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1 Introduction

In RAN#87 the sTTI combinations to be supported in DL and UL were agreed to be {2,2} and {7,7}. A working assumption was also agreed on the support of {2,7}.

	· For a user capable of supporting sTTI, the following {DL,UL} configurations are supported:

· {2,2} and {7,7}
· Working assumption on support of {2,7}. 
· The working assumption is to be confirmed in RAN1 #88 if no significant issues (including no obvious performance gain) are identified.


The following agreement was also made regarding the sTTI for multiple carriers:

	· For a given UE, the same DL sTTI length is configured for the serving cells within the same PUCCH group for which sTTI operation is configured

· FFS on across two PUCCH groups


In this paper we discuss how different TTI lengths can be supported in LTE and what the implications are on HARQ and grant timing.
2 Discussion

2.1 Short TTI length combinations

2.1.1 Overlapping sPUSCH/sPUCCH 
In RAN1#86 a few agreements were made regarding the TTI length combinations in DL and UL. In short, it was agreed that the UL TTI length for sPUSCH and sPUCCH cannot be shorter than the DL TTI length. It was also agreed that for a given UE the TTI length for sPUSCH and sPUCCH are equal. With the same length of sPUCCH and sPUSCH, UCI mapping on sPUSCH becomes easier if also the start of the sPUCCH and sPUSCH are aligned. If the start of sPUCCH and sPUSCH are not aligned, a rule is needed to move UCI to sPUSCH when they overlap.

Proposal 1 Proposal 1
It should be possible to schedule sPUSCH and sPUCCH so that the start of the TTIs are aligned

2.1.2 sTTI combinations
Several aspects should be taken into account when discussing the combinations of short TTI lengths for FDD operation. Most important of these are:

1. Packet latency

2. UL coverage

3. Payload for CA operation

4. Throughput performance

Considering mainly the first three points on the list, the most relevant TTI combinations to consider are those listed in Table 1. For this we have mainly considered the sPUCCH resources.

Table 1. Relevant short TTI combinations to consider. 
	Case
	sPDSCH/sPDCCH
	sPUSCH
	sPUCCH
	Use case

	0
	2os
	2os
	2os
	Lowest latency

	1
	2os
	7os
	7os
	Lowest DL latency with improved UL coverage and payload, and reduced UL latency

	2
	7os
	7os
	7os
	Reduced latency, improved coverage


Case 0 ensures the lowest latency in both DL and UL, and should be considered the baseline solution.

For UEs having coverage issue in UL or a high sPUCCH payload due to DL carrier aggregation for instance, a longer sPUCCH is recommended. Case 1 addresses this situation. 

Case 2 of Table 1 corresponds to the TDD setup, but also to a use case of reduced but not lowest latency.

2.1.2.1 Link level simulations

Link level simulations have been performed (simulation assumptions in the Annex) to quantify the gains of allowing the {2,7} sTTI combination, compared to only using {2,2}.

Two aspects have been looked at:

1. A format 3-like sPUCCH using a Reed-Muller code 

2. A format 4-like sPUCCH using TBCC

One important aspect of adapting from {2,2} to {2,7} is that up to 3 DL sTTI:s need to fit within the same sPUCCH message, as compared to {2,2} where there is a 1-to-1 mapping between DL and UL sTTI.

However, scheduling a user is not always scheduled in 3 consecutive DL sTTI:s and when the payload is lower (due to less number of scheduled DL sTTI:s) the performance should also be improved. Care should however be taken when a UE reports a sub-set of the total number of possible DL blocks, since the UE might have missed the assignment message from the network resulting in the UE and network not being aligned regarding what blocks are being reported by the UE.

It is proposed to take the same approach as used in LTE today, also for sTTI namely:

1. In case of Reed-Muller block coding the UE reports all possible blocks over the reporting period, that is also for the block where it was not able to decode the DL assignment. The state of the unknown HARQ bits are always set to NACK. Since the network will know in what DL sTTI it scheduled the UE, it will also assume those blocks to be in NACK. Hence, the number of unknown code words are reduced by the number of known bit states, and the only loss in performance compared to actually encoding using a smaller amount of payload bits, would be the difference in code distance, see evaluation below.

