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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);


For the legacy LTE uplink, PUSCH, PUCCH, SRS, and PRACH, are defined. In order to offer latency reduction benefits from shortened TTI, at least PUSCH and PUCCH should be able to be transmitted on a short-TTI.

In this contribution, we discuss our views on these two UL channels for TTI shortening.

2. PUSCH in a short-TTI
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 having one of the above short-TTI lengths.
For the PUSCH in a short-TTI, same discussion in [2] still applies. Existing PUSCH framework can mostly be re-used by simply scaling TBS of the legacy PUSCH according to the length of TTI.

[image: image1.emf]14 symbols

7 symbols

3/4 symbols

2 symbols

1 symbol

1 PRB (12 subcarriers)

Subframe (14 OFDM symbols)

DMRS

4 symbols


Fig. 1
Relation between a subframe and potential short-TTIs.
Observation 1:

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

2.2. RS structure
In the current PUSCH, DMRS are mapped on 3rd and 10th SC-FDMA symbols in a subframe. The DMRS for short-TTI PUSCH comprising 7 symbols can simply be realized by re-using one of two existing PUSCH DMRSs. Since there is only one DMRS symbol in the PUSCH in this case, OCC is no longer applicable; hence, UL multi-user MIMO with independent PRB allocation b/w spatially multiplexed UEs cannot be realized unless there is any enhancements. Furthermore, as discussed in [2], 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.
The existing PUSCH DMRS can also be re-used for the short-TTI PUSCH comprising 4 symbols if the DMRS symbol is shared by two time-domain continuous short-TTIs [3-4]. DMRS multiplexing/de-multiplexing between the consecutive short-TTIs from different UEs is supportable 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. 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 [5], 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. 2
Possible short-TTI PUSCH comprising 4 symbols and sharing DMRS b/w neighboring TTIs.

Note that the above DMRS multiplexing is effective for the case when different UEs are scheduled on the time-domain continuous short-TTIs sharing the same DMRS symbol. When the same UE is scheduled to these time-domain continuous short-TTIs, such DMRS multiplexing rather increases the PAPR. Therefore, different DMRS generation procedure would be necessary depending on whether the two short-TTIs are scheduled to the same UE or different UEs. This can be simplified if eNB can indicate either 7-symbol short-TTI or 4-symbol short-TTI for the scheduled UE. In this case, if the scheduled TTI length is 7-symbol, the legacy DMRS is simply re-used. 
For short-TTI PUSCH comprising less than 4 symbols, new DMRS is necessary. In order to keep the low PAPR property, the DMRS needs to be time-orthogonally multiplexed with the UL-SCH. Therefore, large DMRS overhead is required.

Observation 2:

· For PUSCH in a short-TTI,

· Existing PUSCH DMRS can be re-used for short-TTI PUSCH comprising 7 symbols.

· Existing PUSCH DMRS can be baseline for short-TTI PUSCH comprising 4 symbols if the short-TTI PUSCH is designed such that two consecutive short-TTIs share the DMRS symbol.
· Either scheduler restriction or DMRS enhancements would be necessary to keep orthogonality between short-TTIs sharing the DMRS.

· New DMRS is necessary for short-TTI PUSCH comprising less than 4 symbols.
3. PUCCH in a short-TTI

