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1 Introduction

In the work item description [1], for Frame structure type 1, it is proposed to 
· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 

· Down-selection is not precluded

Based on the outcome of the study item on latency reduction [2], the followings are recommended to be supported for the design of DMRS for sPUSCH: 

· For the case of 1-slot TTI length, reuse the current DM-RS 

· For the case of less than 1-slot TTI length, support DM-RS sharing/multiplexing of consecutive TTIs from one or multiple UEs 

· At least 2 contiguous TTIs can be shared/multiplexed.

In RAN1#87, agreed working assumption was taken not to support 4-symbol sTTI in UL. For 2-symbol sTTI the following agreement was made in [7].

· For 2-OS sTTI, down-select the UL sTTI pattern for sPUSCH between (2,2,3,2,2,3) and (3,2,2,2,2,3)
· The data symbol(s) for a sPUSCH are confined within a sTTI

· if sPUSCH is transmitted, the number of symbols available for data transmission within a sTTI can be 

· 1 or 2 for a sTTI with 2 symbols

· FFS: 1 or 2 or 3 for a sTTI with 3 symbols 

· The presence (if any) and the position of the UL DMRS is given or determined by the UL grant, 

· The UL DMRS can be positioned before or within the associated sTTI 

· FFS: The UL DMRS can be positioned after the associated sTTI

In this contribution, we discuss the UL sTTI layer and how to configure and transmit sPUSCH considering different sTTI lengths. 
2 Discussion
2.1 UL sTTI pattern

The UL sTTI pattern should be selected as one of the two following patterns: (2, 2, 3, 2, 2, 3) and (3, 2, 2, 2, 2, 3). The only difference between them is the length of the first and last short TTIs of the first slot. 

In case of SRS transmission at a subframe, there will be a transient period before and after the SRS symbol. Although the duration of the transient period is yet to be agreed by RAN4, the quality of the signals transmitted within this transient period cannot be guaranteed (and today it is 40us, which is more than 50% of the symbol transmission). The transient period before and after the SRS is illustrated in Figure 1 for both 2os and 3os sTTI. As can be seen, the 3os sTTI is significantly more protected against the transient period, since it is taking up significantly lower portion of the overall sTTI (19% vs 28%).
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Figure 1: Transient period with SRS transmissions
Simulations have been performed (simulation assumptions in Table 1 in the Annex) comparing 3os sTTI sPUCCH performance with and without transient period impact using format 1b with 2os sPUCCH without any transient period.
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Figure 2: 3os sPUCCH format 1b performance compared to 2os sPUCCH without transient period impact
As can be seen, the 3os sPUCCH shows a 1.5 dB improvement in performance compared to 2os sPUCCH (no transient period in either case). This is also aligned with the added energy transmitted (10*log10(3/2)=1.76 dB). However, when applying a 20us transient period in the end of the sTTI (1st and 4th case in Figure 1) the gain is limited to 0.7 dB, and if further applying a 40us transient period, the 2os without transient period and 3os with 40us transient period is basically aligned. 
Hence, it is better to have a 3-symbol time duration at the beginning and the end of a subframe. Also, this would make 3-symbol sTTI and 2-symbol sTTI perform more similarly instead of almost killing a 2-symbol sTTI. 
Based on the above proposals, we propose to support (3, 2, 2, 2, 2, 3) as the fixed sTTI pattern for 2-symbol sTTI transmission in UL.

Proposal 1 Support the fixed sTTI pattern (3, 2, 2, 2, 2, 3) for 2-symbol UL sTTI configuration.
For sPUSCH a certain TTI length may correspond to different sPUSCH configurations depending on if the DMRS are shared or not. In Figure 2, we show six different examples of configurations for a TTI length of 2/3os, with a fixed sTTI pattern (3, 2, 2, 2, 2, 3). The UL TTI pattern as well as the UL TTI length can be indicated with 2 bits in the UL DCI for sTTI as described with more details in section 2.2.
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Figure 2 Different sPUSCH configurations in an UL subframe for 2-symbol sTTI, where R denotes reference symbol and S denotes SRS position (if scheduled).

