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1. Introduction

In RAN1#84 meeting, the design principle related to PUSCH transmission was discussed and the corresponding agreements were made as follows [1]:
	· 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 several aspects on potential PUSCH designs such as DM-RS, piggyback, and CA related operations. In addition, we provide link-level performance of PUSCH transmission with different DM-RS design options. 
2. PUSCH design for shortened TTI
2.1. DM-RS design options

According to agreements at the last meeting, the design of sPUSCH DM-RS can be classified as two options as follows: one is that DM-RS is contained per each sPUSCH and another is that DM-RS is shared by multiple short TTIs within the same subframe. We herein describe two DM-RS design options more specifically to investigate pros and cons of each option. 
·  Option 1: DM-RS is contained per each sPUSCH
With TTI shortening, DM-RS can be transmitted for each sPUSCH without sharing a certain DM-RS symbol by multiple TTIs. In this case, two sub-options are generally considered: one is that all DM-RS REs are mapped onto DM-RS symbol and another is that DM-RS is multiplexed with data within a SC-FDMA symbol. The former option, which can be called as per TTI DM-RS design, can minimize the specification impact in terms of DM-RS sequence generation and RE mapping. However, if DM-RS symbol is contained at each short TTI, then DM-RS density will immensely grow as TTI length becomes shorter, and thereby the former option would induce excessive DM-RS overhead in case of very short TTI length. (e.g., >50% RS density for <2 symbol TTI) 
On the other hand, the latter option, which can be called as staggered DM-RS design, can provide more flexibility in terms of DM-RS overhead. For staggered DM-RS design, it is worth considering how to decide RE mapping pattern with fixed DM-RS overhead. If DM-RS REs are spread over TTI, then channel estimation in time domain will be improved. On the contrary, increasing the number of DM-RS REs within one SC-FDMA symbol will enhance channel estimation in frequency domain. Meanwhile, the staggered DM-RS design will break single-carrier property and thus induce the PAPR problem. 
·  Option 2: DM-RS is shared by multiple short TTIs within the same subframe

In order to alleviate the concern regarding DM-RS overhead, DM-RS can be shared by multiple short TTIs as already noted in multiple contributions [2]-[6]. The overlapped DM-RS symbol can be multiplexed by using different cyclic shift in CDM manner or using different resource elements (REs) in FDM manner. In Figure 1, we exemplify two sub-options, symbol-sharing with CDM and symbol-sharing with FDM, when both options assume the length of TTI as 4 SC-FDMA symbols and share one DM-RS symbol. It should be noted that the symbol-sharing with CDM is expected to show better channel estimation in frequency domain due to more RS REs than the symbol-sharing with FDM. However, in order to offer orthogonality between TTIs sharing the same DM-RS symbol for the symbol-sharing with CDM option, same number of allocated RBs for PUSCH transmission should be guaranteed at both the TTIs or DM-RS sequence should be generated per minimum scheduling unit (e.g., RB(G)). On the other hand, such restriction is not necessary in the symbol-sharing with FDM option. Anyhow, for both design options particularly in case of 4 symbol TTI, DM-RS overhead and position in time domain can be maintained as legacy TTI. 
For other TTI lengths shorter than 4-symbol TTI, the symbol-sharing design still can be considered with maintaining the current DM-RS symbol position. However, in this case, there will be some of non-contiguous TTIs in which data and DM-RS symbols are apart from each other. Such non-contiguous TTI case can bring about PUSCH decoding latency as well as reduction of channel estimation accuracy. 
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Figure 1. Symbol-sharing DM-RS design options (TTI length=4 symbols)
Proposal 1: The symbol-sharing DM-RS design would be preferably considered as a potential DM-RS option at least for 3/4 symbol TTI cases. Further study is needed on DM-RS option for shorter TTI lengths (e.g., 1/2 symbol TTI cases).
2.2. UCI piggyback

According to current specification, if simultaneous transmission of PUCCH and PUSCH is not configured, and if PUCCH collides with PUSCH at the same subframe, UCI feedback can be piggybacked on PUSCH. In this case, HARQ-ACK information is mapped to REs around PUSCH DM-RS symbol and RI information is mapped to REs around symbols used by HARQ-ACK. However, as PUSCH DM-RS design might be changed due to TTI shortening, the current UCI mapping rule would not be applicable. Considering that TTI length can be potentially short, it would be desirable that UCI feedback can be mapped onto at most one or two symbol(s). To reduce UCI information to be piggybacked, only part of UCI information (e.g., for cells corresponding to short TTI) is piggybacked to transmit on PUSCH with short TTI. Due to lack of resource for sPUSCH, it might be beneficial that some UCI can be transmitted on sPUSCH and other UCI can be transmitted on PUCCH if simultaneous PUCCH and PUSCH transmission is configured, or UCI piggyback can be prohibited for extremely short TTI. To this end, it is worth to further discuss UCI piggyback related issues in case of TTI shortening.
Proposal 2: Further discussion on UCI piggyback in case of TTI shortening would be needed.
2.3. CA related operations

