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1. Introduction
At the RAN#67 meeting, a study item on latency reduction techniques for LTE was approved [1]. 
	The objective of this study item is: 

· Study enhancements to the E-UTRAN radio system in order to: 

· Significantly reduce the packet data latency over the LTE Uu air interface for an active UE

· Significantly reduce the packet data transport round trip latency for UEs that have been inactive for a longer period (in connected state).  

[…]
· From RAN1#83: TTI shortening and reduced processing times [RAN1]:

· Assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signaling 

· backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);


TTI shortening is the key driver to reduce the latency. In general, the latency is expressed as a function of TTI length. For example, HARQ RTT for FDD UL (and for FDD DL with a typical operation) has been 8ms (8 TTIs with TTI length = 1ms). If the principle still applies to the short-TTI, the HARQ RTT can be significantly reduced; as an extreme case, if a short-TTI having one OFDM symbol is introduced, the HARQ RTT for FDD can be less than 0.6ms (8 TTIs with TTI length of 1/14ms becomes less than 0.6ms), which is even shorter than one subframe. Although it is not sure whether such linear latency reduction according to the TTI length is acceptable from eNB/UE processing point of view, various TTI length can be studied in this SI.

In this contribution, we provide our views on DL designs of short-TTI.

2. PDSCH in a short-TTI (sPDSCH)
2.1. Channel structure
In this SI, short-TTI between 0.5ms and 1 OFDM symbol is considered. In the case of normal CP, there are 7 OFDM symbols in each slot of a subframe. Therefore, the potential lengths of short-TTI could be 1, 2, 3/4, and 7. It can be assumed that a UE can be configured or indicated to receive PDSCH in a short-TTI (sPDSCH) having one of the above short-TTI lengths.
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Fig. 1
Relation between subframes and potential 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 legacy PDSCH, CRS on antenna port #0-#3 or DMRS on antenna port #7-#14 can be used for demodulation, respectively, depending on the configured transmission mode. The CRS and DMRS were designed such that they are included in each scheduled PRB and TTI, and offers sufficient channel estimation accuracy for a given target maximum channel delay spread and maximum Doppler frequency. However, this will not be the case for sPDSCH, assuming that the sPDSCH comprises a subset of OFDM symbols within a subframe.
Existing CRS can be used for sPDSCH in any short-TTI. The CRS is transmitted in all the subframes over all the PRBs and hence is always available. Depending on the position or length of the short-TTI, the relation between the data OFDM symbols in the sPDSCH and CRS REs can be different; the resulting channel estimation performance may be different. In order 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.
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Fig. 2
Example of sPDSCH (w/ 3/4 OFDM symbols) and CRS averaging.
Existing DMRS on antenna port #7-#10 can simply be re-used for slot-level short-TTI. 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.
For a TTI shorter than one slot, new DMRS would be necessary. The new DMRS should be included in the scheduled PRBs in the short-TTI. Assuming that a certain number of DMRS REs is necessary to offer sufficiently accurate channel estimates at the target operating SNR, as the TTI length becomes shorter, the DMRS overhead becomes higher in general. DMRS overhead reduction would be required, resulting in either limiting the number of MIMO layers, or degrading channel estimation performance.
Overall, as long as the same OFDM symbol length is maintained, TTI shortening would result in overhead increase of RS. Based on the discussion above, a certain kind of restriction or performance degradation may be unavoidable. In order to alleviate this, it would be important to consider 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 on a short-TTI 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 overhead and/or by utilizing higher-order MIMO.
Observation 2:
· For sPDSCH,

· CRS can be used for any short-TTI length, and existing DMRS can be used for the short-TTI length with 7 OFDM symbols.
· Performance degradation may be observed due to either (1) lower SNR of channel estimates, or (2) losing time-domain tracking ability.
· New DMRS is necessary for short-TTI whose length is shorter than a slot.

· Trade-off between DMRS overhead and channel estimation accuracy should be taken into account.
· In order to compensate for the drawback(s) of TTI shortening, dynamic adaptation between 1ms TTI and short-TTI would be desirable.
3. PDCCH  in a short-TTI (sPDCCH)
3.1. Channel structure
The actual latency in downlink includes waiting time for data scheduling. It is obvious that an eNB should be able to schedule DL/UL data as soon as the data is coming to eNB scheduler. For a UE configured with short-TTI, the data scheduling should be done per short-TTI basis. Currently L1/L2 control signalling can be transmitted on PDCCH or EPDCCH per subframe. However, PDCCH is located at the beginning of a subframe only, while EPDCCH spans over entire 1ms subframe. Using existing PDCCH and/or EPDCCH to schedule one or multiple short-TTIs restricts the scheduling timing with 1ms granularity. In order to enable data scheduling per short-TTI, new DL control channel(s), at least control channel containing DCIs (simply called as sPDCCH hereafter), would be beneficial in each short-TTI. 
The sPDCCH can be designed such that it is placed at the beginning of each short-TTI so that UE can process it at the earliest timing. The necessary RS for demodulating sPDCCH should be co-located at the beginning. Unlike legacy PDCCH, the sPDCCH should be mapped to a certain frequency portion(s) within the system bandwidth, so that the sPDCCH can be FDM-ed with PDCCH/EPDCCH/PDSCH for legacy UEs in the same subframe. Furthermore, it is desirable to allow changing frequency-position of the new PDCCH dynamically, e.g., per subframe basis, while it can be the same over multiple short-TTIs within one subframe. One example of sPDCCH resource mapping is illustrated in Fig. 3.
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Fig. 3
Example of TDM-based structure of new PDCCH for short-TTI.
Another possible design option of sPDCCH is to map the sPDCCH over the entire short-TTI in time-domain and to multiplex it with the scheduled sPDSCH in the same short-TTI in frequency-domain, similar with the relationship between PDSCH and EPDCCH (see Fig. 4). This design would require waiting for receiving entire short-TTI to start DCI decoding. However, it may be possible to share the same DMRS for sPDCCH and the scheduled sPDSCH in the same short-TTI in some cases.
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Fig. 4
Example of FDM-based structure of new PDCCH for short-TTI.
The question is whether to allow different bandwidth limitation for sPDCCH and the scheduled sPDSCH. For example, when the sPDCCH is designed in Fig. 3, and the sPDCCH bandwidth is 10 PRBs, whether the sPDCCH can schedule sPDSCH on, e.g., more/less than 10 PRBs should be clarified. If it is enabled, each DCI in the sPDCCH needs to include PRB indication field, which results in large overhead. If it is not enabled, DCI overhead can be reduced, but the frequency-domain scheduling flexibility will be limited, and multi-user scheduling becomes impossible. The feasibility and benefit of each of the approaches should be investigated. 