From the right bottom figure shown in Figure 2, we see that in order to be able to support 2 data symbols for sTTI 3, i.e. the first sTTI in the second slot, and at the same time, do not break the slot boundary condition, the DMRS for this sTTI transmission has to be placed after the sTTI.
Observation 1 
For 2-symbol UL sTTI, the DMRS can be positioned after the associated sTTI in order to support 2 data symbols for the first sTTI in the second slot of a subframe.
2.2 Flexibility of UL sTTI operation and related signalling
In the UL, sTTI lengths of 2 and 7 OFDM symbols can be supported. The system-level evaluation from the study item [2] showed that the throughput on system level is larger with sTTI length shorter than slot length. In UL the largest performance gains are observed with 2 OFDM symbols design if dynamic DMRS sharing is applied [3]. With dynamic DMRS sharing, if the same UE is scheduled in two consecutive sTTI no DMRs is inserted in the second sTTI. Overall the improved latency with 2 OFDM symbols TTI results in a higher user throughput if the DMRS overhead can be reduced. It can however be observed in [3] that not all users benefit in the same way from a shorter length and that the benefit varies depending on the traffic load. It appears desirable that eNB can adapt the UL TTI length and the UL DMRS configuration for a UE based on the channel and traffic conditions. It should also be noted that a dynamic change of TTI length for sPUCCH is also desirable considering the sPUCCH performance gap between very short TTI length and longer length [6], especially in case of larger payload that can occur with DL CA. Similar performance gap between 2os TTI and slot TTI can be expected for UCI in PUSCH, which motivates for a dynamic adaptation of the UL TTI length.
Observation 2 
A dynamic adaptation of the UL TTI length and the UL DMRS position is desirable to ensure the best performance in varying channel, configuration, and traffic conditions.
A flexible way of signalling the configuration of a sPUSCH transmission is to add fields in the UL DCI sent in a DL sTTI. To indicate the UL TTI length, a field of 1 or 2 bits can be added depending on the number of supported UL TTI lengths. To indicate the UL DMRS position, a field of 2 bits can be added to allow for the possibility of placing DMRS at the beginning of the UL sTTI, or placing DMRS at the end of the UL sTTI, or not including DMRS at all in the UL sTTI. Note that the latter option is to achieve DMRS sharing with the preceding sTTI, the former two options enable DMRS multiplexing from different UEs. Depending on the chosen DL and UL pattern there can be more UL sTTIs than DL sTTIs in a subframe. This means that certain DL sTTIs would need to contain two UL DCIs. So, an additional field of 1 or 2 bits is needed for the UL sTTI index to enable an unambiguous mapping between the DL sTTI carrying UL DCI and the scheduled UL sTTI. So, overall between 4 to 6 bits are needed in the UL DCI to schedule a particular UL sTTI with a particular configuration of TTI length and DMRS position.
An alternative to reduce the number of bits used for signalling the configuration of a particular UL sTTI is to associate the meaning of the new field with the DL sTTI index where the UL DCI is sent.  Examples are given below.
Proposal 2 The configuration of sPUSCH transmission in terms of UL sTTI index, UL DMRS position and UL TTI length is signalled in the UL DCI transmitted in a DL sTTI. 
Proposal 3 Signalling of sPUSCH transmissions should support DMRS sharing/multiplexing of consecutive sTTIs from one or multiple UEs, at least for 2-symbol sPUSCH transmissions.
In the following, we give an example on how the bit field can be designed so as to allow signalling of many different sPUSCH configurations and different sTTI lengths by using a limited number of bits. The examples below are based on the following assumptions:

1)  The 2os DL sTTI pattern is shown in Figure 3, where the first three OFDM symbols are used for PDCCH.
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Figure 3 Example of a 2-symbol DL sTTI configuration in a subframe with 3 symbols in PDCCH
2) The minimum UL scheduling timing for sPUSCH transmissions is as proposed in [4] 
· N+6 timing for 2os TTI, allowing for 10os processing (5 TTIs)

