ms TTI channels. This principle was agreed for sTTI and 1ms TTI collision in RAN1#87 with the possibility of having UE capabilities for simultaneous PDSCH and sPDSCH decoding. 

This principle can be extended to include previously scheduled 1ms TTI as well. 

As baseline rule, if the number of DL-SCH bits (resp. UL-SCH bits) scheduled on sTTI channels at a given subframe n added to the number of DL-SCH bits (resp. UL-SCH bits) scheduled on 1ms TTI channels at subframe n - l in one serving cell is larger than the defined processing capability in 36.306, the UE should prioritized sTTI channels over 1ms TTI channels. The parameter l, with 1<= l <= k-1 and k = {3, 4} being the minimum required processing delay configured for 1ms TTI operation on USS, represents the earlier scheduled 1ms TTI subframe that may overlap with the processing of sTTI scheduled in subframe n.

Proposal 6 

The UE maximum number of DL-SCH transport block bits received within a subframe is not expected to be exceeded when switching between sTTI and 1ms TTI scheduling
Proposal 7 

The UE maximum number of UL-SCH transport block bits transmitted within a subframe is not expected to be exceeded when switching between sTTI and 1ms TTI scheduling
3 Conclusion

In section 2 we made the following observations: 

Observation 1
Reducing the number of HARQ processes during TTI length change (from sTTI with 16 processes to TTI with 8 processes) leads to severe performance degradation due to inevitable data loss on HARQ. 
Observation 2
If HARQ processes are shared among 1ms TTI and sTTI, no change is required to the already specified soft channel bits storage 

Observation 3 
Performance requirements could be defined in RAN4 to ensure proper soft buffer management by sTTI UEs when switching between sTTI and 1 ms TTI operation

Based on the discussion in section 2 we propose the following: 

Proposal 1 

Support 16 HARQ processes with 1ms TTI operation scheduled from USS if the UE is configured with sTTI operation
Proposal 2 

Introduce a HPN field of 4 bits in UL and DL DCI of 1ms TTI operation sent on USS if the UE is configured with sTTI operation
Proposal 3 

Any HARQ process initially scheduled with TTI/sTTI shall be possible to retransmit with either 1ms TTI or sTTI
Proposal 4 

The DCI used for scheduling 1ms TTI from CSS remains unchanged if the UE is configured with sTTI operation
Proposal 5 

Support asynchronous UL HARQ for 1ms TTI operation with n+4 timing scheduled from USS if the UE is configured with sTTI operation
Proposal 6 

The UE maximum number of DL-SCH transport block bits received within a subframe is not expected to be exceeded when switching between sTTI and 1ms TTI scheduling
Proposal 7 

The UE maximum number of UL-SCH transport block bits transmitted within a subframe is not expected to be exceeded when switching between sTTI and 1ms TTI scheduling
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5 Annex

5.1 System-level simulations

5.1.1 Scenario parameters

Table 1: Deployment parameters for the system level simulations
	Parameter
	Value

	Number of sites, sectors per site
	7, 3

	Inter-site distance
	500m

	UE speed.
	0 (no mobility)

	UE Multipath speed
	3 km/h 

	Frequency, duplex
	2 GHz, FDD

	Bandwidth
	10 MHz

	TX power
	46 dBm (eNB), 0.25 dBm (UE)

	Antenna heights
	25m (eNB), 1.5m (UE)

	N TX antennas x M RX antennas
	2x2 (eNB), 1x2 (UE)

	MIMO
	2x2 (DL), 1x2 (UL)

	Antenna pattern
	3GPP TR36.819

	Noise figure
	5dB (eNB), 9dB (UE)

	FTP download file size
	100kB

	FTP model
	1

	Fast Fading Model
	ITU Uma TR36.819

	Pathloss Model
	ITU Uma TR36.814

	TCP Configuration
	Slow Start: Linux-based
Congestion control: Linux-based
Initial Window Size: 3

Slow Start Restart: 1s

TCP congestion window increase during slow-start relaying on number of acked packets


5.1.2 System parameters

Table 2: System parameters for system level simulations
	Parameter
	Value

	Number of PDCCH symbols
	2

	CQI report delay/periodicity
	6ms/5ms

	Link adaptation
	According to TBS selection from Section 2.1.1;
Outer-loop correction (Target BLER 10%)

	Core, transport, and internet delay
	10ms

	RLC AM max ReTX threshold
	32

	Scheduler algorithm
	Proportional fair

	UL access
	SR-based

	UL retransmissions
	Non-adaptive
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