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1. Introduction 
Latency reduction is considered a very important feature for improving the user experience in LTE, as well as for enabling a number of new services requiring very low latency. In RAN #67, a new Rel-13 SI [1] was approved to study the benefit and feasibility of latency reduction techniques. 
TTI shortening can be a very effective means to reduce latency in LTE. Studies in RAN2 have shown that latency reduction deriving from shortened TTI results in throughput gains for certain types of traffic, due to the beneficial impact on upper layer protocols [2]
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[3].
In this contribution we discuss several aspects of TTI shortening. We consider different TTI lengths, namely x-symbol TTI, where one or more symbols are considered, and slot TTI, where one slot is considered. We then analyze specification impact of these solutions, as well as backward compatibility.
2. Specification Impact and Feasibility of Shortened TTI
As described in the Section 3, for both x-symbol TTI and slot TTI, the legacy initial access procedure may need to be kept. Therefore no changes are required to synchronization signals (PSS/SSS), PBCH, or random access channel (PRACH). Under this assumption, shortened TTI therefore applies to data transmission, with impact on control and data channels, as well as reference signals.

2.1 x-symbol TTI
Regarding control channels, the existing PDCCH may not be used in general for x-symbol TTI scheduling since it is only present in the initial symbols of each subframe. A new control channel, contained in each x-symbol TTI, may need to be defined in order to minimize latency. Likewise, the existing EPDCCH format may not be suitable for x-symbol TTI transmission since it is mapped to RE across the entire subframe. In that sense, the proper design for DCI contents and control channel also need to be considered. PDSCH transmission may be reorganized in x-symbol TTI resources. TB sizes and rate matching operations also need to be addressed due to the reduced time duration of TTI. The legacy PDCCH region would be a bottleneck in the latency perspective if it is not used for x-symbol TTI. Thus, the use of the legacy PDCCH region could be also studied while keeping the backward compatibility with a normal 1ms TTI.
In the uplink, the current PUCCH format may not also be suitable for x-symbol TTI transmission in order to fully leverage shortened TTI in both DL and UL directions since the overall CDM structure by cyclic shift and OCC is composed in a slot level. On the other hand, asymmetric TTI between PDSCH with x-symbol TTI and PUCCH with a normal 1ms TTI (or modified PUCCH in slot level by removing frequency hopping across the slots within a subframe) may be considered, with a tradeoff between specification impact and latency increase for PUCCH. PUSCH may be reorganized in x-symbol TTI resources, but like in the downlink, impact on TB size definition and rate matching needs to be addressed.
Some reference signals may also require redesign. Regarding CRS, given its broadcast nature, it may be expected that UE is able to track CRS signal and perform channel estimation regardless of TTI length. A possible implementation is to do channel estimation starting from the beginning of the subframe using CRS even though there is no expected reception of x-symbol TTI. This is because not all OFDM symbols are available for CRS transmission. DM-RS signals need to be present for demodulation at every x-symbol TTI. Therefore, it may be necessary to densify the current DM-RS format both for uplink and downlink, to strike the right balance between channel estimation performance and reference signal overhead. The possible locations of the x-symbol TTIs within a normal TTI subframe may also require to consider special consideration to provide the additional robustness of the x-TTI transmissions to the interference from the CRS.
HARQ procedure may also need to be redefined. HARQ RTT is currently 8ms for FDD, which is corresponding to 8 TTIs. This value can be applied to x-symbol TTI (by HARQ RTT 8 x-symbol TTI) by scaling the decoding latency for a TB linearly proportional to the normal 1ms TTI. However, with this linear scaling, a larger cell size (e.g. 100km) cannot be supported since TA values to cover such large cell are more than the gap between PDSCH reception and PUCCH transmission. In TDD, further study would be needed due to a constraint of the different TDD UL/DL configurations. PHICH for UL HARQ operation may not be used for shortened TTI feedback, since it is not present at each shortened TTI. UL grant based approach by using NDI can be a baseline and the need of PHICH can be discussed further.
Observation 1: x-symbol TTI shortening solution may have significant specification impact in control/data channels and reference signals. 
2.2 Slot TTI
For slot length TTI, it may be expected that standard impact is somewhat reduced with respect to x-symbol TTI due to the fact that the basic unit for a resource is a PRB which spans one slot. In the following we focus on the differences with respect to x-symbol TTI. 
It may be possible to utilize PDCCH for scheduling purposes in the first slot of a subframe. A new control region allocation may be defined for the second slot. However, both a normal 1ms TTI and a slot TTI may be difficult to coexist in the second slot due to backward compatibility as there is no such PDCCH region in the second slot for the normal 1ms TTI, which may overlapped with PDSCH REs for the normal 1ms TTI. It may be possible to reduce the PDCCH size to one symbol and follow the current control region format to define an equally reduced size PDCCH for the second slot, keeping control overhead largely unchanged. Regarding EPDCCH, which is based on PRB pair level, it may be necessary to modify its mapping, making it decodable present in each slot. Likewise, in EPDCCH it may be possible to maintain overhead largely unchanged. A modification from R-PDCCH, which is based on slot level, may be also considered instead of EPDCCH. PUCCH modification may be easily achieved by eliminating band-edge frequency hopping across the slots, which needs further study. If frequency diversity gain is a concern, a new PUCCH format to fit into one slot, while providing frequency hopping, may be considered.
Reference signals may require substantially less modification with respect to x-symbol TTI. Uplink DM-RS is transmitted on every slot. If channel estimation performance is sufficient, the current format may be reused. In the downlink, it may also be possible to reuse the current DM-RS mapping and format, subject to channel estimation performance. Therefore, increased DM-RS overhead may be less of an issue for slot TTI. 