2. For TBCC the situation is not as straight forward. Making use of known bit-states in the trellis decoding is more complicated and hence in LTE the payload is instead reduced to only contain the assigned blocks for PUCCH format 4. The same principle is proposed to be applied to sPUCCH.
Simulations for the Reed-Muller code have been performed by assuming a certain number of known bit states for the 7os sPUCCH design, and comparing it to 2os sPUCCH performance with 3 bits. The 3 bits are chosen based on two layers being scheduled + 1 bit for SR, and hence the corresponding 7os payload size would be 7 bits (all DL sTTI:s being scheduled), 5 bits (2/3 sTTI:s being scheduled), or, 3 bits (1/3 sTTI:s being scheduled).

Table 2: Gain [dB] of 7os sPUCCH format 3 compared to 2os sPUCCH with 3 bits

	
	EPA3
	EVA3
	EVA50

	7 bits, No bits known
	5.6
	5.5
	5.5

	3 bits, No bits known
	7.7
	7.7
	7.8

	7 bits, 2 bits known
	6.8
	6.7
	6.7

	7 bits, 4 bits known
	7.7
	7.6
	7.7


As can be seen, the approach taken by discarding the code words containing the known bits provide basically optimum performance. A performance difference of at most 0.1 dB is seen by comparing ‘3 bits, No known bits’ (which would correspond to the approach of reducing the payload size to the HARQ bits only of detected scheduled blocks) and ‘7 bits, 4 bits known’ (which corresponds to the approach of Proposal 2).

Observation 1 Performance is maintained for RM codes comparing indicating all HARQ bits (including not detected scheduled blocks), with only the HARQ bits for scheduled blocks

A similar performance comparison can be done for sPUCCH format 4 (TBCC). For example, for a 5 carrier configuration with 2 layers and 1 SR bit by comparing the case of 1 scheduled DL sTTI, with payload 5*2 + 1 = 11 bits, with the case of all DL sTTIs scheduled, payload = 31 bits.
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Figure 1: Impact on TBCC performance for 7os sPUCCH format 4 with different payloads

As can be seen from Figure 1 the performance benefit of transmitting only 11 bits instead of 31 bits is around 4.1 dB, being reasonably similar to the scaled energy per bit (10*log10(31/11)=4.5 dB).

Observation 2 TBCC performance scales well with the payload size, indicating up to 4 dB improvement if not all DL sTTI:s are scheduled

Proposal 2 For a Reed-Muller based sPUCCH format, the UE shall report all HARQ bits of potentially scheduled (but not necessarily detected) TBs

Proposal 3 For a TBCC based sPUCCH format, the UE shall report only HARQ bits of detected TBs

Comparing the performance for the {2,2} sTTI configuration and the {2,7} configuration one can see from Table 2 that the gain with {2,7} is at least 5.5 dB and up to 7.7 dB if not all DL sTTI:s are scheduled. This is a significant performance gain and would allow adaptation from {2,2} to {2,7} when the UE moves into more challenging coverage conditions. It should further be noted that the gap in performance is expected to be increased if considering the transient period impacts that are more evaluated in [7]. The additional performance benefit for the {2,7} configuration will depend on the outcome of the RAN4 discussions.

Observation 3 A link level gain of at least 5.5-7.7 dB is expected for 7os sPUCCH compared to 2os sPUCCH format 3 in the case of a single carrier, 2-layer configuration
2.1.2.2 System level simulations

System level simulations have also been carried out to evaluate more in detail the impact on sPUCCH performance (dependent on SINR) to the overall network performance, comparing the {2,2} and {2,7} sTTI combinations. The sPUCCH performance is modelled in detail based on link level results for events such as A2N, A2D, D2A. The system simulation assumptions are listed in the Annex, and the performance is shown in Figure 2.