If short TTI and CA operations are simultaneously to be supported, several related issues will arise correspondingly. For example, different TTI lengths over different UL carrier can be considered. Then, issues regarding CA configuration such as how the TTI length is configured per cell need to be investigated. Timing and resource utilization on UCI transmission of multiple cells having different TTI lengths need to be discussed as well. Furthermore, cross-carrier scheduling between cells with potentially different short TTI length configured needs to be addressed as well. Overall, if CA with TTI shortening is considered, aspects on cross-carrier scheduling, UCI transmission and multiplexing, and power control should be further investigated.  
Proposal 3: Aspects on cross-carrier scheduling, UCI transmission and multiplexing, and power control should be further investigated if CA with TTI shortening is considered. 
2.4. Evaluation assumptions
To investigate link-level performance of PUSCH transmission with various DM-RS options, we elaborate some necessary assumptions as following. The remaining detailed evaluation assumptions, which are mostly based on [7] and [8], are summarized and provided in Appendix A.
The transport block size (TBS) is determined based on scheduled MCS index and allocated PRB size. With TTI shortening, TBS determination needs to be redefined due to decrease of REs per TTI. To derive TBS for short TTI, the reference PRB size is scaled down with TTI length, which is a similar manner to TBS determination in special subframe. For our simulations, it is assumed that the reference PRB size for short TTI is given by 
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 and correspondingly TBS for each TTI length is derived for given MCS index. Further discussion on how to determine TBS for short TTI cases would be necessary. 
Proposal 4: It would be necessary to discuss how to determine TBS for sPUSCH.
2.5. Simulation results

We herein provide link-level performance for PUSCH transmission. According to agreements in [8], we consider the SNR at 10% BLER and the throughput at 10% BLER as metrics. For our simulations, MCS indices 5, 20, and 28 are utilized for all TTI lengths, which correspond to QPSK with coding rate 1/3, 16QAM with coding rate 3/4, and 64QAM with coding rate 5/6, respectively. 
Firstly, the “per TTI DM-RS design” option that all DM-RS REs are mapped onto a DM-RS symbol within TTI is assumed. In Tables 1 and 2, we present our simulation results for EPA channel model with UE speed 3km/h. For 14 symbol TTI case, it can be observed that the result shows a tendency of higher SNR at 10% BLER, which results from higher coding rate since the fixed MCS index is assumed for all TTI lengths. 
	per TTI DM-RS design

	SNR at 10% BLER [dB]
	TTI length=2
	TTI length=3
	TTI length=4
	TTI length=7
	TTI length=14

	QPSK, 1/3
	0.35
	0.56
	0.57
	0.56
	0.78

	16QAM, 3/4
	13.11
	13.30
	13.25
	13.12
	13.60

	64QAM, 5/6
	21.02
	21.00
	20.69
	20.84
	21.65


Table 1. SNR at 10% BLER for EPA, 3km/h UE speed
	per TTI DM-RS design

	Tput at 10% BLER [Mbps]
	TTI length=2
	TTI length=3
	TTI length=4
	TTI length=7
	TTI length=14

	QPSK, 1/3
	0.9039
	1.3713
	1.5802
	1.8497
	1.9885

	16QAM, 3/4
	5.2831
	7.2705
	8.1703
	9.2742
	9.5837

	64QAM, 5/6
	9.3178
	12.530
	13.805
	15.749
	16.473


Table 2. Throughput at 10% BLER for EPA, 3km/h UE speed
Secondly, the “symbol-sharing with CDM” option that DM-RS is shared by multiple short TTIs within the same subframe is assumed. For our evaluation, we assume TTI length as 4 symbols and compare the performance of symbol-sharing option with per TTI DM-RS design option. To see the multiplexing capability by different DM-RS cyclic shifts, we consider that DM-RS of 2 UEs are multiplexed by using cyclic shift {0, 1} and {0, 6}. 
We present our simulation results in Tables 3, 4, and 5 for EPA with UE speed 3km/h, ETU with UE speed 3km/h, and ETU with UE speed 120km/h, respectively. Also, we provide the corresponding throughput results in Tables 6, 7, and 8. For 25 allocated PRBs case, there is no significant performance deterioration even for DM-RS multiplexing with cyclic shift {0, 1} since the wider allocated bandwidth can offer more chance to distinguish channel responses of multiplexed reference signals with different cyclic shift, which facilitates separation of those multiplexed reference signals. On the other hand, for 4 allocated PRBs case, it can be seen that 2 DM-RS multiplexing with cyclic shift {0, 6} offers similar performance compared with per TTI DM-RS design option while 2 DM-RS multiplexing with cyclic shift {0, 1} shows performance degradation more than 0.3dB. The detailed BLER performances are also provided in Appendix B.
Observation 1: For symbol-sharing design, DM-RS multiplexing can be supported up to 2 reference signals. Further study on how many reference signals can be multiplexed would be needed if shorter TTI is to be supported for symbol-sharing design. 