Table 1 and Table 2 compare x-symbol TTI shortening and slot TTI shortening, in terms of anticipated specification impact and minimum delay performance (normal CP), respectively. Regarding delay performance in Table 2, it has been assumed that processing delay scales down proportionally with respect to the current assumption of TTI lengths. For simplicity, a constant symbol length of 1/14 ms has been assumed. Note that additional frame alignment delay may be incurred in downlink x-symbol TTI solutions if the packet arrives during the legacy PDCCH symbols where a new TTI may not be mapped.
Table 1. Summary of Specification Impact of x-symbol TTI and slot TTI Solutions

	Specification Area
	x-symbol TTI
	slot TTI

	Initial access
	No impact
	No impact

	(e)PDCCH/PUCCH
	Substantial changes
	New resource mapping

	PDSCH/PUSCH
	New resource mapping, TB size definition
	New resource mapping, TB size definition

	Reference signals
	Densify DM-RS
	No change (subject to performance)

	HARQ
	Reduced time, may need new signaling format
	Reduced time, may reuse existing signaling format


Table 2. Minimum Delay (ms) for x-symbol TTI and slot TTI solutions
	Delay component
	1-symbol TTI
	2-symbol TTI
	3-symbol TTI
	slot TTI
	1ms TTI

	Frame alignment (avg.)
	0.036
	0.071
	0.107
	0.25
	0.50

	Transmission delay
	0.071
	0.143
	0.214
	0.50
	1.00

	Processing delay
	0.214
	0.429
	0.643
	1.50
	3.00

	One way avg. latency (0% target BLER for initial transmission)
	0.32
	0.64
	0.96
	2.25
	4.50

	HARQ round trip delay
	0.57
	1.14
	1.71
	4.00
	8.00

	One way avg. latency (10% HARQ target BLER for initial transmission)
	0.38
	0.76
	1.14
	2.65
	5.30


Observation 2: slot TTI shortening may have reduced impact with respect to x-symbol TTI. The specification impact – performance tradeoff should be studied.
3. Backward Compatibility of Shortened TTI Solutions
As per the scope of SI [1], the evaluation is based on RRC Connected UE. Thus, the TTI options can be configured to the UE by RRC signaling. By doing this, we can also avoid to redesign initial access procedure and paging, which would affect PSS/SSS/PBCH in physical layer and SI/Paging/RAR in the procedure. A sort of fallback mechanism to normal TTI mode can be also considered, which requires a UE configured with shortened TTI to monitor the legacy PDCCH. As described in the SID [1], backward compatibility shall be preserved by allowing normal operation of pre-Rel-13 UEs on the same carrier. As long as the same OFDM numerologies and frame structures are used for both shortened TTI and normal TTI PDSCHs, any multiplexing scheme such as TDM, FDM (without guard band), or sharing can be considered.

For FDM option, as discussed above, as long as the same numerologies are used for shortened TTI and normal TTI options, those can be multiplexed in frequency domain without guard carriers, for the different users (e.g. a shortened TTI PDSCH from a UE and a normal TTI PDSCH from a different UE in the same subframe), as illustrated in Figure 1. From the same UE perspective, it may be good to consider supporting either TTI PDSCH reception in the subframe, which is in line with the current PDSCH reception capability). The frequency resources between shortened TTI and normal TTI can be shared for scheduling PDSCH, and the actual usage can be determined by scheduling, or the frequency regions can be configured by higher layer signaling, which is up to eNB regime. In particular for TDD where DL/UL subframes co-exist in the same radio frame depending on TDD UL/DL configurations, we need to consider the FDM design due to half duplex constraint. For instance, DL transmission in an OFDM symbol with x-symbol TTI and UL transmission in the same OFDM symbol with 1ms TTI would need to be avoided (i.e. would need to be the same DL/UL directions in between).
For TDM option, the different TTI PDSCHs can be multiplexed in the different subframes. Compared with FDM option, it might be less agile to prepare sending the packets which arrive at normal TTI subframe. In the meanwhile, e.g., by utilizing MBSFN subframes, a clean slate design may be possible for shortened TTI option in MBSFN region of the MBSFN subframes.
For the sharing option, shortened TTI and normal TTI can co-exist in the same PRB. It could be facilitated by means of puncturing on or rate-matching around the legacy data region, or by means of superposition of shortened and normal TTI. Feasibility and performance of these solutions needs to be further evaluated.
Observation 3 it is possible to use unmodified initial access procedure for shortened TTI transmission.
Observation 4: different backward compatibility options such as FDM, TDM and sharing options should be studied. In particular, for TDD, the half-duplex constraint needs to be considered for multiplexing option in a given TDD UL/DL configuration.
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Figure 1. Example of FDM of normal and shortened TTI in one subframe.
4. Conclusions
In this contribution we presented our views on specification impact and feasibility of shortened TTI solutions. Based on the presented discussion, we summarize our views as follows:

Observation 1: x-symbol TTI shortening solution may have significant specification impact in control/data channels and reference signals. 
Observation 2: slot TTI shortening may have reduced impact with respect to x-symbol TTI. The specification impact – performance tradeoff should be studied.
Observation 3 it is possible to use unmodified initial access procedure for shortened TTI transmission.
Observation 4: different backward compatibility options such as FDM, TDM and sharing options should be studied. In particular, for TDD, the half-duplex constraint needs to be considered for multiplexing option in a given TDD UL/DL configuration.
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