As observed, the {2,2} configuration performance becomes worse as the load increases due to higher interference and hence a lower experienced SINR. From medium to high loads, the {2,7} configuration provides a better performance due to its robustness to low SINR. This makes {2,7} a valid configuration for UEs with coverage issues or with high DL HARQ payload. 

It is further seen that the benefit from a 3-bit, compared to a 7-bit sPUCCH is clearly visible. As shown in Table 2 this corresponds to roughly a 2 dB link level gain, and it would be applicable to UEs scheduled on one of the 3 DL sTTIs in a slot. 
Observation 4 The {2,7} configuration provides a robust alternative to {2,2} ensuring control reliability in a medium to high load scenario.
[image: image2.emf]Avrg Cell Throughput [Mbit/s]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

M

e

d

i

a

n

 

F

T

P

 

o

b

j

e

c

t

 

b

i

t

r

a

t

e

 

[

M

b

i

t

/

s

]

2

3

4

5

6

7

8

9

10

11

12

FTP DL 100 kB

2os-SINR-sPUCCH-3bits

2os(7os UL)-SINR-sPUCCH-3bits

2os(7os UL)-SINR-sPUCCH-7bits


Figure 2 System-level simulation throughput results for 100 kB FTP download for {2, 2} with 3 bits sPUCCH payload, {2, 7} with 3 bits sPUCCH payload and {2, 7} with 7 bits sPUCCH payload

2.1.2.3 Way forward

Based on the observations in Section 2.1.2.1 and Section 2.1.2.2 it is proposed to confirm the Working assumption from RAN1#87:

Proposal 4 Confirm the WA from RAN1#87 supporting sTTI combination 2/7/7 for sPDSCH/sPUSCH/sPUCCH, in addition to the already agreed combinations 2/2/2 and 7/7/7
2.2 Switching between sTTI cases

In RAN1#86bis it was agreed to indicate the DL TTI length with RRC. This means cases 0 and 2 as discussed in Table 1 are semi-statically configured. When starting from case 0 above, it should be possible to dynamically change the UL TTI length to case 1, and also to move individual users from one case to another.

As an example we consider all users starting in sTTI case 0. This can be indicated over RRC as the lowest latency normal operation. A user who loses UL coverage is then identified by the network and is moved to case 1 (indicated in the fast UL DCI). To maintain good coverage of the sTTI operation it is important that eNB can dynamically change the UL TTI.

Also, in the case of DL CA, the HARQ payload may vary dynamically, and it is therefore important to change sPUCCH resource accordingly. If not, the eNB would be forced to always use case 1 in case CA is used to handle potential feedback, which has worse latency performance compared to case 0.

Observation 5 Dynamic change of UL TTI length is necessary to maintain good coverage and to adapt for varying HARQ payload
Proposal 5 It should be possible to dynamically change UL sTTI through indication in sPDCCH

Proposal 6 It should be possible to configure different sTTI combinations for different UEs simultaneously in UL and DL

2.3 sTTI configurations across multiple serving cells

At RAN1#87 it was agreed that the same DL sTTI duration is configured for the serving cells within the same PUCCH group (see Section 1). What to apply across PUCCH groups was left open as well as the UL sTTI length within the same PUCCH group.

For the DL, the main purpose to support shortened TTI is performance related. It has further been shown that the gains in DL become larger with shorter TTI length [6]. Consequently, there is no benefit in allowing a UE to be configured with 2 OFDM symbols TTI on one carrier and 7 OFDM symbols on another carrier from a performance perspective. We note however that there are complexity impacts of utilizing sTTI and further from an eNB perspective it may not be beneficial to configure sTTI operation on all carriers, for example carriers with smaller bandwidth. 

