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1. Introduction
At the RAN1 #84bis meeting, channel design on PDSCH for shortened TTI (sPDSCH) was discussed and following agreements and working assumptions were made [1]. 
	Agreements:
· Both CRS based TMs and DMRS based TMs are recommended to be supported for DL sTTI transmission

· No change for CRS definition

· FFS: Supporting more than 2 layers for sPDSCHs

· Further study is needed about DMRS design(s) for sPDSCH demodulation

· For a certain TTI length, increased PRB bundling sizes may be necessary to achieve sufficient channel estimation accuracy. 

· FFS: the number of DMRS antenna ports that can be supported for a given short-TTI length.
· For a certain TTI length, new DMRS design(s) may be needed
Agreements:

· A UE is expected to handle the following cases in the same carrier in a subframe 

· Receiving legacy TTI non-unicast PDSCH (except FFS for SC-PTM) and short TTI unicast PDSCH

· Receiving legacy TTI non-unicast PDSCH (except FFS for SC-PTM) and legacy TTI unicast PDSCH(s)

· FFS between:

· Alt 1: A UE is not expected to receive legacy TTI unicast PDSCH and short TTI unicast PDSCH simultaneously on one carrier

· Alt 2: If the UE is scheduled with legacy TTI unicast PDSCH and short TTI unicast PDSCH simultaneously on one carrier, then it may skip the decoding of one of them (FFS rules for determining which one)

· Alt 3: A UE is expected to receive legacy TTI unicast PDSCH and short TTI unicast PDSCH simultaneously on one carrier

· FFS UE behaviour in case of being scheduled with legacy TTI unicast PDSCH and short TTI unicast PDSCH simultaneously with legacy TTI non-unicast PDSCH (except FFS for SC-PTM) on the same carrier 

A UE can be dynamically (with a subframe to subframe granularity) scheduled with legacy TTI unicast PDSCH and/or (depends on outcome of FFS above) short TTI PDSCH unicast
Working Assumption: 

· 1-OFDM-symbol sTTI length will not be further studied


In this contribution, we provide our views on the PDSCH design for shortened TTI and UE behavior in case of being scheduled with legacy TTI unicast PDSCH and short TTI unicast PDSCH in the same subframe on the same carrier. PDCCH design for shortened TTI can be found in our companion contribution [2].
2. PDSCH in a short-TTI (sPDSCH)
2.1. Channel structure
According to the working assumption, the potential lengths of short-TTI could be 2, 3/4, and 7 symbols. For downlink sTTI, it is preferred to support 4/3/4/3 symbols per subframe since it strikes good balance among latency reduction gain, overhead increase, and expected specification impacts. Besides, 7/7-symbol sTTI per subframe can also be recommended to be supported as the second candidate length since it is a good compromise between legacy TTI and 3/4-symbol sTTI. Fig. 1 gives an illustration on the preferred sTTI length for downlink transmission. Detailed analysis on the supported sTTI length can be found in our companion contribution [3]. 
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Fig. 1
Relation between subframes and the preferred short-TTIs.
sPDSCH can be realized by scaling TB size according to the given TTI length. So, large part of the PDSCH framework except for RS can be kept as it is.
Observation 1:

· sPDSCH can be realized by scaling TB size according to the given TTI length.

