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1. Introduction
At the RAN1#84 meeting, TTI shortening and reduced processing time for UL transmissions was discussed and the following agreements were achieved [1]. 

	Agreements:
· Following aspects are further studied in the next RAN1 meeting
· Note: But the study is not limited to them.
· Design of sPUSCH DM-RS

· Alt.1: DM-RS symbol shared by multiple short-TTIs within the same subframe

· Alt.2: DM-RS contained in each sPUSCH

· HARQ for sPUSCH

· Whether/how to realize asynchronous and/or synchronous HARQ
· sTTI operation for Pcell and/or SCells by (e)CA in addition to non-(e)CA case


In this contribution, we discuss possible designs of PUSCH in a short-TTI (sPUSCH). The PUCCH design for shortened TTI is discussed in our companion contribution [2].
2. PUSCH in a short-TTI (sPUSCH)
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 is straightforward to consider that a UE can be configured or indicated to transmit PUSCH in a short-TTI (sPUSCH) having one of the above short-TTI lengths.
For sPUSCH, same discussion in [3] still applies. Existing PUSCH framework can mostly be re-used by simply scaling TBS of the legacy PUSCH according to the length of TTI.

Observation 1:

· PUSCH in a short-TTI (sPUSCH) can be realized by scaling TB size according to the given TTI length.

2.2. RS structure
For sPUSCH, RS structure is one of the key aspects to be considered carefully. According to agreements made in the last meeting, there are two alternatives for sPUSCH DMRS design. In the following, possible sPUSCH DMRS designs are discussed based on the agreed two alternatives for sPUSCH comprising different number of symbols.

Alt. 1: DM-RS symbol shared by multiple short-TTIs within the same subframe.
Alt.1 is assumed to be the case where data symbols and DMRS symbol are allowed to be split into different shortened TTIs within the same subframe, but the DMRS symbol is shared by multiple short-TTIs within the same subframe. Two sub-alternatives can be considered.

· Alt. 1-1: Re-use existing PUSCH DM-RS.
In the current PUSCH, DMRS are mapped on 3rd and 10th SC-FDMA symbols in a subframe. These DMRS symbols can be re-used for sPUSCH having any TTI length at any time-domain position if it is allowed to split DMRS and sPUSCH at separate (non-contiguous) symbols. An example is illustrated in Fig. 1, where sPUSCH comprising 7 symbols is mapped on a slot, and the two sPUSCHs share the same DMRS symbols. This ensures inter-cell interference randomization effect on DMRS symbols, not only for UEs transmitting the sPUSCH, but also for legacy UEs transmitting legacy PUSCH. There would be a time gap between the scheduled sPUSCH and the DMRS. When a sPUSCH is scheduled before the DMRS symbol(s), the time gap becomes just a waiting time for eNB to start channel estimation procedure. eNB is allowed to give up using the late DMRS, e.g., at the second slot, if the time gap between sPUSCH and the DMRS is large; whether to use the late DMRS could be up to eNB implementation. 
In case of Alt.1-1, DMRS multiplexing/de-multiplexing between multiple short-TTIs at different time positions needs to be supported. Thanks to the properties of CAZAC sequence, this is enabled with keeping low PAPR property based on either cyclic-shift or interlace (i.e., comb or IFDMA). However, with the cyclic-shift, same set of PRB(s) needs to be scheduled between short-TTI PUSCHs sharing the same DMRS, so that the DMRS is kept orthogonal. In other words, the sPUSCH scheduling as in Fig. 1 would not work well. This requires restricting eNB scheduler behavior, which is not desirable since PRB allocations for different UEs in different short-TTIs need to be aligned. Another way is to introduce frequency-dependent cyclic-shift [4], which enables CS-based (quasi-)orthogonalization even if the scheduled PRBs for the short-TTIs sharing the DMRS are not aligned. Similarly, orthogonality is maintained with the interlace of DMRS. The interlace is already supported for SRS and the interlace of DMRS can be realized by using existing CAZAC sequences except for 1 PRB. Hence, its specification impact would not be significant. However, multi-user interference between the UEs scheduled on short-TTIs but sharing the DMRS may not be negligible due to the different frequency-offsets between the UEs.
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Fig. 1:
Example of Alt.1-1 with sPUSCH comprising 7 symbols.