For UL it is however observed that different TTI lengths result in different supported coverages, as analyzed in Section 2.1.2.1 and Section 2.1.2.2. Correspondingly, it is beneficial to allow sTTI operation of different UL TTI lengths on different carriers, this for example to support UCI payload for many cells or RRH deployments. On the other hand, if the UE transmits on multiple carriers at the same time in UL it is further beneficial to give to the eNB the option to align the starting and ending positions of the sTTI to limit the impact of the transmission uncertainty period. Power variation may indeed occur during the UL transmission on one carrier if transmission on another carrier is started in the middle of the first carrier’s transmission (as depicted in Figure 3).
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Figure 3: Power variation in the middle of a slot UL TTI due to the transmission of overlapping 2os UL TTI

It may thus be desirable to have the same length configured on all UL carriers. To facilitate and to enable a simple design it would be sufficient to specify support for the same sTTI length transmission from all carriers. 

If dynamic switching of the UL sTTI length is supported (see Proposal 5), it should apply to all the carriers. The eNB would need to ensure that the UL TTI lengths are the same on all carriers together with the starting and ending positions. 

Based on the above reasoning the following is proposed:

Proposal 7 The sTTI length for UL and DL carriers are independently configured

Proposal 8 All DL carriers for a given UE shall have the same sTTI length configured

Proposal 9 All UL carriers for a given UE shall have the same sTTI length configured

3 Conclusion

In section 2 we made the following observations:
Observation 1
Performance is maintained for RM codes comparing indicating all HARQ bits (including not detected scheduled blocks), with only the HARQ bits for scheduled blocks
Observation 2
TBCC performance scales well with the payload size, indicating up to 4 dB improvement if not all DL sTTI:s are scheduled
Observation 3
A link level gain of at least 5.5-7.7 dB is expected for 7os sPUCCH compared to 2os sPUCCH format 3 in the case of a single carrier, 2-layer configuration
Observation 4
The {2,7} configuration provides a robust alternative to {2,2} ensuring control reliability in a medium to high load scenario.
Observation 5
Dynamic change of UL TTI length is necessary to maintain good coverage and to adapt for varying HARQ payload


Based on the discussion in section 2 we propose the following:
Proposal 1
Proposal 1 It should be possible to schedule sPUSCH and sPUCCH so that the start of the TTIs are aligned
Proposal 2
For a Reed-Muller based sPUCCH format, the UE shall report all HARQ bits of potentially scheduled (but not necessarily detected) TBs
Proposal 3
For a TBCC based sPUCCH format, the UE shall report only HARQ bits of detected TBs
Proposal 4
Confirm the WA from RAN1#87 supporting sTTI combination 2/7/7 for sPDSCH/sPUSCH/sPUCCH, in addition to the already agreed combinations 2/2/2 and 7/7/7
Proposal 5
It should be possible to dynamically change UL sTTI through indication in sPDCCH
Proposal 6
It should be possible to configure different sTTI combinations for different UEs simultaneously in UL and DL
Proposal 7
The sTTI length for UL and DL carriers are independently configured
Proposal 8
All DL carriers for a given UE shall have the same sTTI length configured
Proposal 9
All UL carriers for a given UE shall have the same sTTI length configured
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5 Annex

5.1 System-level simulations

5.1.1 Scenario parameters

Table 3: Deployment parameters for the system level simulations
	Parameter
	Value

	Number of sites, sectors per site
	7, 3

	Inter-site distance
	500m

	UE dropping
	Random uniform, 80% indoor

	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 4: System parameters for system level simulations
	Parameter
	Value

	Number of PDCCH symbols
	2

	Resources allocated to sPUCCH
	1 PRB

	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


5.2 Link level assumptions

Table 5: Link level assumptions
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	7 symbols

	Channel model
	EPA, EVA

	UE speed
	3 km/h, 50 km/h

	Antenna configuration
	1 Tx, 2 Rx

	CP length
	Normal

	Receiver type
	MMSE

	Channel estimation
	Practical

	Channel coding
	RM

TBCC without CRC

	Performance metrics
	ACK missed detection probability 1%, 
NACK-to-ACK error probability 0.1 %, 
DTX-to-ACK probability 1%

Failed CRC check treats all bits as NACK

Registered SNR is where all metrics are fulfilled.

	Frequency Hopping
	Yes



