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1. Introduction

In RAN#67 meeting, an LTE release 13 study item on latency reduction techniques for LTE was approved [1]. Specifically, the objectives of the study item for RAN1 are as follows:
	· 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);


In this contribution, we discuss aspects of PUSCH transmissions and several potential DM-RS design options with TTI shortening. In addition, we provide link-level performance of different DM-RS design options. 
2. PUSCH transmissions with TTI shortening
In this section, we describe UL physical layer aspects with TTI shortening especially for PUSCH transmissions. We also provide simulation results with evaluation assumptions and relevant observations for PUSCH DM-RS. Note that the impact of PUCCH transmission with TTI shortening can be found in our companion contribution [2]. 
2.1. Physical layer aspects
With TTI shortening, the reference signal design is one of crucial issues to be addressed. Depending on TTI length, a design of PUSCH DM-RS can be different considering specification impact and performance. If TTI length is one slot, then the current PUSCH DM-RS can be reused with minimized specification effort. On the other hand, with smaller TTI length than one slot, new design of PUSCH DM-RS would be necessary. In what follows, we investigate possible PUSCH DM-RS design options for shorter TTI lengths than one slot. 
· Option 1: symbol-sharing DM-RS
Two adjacent TTIs can share the same DM-RS symbol. 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 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. But, it seems undesirable for the symbol-sharing DM-RS design to support very short TTI length due to RS overhead. 
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Figure 1. Symbol-sharing DM-RS design options

· Option 2: staggered DM-RS
PUSCH DM-RS can be multiplexed with data within a SC-FDMA symbol similar to DL reference signal design. This design option 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. In Figure 2, we illustrate staggered DM-RS when 1 normal TTI (i.e., 1 subframe=1ms) consists of two 3-symbol TTIs and two 4-symbol TTIs, where 2 DM-RS REs are located at every SC-FDMA symbol.
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Figure 2. Staggered DM-RS design option
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 in case of 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 PUSCH, it might be beneficial that some UCI can be transmitted on PUSCH and other UCI can be transmitted on PUCCH. To this end, it is worth to consider UCI piggyback on PUSCH with TTI shortening. 
2.2. Evaluation assumptions
To investigate link-level performance of various PUSCH DM-RS options, we elaborate some necessary assumptions as following. The remaining detailed evaluation assumptions, which are mostly based on [3], are summarized and provided in Appendix A.
For 7 symbol TTI, it is expected that PUSCH DM-RS can be reused with minimum effort. For 1 symbol TTI, DM-RS shall be multiplexed with data indispensably since symbol-sharing DM-RS design cannot be supported. For 2 symbol TTI, symbol-sharing DM-RS design can be applied but with high RS overhead. On the other hand, 3/4 symbol TTI can provide more latency reduction compared with 7 symbol TTI, and particularly 4 symbol TTI can also require less specification impact than 1/2 symbol TTI. In this sense, we assume TTI length as 4 symbols for symbol-sharing and as 3/4 symbols for staggered DM-RS designs, respectively, for evaluating link-level performance of PUSCH with TTI shortening.  
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 simplicity, it is assumed that the reference PRB size for short TTI is set to the floor value of the ratio of the allocated PRB size to the number of TTIs within subframe. For example, in case of symbol-sharing with CDM, when the allocated PRB size is 25 and the number of TTIs per 1ms is 4, the reference PRB size is 6. As discussed in our companion contribution [4], further clarification on how to determine TBS properly for short TTI cases seems necessary. 
2.3. Simulation results

We herein provide link-level performance of PUSCH with selected DM-RS design options (e.g., symbol-sharing with CDM and staggered DM-RS) described in Section 2.1. In [3], the performance metric for link-level simulation is agreed as BLER. However, since each DM-RS design option can have different structure and density, it is quite difficult to make options to have the same RS density and coding rate simultaneously, which bring about unfair comparison among different DM-RS design options. Thus, we consider throughput hull curve as a performance metric for fairer comparison. 
For example, the symbol-sharing with CDM option in Figure 1 has 1/4 RS density per TTI but the total RS density per 1ms is 1/7 due to its symbol-sharing structure. If the same RS density per TTI is a target, then the staggered structure with 3 and 4 symbols will have 9 and 12 REs per RB within TTI, respectively, but the total RS density per 1ms will be 42/126=1/3, which does not satisfy the same level of the total RS density as the symbol-sharing with CDM option and will induce lower channel coding gain due to reduction of data REs. Hence, we try to maintain similar level of total RS density per 1ms between design options. In this sense, we consider the symbol-sharing with CDM and the staggered option with RS pattern as depicted in Figures 1 and 2 for which the total RS density per 1ms are 24/168 and 28/168, respectively. 
In Figure 3 and 4, we present our simulation results for ETU channel model with UE speed 3km/h and 120km/h. For low speed case, the symbol-sharing with CDM option shows better throughput performance compared with the staggered option since more DM-RS REs per symbol are utilized for channel estimation for the symbol-sharing with CDM option. On the other hand, for high speed case, the gap between both the options becomes quite smaller as SNR goes higher since the staggered option can offer more accurate channel estimation at high speed case due to its DM-RS mapping pattern in which DM-RS REs are spread over entire TTI. Note that the symbol-sharing option leads to substantial throughput performance gain, which is more than the benefit from having more data REs (e.g., 4 more REs per 1ms for the symbol-sharing option than the staggered option). Moreover, it is obvious that the staggered option can result in the PAPR problem which cannot be neglected. Hence, the symbol-sharing DM-RS option would be preferably considered as a potential DM-RS option in case of TTI shortening. 
Proposal: The symbol-sharing DM-RS option would be preferably considered as a potential DM-RS option in case of TTI shortening.
[image: image3.emf]0

1000000

2000000

3000000

4000000

5000000

6000000

7000000

8000000

9000000

0 1 2 3 4 5 6 7 8 9 10

Tput [bps]

E

s

/N

0

[dB]

ETU, 3km/h

Normal TTI

Symbol-sharing with CDM

Staggered


Figure 3. Throughput hull curve in ETU channel with 3km/h UE speed.
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Figure 4. Throughput hull curve in ETU channel with 120km/h UE speed.
3. Conclusions

In this contribution, we discussed aspects of PUSCH transmissions and several potential DM-RS design options. Additionally, we provided some link-level performance of potential DM-RS design options. Our proposal is given as follows:
Proposal: The symbol-sharing DM-RS option would be preferably considered as a potential DM-RS option in case of TTI shortening.
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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 evaluation methodology agreed in RAN1#84 [3]. 
Table A.1. Link-level simulation assumptions for (shortened) PUSCH

	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	3/4 symbols 

	Allocated bandwidth
	25 PRBs 

	Channel model 
	ETU

	UE speed 
	3km/h, 120km/h

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

	CP length
	Normal

	Transmission mode
	TM1

	DMRS configuration
	Symbol-sharing with CDM (as depicted in Figure 1)
Staggered (as depicted in Figure 2)

	Receiver type
	MMSE

	Channel estimation
	Practical

	Link adaptation
	Disabled 

	TBS determination 
	Scale TBS size with TTI length

	HARQ retransmission 
	Disabled 

	Performance metrics
	Throughput
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