2.2. RS structure
For sTTI transmission, both CRS based TMs and DMRS based TMs are recommended to be supported. In the following, we discuss the CRS and DMRS design for sTTI comprising 3/4 and 7 symbols PDSCH. 
For both 3/4-symbol and 7-symbol sTTI, existing CRS can be re-used. With 3/4-symbol sTTI, CRS on antenna port #0-#1 are equally included in any sTTI, while CRS on antenna port #2-#3 are only included in 4-symbol sTTI. With 7-symbol sTTI, CRS on antenna port #0-#3 are equally included in any sTTI as illustrated in Fig. 1. This is useful property since in case of CRS-based TMs UE can decode sPDSCH with the same channel estimation algorithm (except for CRS antenna port #2-#3 on 3-symbol TTI) irrespective on which sTTI the sPDSCH is scheduled. For sTTI transmission, it is beneficial to support CRS based TMs with maximum 4 layers to improve throughput for sTTI. Channel estimation on CRS antenna port #2-#3 for sPDSCH mapped on 3-symbol sTTI can be done using CRS in the neighboring sTTI. 
To improve SNR of channel estimates, time-domain averaging/filtering of channel estimates using CRS over multiple OFDM symbols is useful. For example, using CRS REs over 1ms duration until the end of the target short-TTI would offer the same SNR of channel estimates as in 1ms TTI assuming that the UE performs channel estimation per subframe in the legacy 1ms TTI (see Fig. 2). There is a larger time gap between the previously received CRS and the target short-TTI in some cases, which would result in losing tracking performance. However, the resulting throughput degradation may not be critical, as the maximum time gap between CRS and the target short-TTI is still within 1ms. Note that if there is no CRS in the previous subframe (e.g., the first downlink subframe after UL-DL switching in TDD or the first non-MBSFN subframe after MBSFN subframe), averaging/filtering may not work properly.
[image: image2.emf]Short-TTI w/ 3/4 symbols

CRS mapped over these durations

can be used for channel estimation

of PDSCH in the target short-TTI


Fig. 2
Example of sPDSCH (w/ 3/4 OFDM symbols) and CRS averaging.
Existing DMRS on antenna port #7-#10 located in last two symbols per slot can simply be re-used for 3- and 7-symbol sTTI. However, the number of DMRS REs per TTI per PRB becomes half. Therefore, 8-layer MIMO is no longer available, and time-domain averaging/filtering using DMRS REs on different slots is not applicable. The smaller number of DMRS REs per TTI results in degradation of channel estimation accuracy, irrespective of UE moving speed. In addition, re-use existing DMRS design requires waiting time for eNB to start the channel estimation procedure. Therefore, it may not be preferable to simply re-use existing DMRS even for 3- and 7-symbol sTTI, and introduction of new DMRS for both 3/4-symbol sPDSCH and 7-symbol sPDSCH would be preferable.
In general, as the TTI length becomes shorter, the DMRS overhead becomes higher. If DMRS overhead is reduced, either the number of MIMO layers is limited, or the channel estimation performance is degraded. Therefore, a certain kind of restriction or performance degradation may be unavoidable. In order to alleviate this, it is important to support of dynamic adaptation of TTI length between 1ms TTI and short-TTI, i.e., the TTI length is dynamically adapted, e.g., per subframe/scheduling basis. Then, for TCP slow-start phase, sPDSCH is scheduled so that TCP congestion window rapidly extends. After the TCP slow-start phase, PDSCH is scheduled on a 1ms TTI so that higher spectrum efficiency is achievable by optimizing RS overhead and/or by utilizing higher-order MIMO. With the dynamic adaptation of TTI length between 1ms TTI and short-TTI, DMRS overhead would not be a critical concern. Otherwise, it is quite essential to optimize DMRS including higher-order MIMO to achieve high data rate using only sTTI. 
Observation 2:
· For CRS-based TMs, it is beneficial to support up to 4 layers for sPDSCH.
· For DMRS-based TMs, if dynamic change of TTI length between sTTI and 1ms TTI is enabled per subframe basis, it is beneficial to support up to at least 2 layers.
· More layers should be applicable by scheduling 1ms TTI PDSCH.
3. UE behavior on DL sTTI operation
In the current LTE, a UE does not support to receive more than one unicast PDSCH in the same subframe on one carrier, while a UE can support simultaneous reception of one unicast PDSCH and one non-unicast PDSCH with small message. It is beneficial for the UE who has both normal traffic and low latency traffic to enable simultaneous reception of these two since the two transmissions are totally different types of traffic and have different HARQ/scheduling timeline. Therefore, UE should be allowed to simultaneously receive both legacy TTI unicast PDSCH and short TTI unicast sPDSCH in the same subframe in the same carrier. 