Note that the above DMRS multiplexing is not effective for the case when the same UE is scheduled on different short-TTIs sharing the same DMRS symbol. If the same UE is scheduled to the different short-TTIs, such DMRS multiplexing rather increases the PAPR. Therefore, different DMRS generation procedure would be necessary depending on whether the different short-TTIs are scheduled to the same UE or different UEs. 

Observation 2:
· For Alt. 1: DMRS symbol shared by multiple short-TTIs within the same subframe,
· Existing PUSCH DMRS design is applicable to any TTI length, if it is allowed to split the DMRS and sPUSCH at separate (non-continuous) symbols.
· FFS how to enable multiplexing of DMRS b/w or among different sPUSCHs in the same subframe.
· Alt. 1-2: Introduce new sPUSCH DM-RS.

In the legacy PUSCH, DMRS symbols are located at the middle of each slot so that it becomes robust against UE mobility. However, as pointed out above, it may be desirable to put sPUSCH DMRS as earlier as possible for faster process. In case of Alt.1-2, the new sPUSCH DMRS can be designed to realize this; the first symbol can be DMRS. Another DMRS symbol can be located, e.g., at the middle of the subframe so that the mobility tracking performance can be higher (see Fig. 2(a)). Then, to improve the channel estimation accuracy, the density of DMRS can be increased as shown in Fig. 2(b). It is clear that there is a tradeoff between channel estimation accuracy and DMRS overhead. If the DMRS is mapped such that it is sent in every shortened TTI, it can become one variant of Alt.2-2, see Fig. 4(a). Similar to Alt.1-1, DMRS multiplexing/de-multiplexing between multiple short-TTIs at different time positions needs to be considered.
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Fig. 2: DM-RS sharing by multiple short-TTIs with different DMRS density

As can be seen, the main advantage of Alt.1 is that the DM-RS overhead is not a function of TTI length, and single carrier property can be kept for very short-TTI, i.e., sPUSCH having one data symbol. Furthermore, in case of Alt.1-1, the specification impact is not large. However, there is a certain restriction on eNB’s scheduling strategy if the DMRS shared by multiple short-TTIs is based on simple cyclic-shift; or non-negligible multi-user interference caused by different frequency-offsets if the DMRS shared by multiple short-TTIs is based on interlace.
Observation 3:
· For Alt. 1: DMRS symbol shared by multiple short-TTIs within the same subframe,
· New sPUSCH DMRS can be designed such that a DMRS is located at the beginning of the subframe for faster process.
· FFS how to enable multiplexing of DMRS b/w or among different sPUSCHs in the same subframe.
Alt. 2: DM-RS contained in each sPUSCH.

Unlike Alt.1, DMRS is contained in a sPUSCH in time-domain, and it is assumed that eNB uses the DRMS contained in the sPUSCH for channel estimation. It can be expected that higher DMRS overhead is necessary for Alt. 2 compared to Alt.1 depending on TTI length. Following two sub-alternatives can be considered similarly to Alt.1.
· Alt. 2-1: Re-use existing PUSCH DM-RS.
For sPUSCH comprising 7 symbols, existing PUSCH DMRS can simply be re-used. The difference between Alt. 1-1 is that for a sPUSCH, DMRS symbol contained within the sPUSCH is transmitted. Because of this, OCC on DMRS is no longer applicable; hence, UL multi-user MIMO with independent PRB allocation between spatially multiplexed UEs cannot be realized unless there are any enhancements. Furthermore, as discussed in [3], either tracking performance or SNR of channel estimates may be degraded due to smaller number of DMRS in the short-TTI PUSCH, which may result in throughput degradation.
For sPUSCH comprising 4 symbols, the existing PUSCH DMRS can also be re-used if the DMRS symbol is shared by two time-domain continuous short-TTIs within the same subframe. Figure 3 shows an example. Similar question as in Alt.1 needs to be resolved; how to enable DMRS multiplexing/de-multiplexing between the different short-TTIs transmitted from different UEs. 
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Fig. 3:
Possible sPUSCH comprising 4 symbols and sharing DMRS b/w neighboring TTIs.
For sPUSCH comprising less than 4 symbols, Alt.2-1 is not applicable, and Alt.2-2 needs to apply.
Observation 4:
· For Alt. 2: DMRS symbol contained in each sPUSCH,
· Existing PUSCH DMRS design can only be applicable to sPUSCH having 7 or 4 symbols.
· FFS how to enable multiplexing of DMRS b/w or among different sPUSCHs in the same subframe.
· Alt. 2-2: Introduce new sPUSCH DM-RS.
Alt.2-2 is applicable to any short-TTI lengths. However, here we focus on the short-TTIs comprising less than 4 symbols since the same discussion applies to the other cases.