The above flexible frequency-domain scheduling of the sPDCCH can simply be realized by configuring multiple search spaces (or search space sets), similar to EPDCCH. UE monitors multiple search spaces where different search spaces configured for a UE are located on different frequency portions. Then, eNB can schedule DCI for the UE on one of the search spaces. Compared to EPDCCH, the new PDCCH for short-TTI has smaller number of OFDM symbols. Therefore, either limiting the total number of CCEs in a search space, or increasing the number of PRBs that can be configured as one search space, would be required.
Observation 3:

· New DL control channel(s) is necessary in each short-TTI to enable data scheduling per short-TTI.
· It is possible to multiplex sPDCCH and the scheduled sPDSCH in the short-TTI in TDM or FDM manner.
· TDM-based multiplexing enables to start decoding of the sPDCCH earlier.
· The new PDCCH for short-TTI should not be spread over the entire system bandwidth, and should be able to be scheduled on different frequency-portion per, e.g., subframe-basis.
3.2. RS structure
For legacy PDCCH and EPDCCH, CRS on antenna port #0-#3 and DMRS on antenna port #107-#110 can be used, respectively. CRS can be re-used for sPDCCH having any TTI length as for sPDSCH, where the observation regarding CRS-based de-modulation in Section 2.2 is also true for sPDCCH. If the sPDCCH has FDM-based structure and 7 OFDM symbols (i.e., slot-level short-TTI with FDM-based multiplexing between sPDCCH and PDSCH in the same short-TTI), the existing DMRS on antenna port #107-#110 can be re-used. For any other options, new DMRS would be necessary.
Regarding the possible new DMRS, similar to the legacy EPDCCH, the DMRS antenna port for sPDCCH should be able to be independent from those for sPDSCH in the same short-TTI. For TDM-based multiplexing of the new PDCCH for short-TTI and its scheduled sPDSCH, this requires further RS overhead increase (Fig. 5 (a)). By sharing the same DMRS for sPDCCH and the scheduled sPDSCH, RS overhead can be saved (Fig. 5 (b)). However, sPDCCH and the scheduled sPDSCH have different coding schemes, RE mapping patterns, channel structures, and performance requirements. Therefore, shared DMRS may be restrictive for some cases and therefore should not be the only one solution. For FDM-based multiplexing of the new PDCCH for short-TTI and its scheduled sPDSCH, as long as one PRB conveys either new PDCCH or sPDSCH (i.e., not both), the RS overhead is not increased. Furthermore, the same DMRS design can be applied to the new PDCCH and sPDSCH.
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Fig. 5
DMRS options for sPDCCH and the scheduled sPDSCH.
Observation 4:

· For sPDCCH, 
· CRS can be used for any cases, and existing DMRS can be used for shot-TTI length with 7 OFDM symbols in case of FDM multiplexing.
· Same observations as for sPDSCH in a short-TTI apply.

· New DMRS is necessary for sPDCCH if its length is shorter than one slot. 

· In case of FDM multiplexing, the same DMRS can be designed to sPDCCH and the scheduled sPDSCH in the same short-TTI.

· In case of TDM multiplexing, either separate DMRS or shared DMRS between sPDCCH and the scheduled sPDSCH can be considered.

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 sPDSCH,

· CRS can be used for any short-TTI length, and existing DMRS can be used for the short-TTI length with 7 OFDM symbols.

· Performance degradation may be observed due to either (1) lower SNR of channel estimates, or (2) losing time-domain tracking ability.

· New DMRS is necessary for short-TTI whose length is shorter than a slot.

· Trade-off between DMRS overhead and channel estimation accuracy should be taken into account.

· In order to compensate for the drawback(s) of TTI shortening, dynamic adaptation between 1ms TTI and short-TTI would be desirable.
Observation 3:

· New DL control channel(s) is necessary in each short-TTI to enable data scheduling per short-TTI.
· It is possible to multiplex sPDCCH and the scheduled sPDSCH in the short-TTI in TDM or FDM manner.
· TDM-based multiplexing enables to start decoding of the sPDCCH earlier.
· The new PDCCH for short-TTI should not be spread over the entire system bandwidth, and should be able to be scheduled on different frequency-portion per, e.g., subframe-basis.
Observation 4:

· For sPDCCH, 
· CRS can be used for any cases, and existing DMRS can be used for shot-TTI length with 7 OFDM symbols in case of FDM multiplexing.
· Same observations as for sPDSCH in a short-TTI apply.

· New DMRS is necessary for sPDCCH if its length is shorter than one slot. 

· In case of FDM multiplexing, the same DMRS can be designed to sPDCCH and the scheduled sPDSCH in the same short-TTI.

· In case of TDM multiplexing, either separate DMRS or shared DMRS between sPDCCH and the scheduled sPDSCH can be considered.
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