Observation 3:
· It is recommended to allow scheduling unicast sPDSCH during the time-interval where unicast PDSCH is already scheduled.
· Advanced UEs may be able to simultaneously receive both legacy TTI unicast PDSCH and short TTI unicast sPDSCH in the same subframe in the same carrier.
eNB can schedule both legacy TTI unicast PDSCH and short TTI unicast PDSCH in the same carrier in a subframe although the UE may not be able to handle them in some conditions depending on their ability. If the UE is not able to receive them simultaneously, a certain UE behavior should be defined in this case. Following three alternatives can be considered.

Alt. 1: UE can decode both legacy TTI unicast PDSCH and short TTI unicast sPDSCH in the same subframe in the same carrier under some conditions, except these conditions, UE can decode one of them.
Possible conditions can be the received legacy TTI unicast PDSCH is SPS PDSCH and/or the unicast PDSCH is part of a random access procedure and/or the TBS/MCS of the unicast PDSCH is under a threshold and/or the total summed TBS of the unicast PDSCH and sPDSCH is under a threshold, etc. This alternative can be viewed as an extension of UE behavior on simultaneous reception of legacy TTI non-unicast PDSCH and legacy or short TTI unicast sPDSCH in one subframe on one carrier. Except above conditions, UE should always prioritize decoding short TTI unicast sPDSCH and can skip decoding legacy TTI unicast PDSCH. With this UE behavior, low latency traffic can be transmitted to UEs flexibly regardless of their ability.
Alt. 2: UE always prioritize decoding short TTI unicast sPDSCH. 
If the eNB wants to prioritize legacy TTI unicast PDSCH, it should not schedule short TTI unicast sPDSCH in the same subframe in the same carrier when the low latency traffic arrives; Otherwise eNB should schedule short TTI unicast sPDSCH for the UE being served with legacy TTI unicast PDSCH. When the UE is aware of collision between legacy TTI unicast PDSCH and short TTI unicast sPDSCH, UE should skip decoding legacy TTI unicast PDSCH. This alternative also ensures the same understanding between eNB and UE on what traffic type (e.g., legacy-TTI traffic or low latency traffic) UE would decode and has small specification impact while lowers the UE capability especially for advanced UEs.
Alt. 3: left to UE implementation, UE can decide to decode both of the legacy TTI unicast PDSCH and short TTI unicast sPDSCH or decode one of them in the same subframe in the same carrier.
Unlike alternative 1 and 2, this alternative gives the final say to the UE. UE can decode both of them or either of them. No common understanding between eNB and UE regarding which TTI is/are decoded is ensured, but eNB can defer which one UE must decode based on the ‘ACK’ feedback to the related sPDSCH and/or PDSCH. This alternative also keeps the benefits of supporting simultaneous reception of legacy TTI unicast PDSCH and short TTI unicast PDSCH in the same subframe in the same carrier.
Observation 4:

· For non-advanced UEs, eNB can schedule simultaneous reception of legacy TTI unicast PDSCH and short TTI unicast sPDSCH in the same subframe in the same carrier. 

· UE behavior in case of being scheduled with legacy TTI unicast PDSCH and sPDSCH in the same carrier in the same subframe should be defined.
4. Conclusion
In this contribution we showed our views on DL aspects of short-TTI and reached the following observations.
Observation 1:

· sPDSCH can be realized by scaling TB size according to the given TTI length.

Observation 2:
· For CRS-based TMs, it is beneficial to support up to 4 layers for sPDSCH.
· For DMRS-based TMs, if dynamic change of TTI length between sTTI and 1ms TTI is enabled per subframe basis, it is beneficial to support up to at least 2 layers.
· More layers should be applicable by scheduling 1ms TTI PDSCH.
Observation 3:
· It is recommended to allow scheduling unicast sPDSCH during the time-interval where unicast PDSCH is already scheduled.
· Advanced UEs may be able to simultaneously receive both legacy TTI unicast PDSCH and short TTI unicast sPDSCH in the same subframe in the same carrier.
Observation 4:

· For non-advanced UEs, eNB can schedule simultaneous reception of legacy TTI unicast PDSCH and short TTI unicast sPDSCH in the same subframe in the same carrier. 

· UE behavior in case of being scheduled with legacy TTI unicast PDSCH and sPDSCH in the same carrier in the same subframe should be defined.
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