For sPUSCH comprising less than 4 symbols, new DMRS design is required. There are two variants to realize Alt.2. One is multiplexing DMRS and data between SC-FDMA symbols in every shortened TTI as shown in Fig. 4(a). The other is multiplexing DMRS and data within a SC-FDMA symbol in every shortened TTI as shown in Fig. 4(b) which is similar to DL RS design. 

Multiplexing DMRS and data between SC-FDMA symbols can be realized except for 1-symbol TTI. With this approach, single carrier property can be kept but a high DMRS overhead is expected. The large DMRS overhead will be the bottleneck of UL throughput. For multiplexing DMRS and data within a SC-FDMA symbol, the shortest PUSCH TTI length can become 1 symbol. More accurate channel estimation can be obtained at high speed case as well. However, this way breaks single carrier property and needs large specification efforts. The questions are whether 1-symbol TTI is really necessary, and whether to introduce non-single carrier waveform for sPUSCH.  
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(a) Multiplexing DMRS and data between symbols                       (b) Multiplexing DMRS and data within a symbol
Fig. 4: DM-RS contained in each sPUSCH
Observation 5:
· For Alt. 2: DMRS symbol contained in each sPUSCH,
· New DMRS can be designed such that single carrier property is maintained, except for 1-symbol TTI. 
· New DM-RS design for 1-symbol TTI breaks single carrier property.

· Further study is needed on the necessities of 1-symbol sPUSCH and the non-single carrier waveform.

3. Conclusion
In this contribution we discussed PUSCH design for shortened TTI and reached following observations.
Observation 1:

· PUSCH in a short-TTI can be realized by scaling TB size according to the given TTI length.
Observation 2:
· For Alt. 1: DMRS symbol shared by multiple short-TTIs within the same subframe,
· Existing PUSCH DMRS design is applicable to any TTI length, if it is allowed to split the DMRS and sPUSCH at separate (non-continuous) symbols.
· FFS how to enable multiplexing of DMRS b/w or among different sPUSCHs in the same subframe.
Observation 3:
· For Alt. 1: DMRS symbol shared by multiple short-TTIs within the same subframe,
· New sPUSCH DMRS can be designed such that a DMRS is located at the beginning of the subframe for faster process.
· FFS how to enable multiplexing of DMRS b/w or among different sPUSCHs in the same subframe.
Observation 4:
· For Alt. 2: DMRS symbol contained in each sPUSCH,
· Existing PUSCH DMRS design can only be applicable to sPUSCH having 7 or 4 symbols.
· FFS how to enable multiplexing of DMRS b/w or among different sPUSCHs in the same subframe.
Observation 5:
· For Alt. 2: DMRS symbol contained in each sPUSCH,
· New DMRS can be designed such that single carrier property is maintained, except for 1-symbol TTI. 

· New DM-RS design for 1-symbol TTI breaks single carrier property.

· Further study is needed on the necessities of 1-symbol sPUSCH and the non-single carrier waveform.
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