· N+4 timing for 7os TTI, allowing for 21os processing (3 TTIs).
3) The 2os UL sTTI patterns that are targeted by the new field for UL DCI configuration are shown in Figure 2.
In the following, we show that a field of 2 bits in the UL fast DCI together with the DL sTTI index can be used for indicating simulatenously the UL sTTI index, UL DMRS position and UL TTI length. This bit field could be used as shown in Figure 4 to achieve 2/3os UL patterns depicted in Figure 2 and agreed patterns for 7os UL pattern as well. In this example, both sPDCCH and PDCCH are used for sending UL DCI. 
In the example of Figure 4, the DL sTTI 0 can schedule UL sTTI of length 3os with different DMRS placement with the bit combination 00, 01 and 10.
The DL sTTI 1 can schedule UL sTTI of length 2os with different DMRS placement with the bit combination 00, 01 and 10. Note that for the “10” case, no DMRS is transmitted in the scheduled UL sTTI, the position of the DMRS associated to this UL sTTI is symbol index 0. It can also schedule UL sTTI of length 3os with the bit combination 11. And so on. The bit combination 11 is not defined for UL DCI send in DL sTTI 0 and 4, they can be treated as reserved combinations and can be used if more patterns needs to be supported.
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Figure 4  Example of the mapping between the bit field of a fast UL DCI send from a DL sTTI and the configuration of the scheduled sPUSCH. In case of DMRS sharing, the position of the shared DMRS for the sTTI transmission is also indicated.
Figure 5 illustrates how to configure six 2os sPUSCH transmissions within a subframe with DMRS multiplexing (the top left configuration shown in Figure 2), by using the UL fast DCI bit field mapping proposed in Figure 4. The arrows in Figure 5 indicate from which DL sTTI an UL sTTI is scheduled. The number(s) in the boxes below each DL sTTI is the value of the bit field used in the UL fast DCI(s) transmitted in a particular DL sTTI for signalling a particular sPUSCH transmission. 
For example, in Figure 5,  two UL fast DCIs are transmitted from DL sTTI index 0 with the bit field values set to 1 and 2, respectively. Then, based on the bit field mapping rule shown in Figure 4, these two UL fast DCI will signal two sPUSCH transmissions, i.e., UL sTTI 0 and UL sTTI 1 in Figure 5. Similarly, an UL fast DCI with a bit field value of 0 transmitted from DL sTTI index 2 will signal an sPUSCH transmission in UL sTTI 2 shown in Figure 5.
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Figure 5 Example of signalling six 2-symbol sTTI configurations in a subframe with DMRS multiplexing, based on the UL fast DCI bit field mapping designed in Figure 4
Different sPUSCH configurations can be dynamically configured by using a different combination of the UL fast DCIs transmitted from different DL sTTIs. Figure 6 illustrates an example of configuring six 2/3os sPUSCH transmissions within a subframe without DMRS multiplexing/sharing. It is also possible to support DMRS sharing of consecutive sTTIs as shown in Figure 7, where the DMRS is not transmitted in the second sTTI and/or the third sTTI of each slot.
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Figure 6 Example of signalling six 2/3-symbol sTTI configurations in a subframe without DMRS multiplexing/sharing, based on the UL fast DCI bit field mapping designed in Figure 4
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Figure 7 Example of signalling six 2/3-symbol sTTI configurations in a subframe with DMRS sharing, based on the UL fast DCI bit field mapping designed in Figure 4
With the UL fast DCI bit field mapping proposed in Figure 4 a user can also be scheduled with only 7-symbol sPUSCH in a subframe. It is also possible to support dynamic switching between different sTTI lengths within a subframe as illustrated in Figure 8.
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Figure 8 Dynamic switching between 2os and 7os sPUSCH transmissions within a subframe, based on the UL fast DCI bit field mapping designed in Figure 4
Observation 3
A field of two bits in the UL fast DCI is sufficient to signal the sPUSCH configuration. 
Proposal 4 A joint field for indicating the scheduled UL TTI configuration in terms of UL DMRS symbol position, UL data symbol position(s), and UL TTI length is included in the UL DCI.
3 Conclusion

In section 2 we made the following observations:
Observation 1 
For 2-symbol UL sTTI, the DMRS can be positioned after the associated sTTI in order to support 2 data symbols for the first sTTI in the second slot of a subframe.
Observation 2 
A dynamic adaptation of the UL TTI length and the UL DMRS position is desirable to ensure the best performance in varying channel, configuration, and traffic conditions.
Observation 3
A field of two bits in the UL fast DCI is sufficient to signal the sPUSCH configuration. 
Based on the discussion in section 2 we propose the following:
Proposal 5 Support the fixed sTTI pattern (3, 2, 2, 2, 2, 3) for 2-symbol UL sTTI configuration.

Proposal 6 The configuration of sPUSCH transmission in terms of UL sTTI index, UL DMRS position and UL TTI length is signalled in the UL DCI transmitted in a DL sTTI. 

Proposal 7 Signalling of sPUSCH transmissions should support DMRS sharing/multiplexing of consecutive sTTIs from one or multiple UEs, at least for 2-symbol sPUSCH transmissions.
Proposal 8 A joint field for indicating the scheduled UL TTI configuration in terms of UL DMRS symbol position, UL data symbol position(s), and UL TTI length is included in the UL DCI.
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5 Annex (sPUCCH simulation assumptions)
Table 1: Simulation assumptions.

	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	2, 3 symbols

	Channel model
	EPA

	UE speed
	3 km/h

	Antenna configuration
	1 Tx, 2 Rx

	CP length
	Normal

	Receiver type
	MMSE

	Channel estimation
	Practical

	sPUCCH format 
	1b

	Performance metrics
	ACK missed detection probability 1%, 
NACK-to-ACK error probability 0.1 %, 
DTX-to-ACK probability 1%

Registered SNR is where all metrics are fulfilled.

	Frequency Hopping
	No
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