3.1. Channel structure
Unlike PUSCH, PUCCH comprises a certain number of UCI bits that cannot be scaled. The UCI bits are encoded/repeated/spread over the symbols within a subframe. Therefore, for a given received SNR, smaller number of symbols per PUCCH results in lower energy per bit-to-noise spectrum density ratio (Eb/N0). This implies that as TTI length becomes shorter, the required received SNR for achieving the target BER/BLER becomes higher. As an example, ACK-to-NACK and NACK-to-ACK error rate performances of short-TTI PUCCH having 7 and 4 symbols are compared with existing PUCCH having 14 symbols in Fig. 3. Legacy PUCCH format 1b is assumed to be the baseline design and is plotted as a reference curve. For each case, DTX detection threshold is set such that the DTX-to-ACK error probability does not exceed 1%. At the eNB receiver, maximum likelihood (ML) detection is performed, i.e., receiver generates candidate PUCCH replicas for all the possible HARQ-ACK bits, and checks correlation between all the replicas and the received PUCCH. Then, the most probable HARQ-ACK bits are selected as the detected ones. If the correlation between the most probable PUCCH replica and the received PUCCH does not exceed the DTX threshold, the PUCCH is considered as DTX and the HARQ-ACK bits are treated as NACKs. For the channel, EPA with Doppler frequency 5.56Hz (3km/h at 2GHz carrier frequency) and ETU with Doppler frequency 111Hz (60km/h at 2GHz carrier frequency) are assumed. 10MHz system bandwidth, 1 Tx antenna, and 2 Rx antennas, are assumed. Structures of the short-TTI PUCCH options evaluated here are illustrated in Fig. 4. Since some symbols are simply punctured, inter-slot frequency-hopping is not enabled for short-TTI PUCCH having 4 and 7 symbols.
From Fig. 3, it is clearly observed that PUCCH on a shorter-TTI requires higher SNR to achieve the target error rates. In addition, with the short-TTIs, loss of frequency-diversity gain further degrades the performance. The required SNR difference between short-TTI PUCCH having 4 and 7 symbols is around 2.5dB, which is almost exactly same as the Eb/N0 loss: 10log10(4/7) = 2.4dB. However, the difference between 4/7 and 14 symbols is much more significant because of the loss of frequency-diversity gain.
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Fig. 3
ACK-to-NACK and NACK-to-ACK error rates as a function of SNR per Rx antenna.
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(a) 1ms (existing PUCCH format 1b as a reference)
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Fig. 4
PUCCH structures for 1ms and short TTIs having 7 and 4 symbols.
For the short-TTI PUCCH, intra-TTI frequency-hopping is applicable as illustrated in Fig. 5. Note that for the short-TTI PUCCH having 4 symbols in the example, 1st and 2nd symbols are replaced so that each PRB has DMRS. The resultant ACK-to-NACK and NACK-to-ACK error rates are plotted in Fig. 6. In the results, the same diversity-order as with legacy PUCCH format 1b (i.e., 1ms TTI) is observed for short-TTI PUCCH having 7 and 4 symbols. Compared to the case without intra-TTI frequency-hopping plotted in Fig. 3, the required SNR for achieving the target error rates can be reduced by roughly about 3dB for the same number of symbols per short-TTI. Even though higher SNR is still necessary for short-TTI PUCCH compared to 1ms TTI PUCCH, it is important to apply intra-TTI frequency-hopping so that the performance degradation is mitigated. Similarly, other means to achieve diversity-gain is useful, e.g., transmit antenna diversity.
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Fig. 5
PUCCH structures for short TTIs having 7 and 4 symbols with intra-TTI frequency-hopping.
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Fig. 6
ACK-to-NACK and NACK-to-ACK error rates as a function of SNR per Rx antenna.
Observation 3:

· For PUCCH in a short-TTI,

· Higher received SNR is necessary as the TTI length becomes shorter.

· In order to mitigate this, intra-TTI frequency-hopping is useful.

3.2. RS structure
For the short-TTI PUCCH, depending on the number of DMRS symbols, CDM capacity, detection performance, and maximum payload would be impacted. Therefore, the channel structure and RS structure should be considered jointly.
Note that the DMRS sharing design described in Section 2.2 above can also be applied to PUCCH. Since the number of PRBs is fixed for PUCCH (except for PUCCH format 4), it would be easier to multiplex DMRS by the cyclic shift between/among UEs whose PUCCHs are time-domain continuous. Figure 7 illustrates an example where PUCCH comprising 4 symbols are transmitted on different short-TTIs within the same subframe, and time-domain continuous short-TTI PUCCHs share the same DMRS symbol. Similar to Fig. 2, up to 4 short-TTIs with each having 4 symbols can be included in a subframe.
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Fig. 7
Example of DMRS sharing design for PUCCH having 4 symbols.
Observation 4:

· For PUCCH in a short-TTI,

· Channel structure and RS structure should be jointly considered.

· PUCCH in a short-TTI can be designed such that two consecutive short-TTIs share the DMRS symbol.
4. Conclusion
In this contribution we discussed UL aspects of TTI shortening 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 PUSCH in a short-TTI,

· Existing PUSCH DMRS can be re-used for short-TTI PUSCH comprising 7 symbols.

· Existing PUSCH DMRS can be baseline for short-TTI PUSCH comprising 4 symbols if the short-TTI PUSCH is designed such that two consecutive short-TTIs share the DMRS symbol.
· Either scheduler restriction or DMRS enhancements would be necessary to keep orthogonality between short-TTIs sharing the DMRS.

· New DMRS is necessary for short-TTI PUSCH comprising less than 4 symbols.
Observation 3:

· For PUCCH in a short-TTI,

· Higher received SNR is necessary as the TTI length becomes shorter.

· In order to mitigate this, intra-TTI frequency-hopping is useful.

Observation 4:

· For PUCCH in a short-TTI,

· Channel structure and RS structure should be jointly considered.

· PUCCH in a short-TTI can be designed such that two consecutive short-TTIs share the DMRS symbol.
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