	symbol-sharing design

	SNR at 10% BLER [dB]
	1 reference signal
	2 reference signals multiplexing (CS=0,6)
	2 reference signals multiplexing (CS=0,1)

	QPSK, 1/3
allocated PRBs=25
	0.577
	0.581
	0.613

	QPSK, 1/3
allocated PRBs=4
	2.536
	2.584
	2.749


Table 3. SNR at 10% BLER for EPA, 3km/h UE speed
	symbol-sharing design

	SNR at 10% BLER [dB]
	1 reference signal
	2 reference signals multiplexing (CS=0,6)
	2 reference signals multiplexing (CS=0,1)

	QPSK, 1/3
allocated PRBs=25
	-0.693
	-0.682
	-0.643

	QPSK, 1/3
allocated PRBs=4
	1.500
	1.631
	1.993


Table 4. SNR at 10% BLER for ETU, 3km/h UE speed
	symbol-sharing design

	SNR at 10% BLER [dB]
	1 reference signal
	2 reference signals multiplexing (CS=0,6)
	2 reference signals multiplexing (CS=0,1)

	QPSK, 1/3
allocated PRBs=25
	-0.566
	-0.561
	-0.516

	QPSK, 1/3
allocated PRBs=4
	1.835
	1.951
	2.343


Table 5. SNR at 10% BLER for ETU, 120km/h UE speed
	symbol-sharing design

	Tput at 10% BLER [Mbps]
	1 reference signal
	2 reference signals multiplexing (CS=0,6)
	2 reference signals multiplexing (CS=0,1)

	QPSK, 1/3
allocated PRBs=25
	1.581
	1.581
	1.580

	QPSK, 1/3
allocated PRBs=4
	0.226
	0.226
	0.226


Table 6. Throughput at 10% BLER for EPA, 3km/h UE speed

	symbol-sharing design

	Tput at 10% BLER [Mbps]
	1 reference signal
	2 reference signals multiplexing (CS=0,6)
	2 reference signals multiplexing (CS=0,1)

	QPSK, 1/3
allocated PRBs=25
	1.568
	1.567
	1.567

	QPSK, 1/3
allocated PRBs=4
	0.226
	0.226
	0.226


Table 7. Throughput at 10% BLER for ETU, 3km/h UE speed
	symbol-sharing design

	Tput at 10% BLER [Mbps]
	1 reference signal
	2 reference signals multiplexing (CS=0,6)
	2 reference signals multiplexing (CS=0,1)

	QPSK, 1/3
allocated PRBs=25
	1.567
	1.566
	1.566

	QPSK, 1/3
allocated PRBs=4
	0.226
	0.226
	0.225


Table 8. Throughput at 10% BLER for ETU, 120km/h UE speed
3. Conclusions

In this contribution, we discussed aspects of potential PUSCH design and the related operations. Additionally, we provided link-level performance of PUSCH transmission with various DM-RS designs. Based on the above discussions, our observation and proposal are given as follows:

Proposal 1: The symbol-sharing DM-RS design would be preferably considered as a potential DM-RS option at least for 3/4 symbol TTI cases. Further study is needed on DM-RS option for shorter TTI lengths (e.g., 1/2 symbol TTI cases).

Proposal 2: Further discussion on UCI piggyback in case of TTI shortening would be needed.

Proposal 3: Aspects on cross-carrier scheduling, UCI transmission and multiplexing, and power control should be further investigated if CA with TTI shortening is considered.

Proposal 4: It would be necessary to discuss how to determine TBS for sPUSCH.

Observation 1: For symbol-sharing design, DM-RS multiplexing can be supported up to 2 reference signals. Further study on how many reference signals can be multiplexed would be needed if shorter TTI is to be supported for symbol-sharing design.
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Appendix A
Table A.1 summarizes link-level simulation parameters that are assumed for evaluation in this contribution, which are basically based on agreements in [7] and [8]. 
Table A.1. Link-level simulation assumptions for (shortened) PUSCH

	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	2/3/4/7/14 symbols 

	Allocated bandwidth
	25 PRBs and 4 PRBs

	Channel model 
	EPA, ETU

	UE speed 
	3km/h, 120km/h

	Antenna configuration
	1Tx(UE), 2Rx(eNB) 

	CP length
	Normal

	Transmission mode
	TM1

	DMRS configuration
	Per TTI DM-RS design (described in Section 2.1)
Symbol-sharing with CDM (described in Section 2.1)

	Receiver type
	MMSE

	Channel estimation
	Practical

	Link adaptation
	Disabled 

	TBS determination 
	MCS index = 5, 20, 28

	HARQ retransmission 
	Disabled 

	Performance metrics
	SNR at 10% BLER, Throughput at 10% BLER


Appendix B
BLER simulation results to investigate reference signal multiplexing capability are given as follows.
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