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1 Introduction

In RAN#72 the new WI on short TTI and reduced processing [1] was agreed. Among others, the following objectives were defined:

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH 

· 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

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In this paper we discuss puncturing as mechanism to ensure legacy TTI and short TTI coexistence in the same cell.
2 Discussion

To enable coexistence between short and legacy TTI length UEs on the same carrier, some form of multiplexing is needed. One conclusion of the study item is that shortened TTIs are FDM within the system bandwidth together with 1 ms TTI [2]. As an compliment to FDM, puncturing has been proposed to share the time-frequency resources between legacy and short TTI lengths The motivation was to enable fast scheduling of short TTI transmissions in the middle of a subframe, when legacy PDSCH transmissions have already been scheduled for this subframe. However, the FDM mechanism already enables the eNB to serve short TTI UEs any time in a subframe in the bandwidth allocated to sTTI operation. The only advantage with puncturing would be in case of a sudden need of a larger bandwidth for sTTI operation. Due to the 1ms cycle with which legacy UEs are scheduled, the frequency allocation of short TTI operation cannot be changed more often than every 1ms with a pure FDM between legacy UEs and short TTI UEs. Puncturing short TTI transport block in legacy transport block would thus only be helpful to increase bandwidth allocation for sTTI within a subframe. In the next subframe already the bandwidth allocation can be increased using the FDM mechanism. If the frequency allocation reserved by eNB for FDM operation of short TTI with legacy TTI is based on the typical need of time-critical services, the occasions where larger bandwidth is needed for time-critical services are actually rare. 

Observation 1 Occasions where puncturing would be useful are rare if eNB configures properly FDM between short TTI and 1ms operations.
To handle those rare occasions, the eNB has two choices before increasing the sTTI bandwidth allocation in the next subframe. First, the eNB can serve these time-critical UEs with the available short TTI bandwidth. Secondly, the eNB can puncture the legacy downlink TTI transmission of PDSCH with the short downlink TTI transmission (with the possible effect of loss of legacy data). Thus nothing prevents eNB to apply puncturing. It is an implementation specific solution to a scheduling problem.
Observation 2 Puncturing is eNB-implementation specific.
Proposal 1 No change is added to the specifications to apply puncturing of TTI by sTTI.
2.1 Impact of puncturing on 1 ms subframe performance in DL
In the following, we provide link-level evaluations of PDSCH performance with sPDSCH puncturing. More results can be found in [3]. The simulations are carried out as a legacy 1-ms TTI link, with simulation parameters following the settings used during the study item phase and summarized in Table 1 in the Annex. The short TTI transmission is not explicitly transmitted, but instead modeled as random QPSK transmission, with the same power level as the legacy TTI transmission and a much smaller PRB allocation, e.g. 6 PRB for 7-symbols TTI (see Table 1 for assumptions for other TTI lengths).
In Figure 1, simulated BLER for both QPSK r1/3 and 16QAM r3/4 is shown for a legacy PDSCH transmission that has been punctured with short TTIs of different lengths. Already for this relatively small sTTI transmission, the QPSK reception loses 3-9 dB at 10% BLER. For the 16-QAM r3/4, the reception totally breaks down. Since the legacy receiver is unaware of the sTTI transmission in part of the legacy TTI, it will receive erroneous soft values to the decoding chain that destroy the decoding. Puncturing sPDSCH in PDSCH of a UE is very harmful to PDSCH performance and is therefore not well suited for multiplexing legacy and short TTI UEs.

Observation 3 Even with very small sTTI allocation and low legacy TTI coderate, performance for legacy users is severely impacted.
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Figure 1. PDSCH BLER for legacy PDSCH transmission for QPSK r1/3 and 16QAM r3/4, when being punctured by sTTI. For 7-symbol TTI, sTTI allocation is 6PRB (increased for shorter TTI lengths). 

2.2 Impact of puncturing on 1 ms subframe performance in UL

If legacy PUSCH and sPUSCH are transmitted from different UEs on the same resources, the sPUSCH can suffer from a large level of interference created by the legacy PUSCH transmission. Note that the power allocated for PUSCH and sPUSCH can be significantly larger than the noise power. This interference can destroy the decoding for sPUSCH. For decoding of PUSCH, the eNodeB can either remove the data symbols that are overlapped with the sPUSCH transmission, or it can try to decode PUSCH by treating sPUSCH as interference. However, both of these approaches may result in a failure when decoding PUSCH. The specification would make it possible for the eNB to schedule like this but further support than this we do not see as beneficial as it will result in a significant performance degradation.

Observation 4 Puncturing of sPUSCH on PUSCH from a different user makes decoding of both more challenging.
If a UE is scheduled for a sPUSCH transmission when legacy PUSCH transmission for the same UE has already been scheduled, and the resources allocated for sPUSCH is overlapping with that for legacy PUSCH, the UE can puncture the PUSCH by only transmitting sPUSCH on the overlapped resources. In this case, sPUSCH can be decoded by eNodeB. However, due to the puncturing, the PUSCH data symbols that are supposed to be transmitted on the overlapped resources are lost. Thus, the eNodeB may not be able to decode legacy PUSCH. Instead of puncturing, as discussed in [4] the user should drop PUSCH once a fast DCI for sPUSCH has been received.

The case for which the resources are not overlapping was also discussed. The effect may however be similar particularly for shorter sTTI due to power control change in the few symbols where both PUSCH and sPUSCH are sent. Correspondingly it may not be possible to decode PUSCH in this case either. The use cases however for both of these scenarios need to be better understood in general before adding any support for them. 
Proposal 2 A UE is not expected to transmit legacy PUSCH and sPUSCH in the same subframe on one carrier. The user should drop PUSCH and transmit sPUSCH.
3 Conclusion

In section 2 we made the following observations:
Observation 5 Occasions where puncturing would be useful are rare if eNB configures properly FDM between short TTI and 1ms operations.
Observation 6 Puncturing is eNB-implementation specific.
Observation 7 Even with very small sTTI allocation and low legacy TTI coderate, performance for legacy users is severely impacted.
Observation 8 Puncturing of sPUSCH on PUSCH from a different user makes decoding of both more challenging.
Based on the discussion in section 2 we propose the following: 

Proposal 3 No change is added to the specifications to apply puncturing of TTI by sTTI.

Proposal 4 A UE is not expected to transmit legacy PUSCH and sPUSCH in the same subframe on one carrier. The user should drop PUSCH and transmit sPUSCH.
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5 Annex

Table 1
Simulation parameters
	Parameter
	Value

	Carrier frequency
	2 GHz

	TTI length
	2/4/7/14 symbols

	Puncturing TTI
	2,3,4,7 symbols TTI. The sTTI transmission placed in second short TTI within a sub-frame, depending on TTI length: 6 PRB at symbol 7-13, 10 PRB at symbol 6-9; 14 PRB at symbols 5-7; or 23 PRB at symbols 4-5.

	Interference model
	Random QPSK transmission, same power as PDSCH RE

	Allocated bandwidth
	50 PRBs (10 MHz)

	Channel model 
	EPA

	UE speed
	3km/h (5.56 Hz)

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

	Antenna correlation
	Uncorrelated

	Legacy PDCCH region
	2 OFDM symbols

	CP length
	Normal

	Transmission mode
	TM4, TM4

	RS configuration
	2 CRS ports

	Receiver type
	MMSE-IRC

	Channel estimation
	Practical

	Rank adaptation
	Fixed Rank 1

	Link adaptation
	Disabled

	Modulation and code rate
	64QAM 5/6, 16QAM 3/4, QPSK 1/3

	Precoding codebook
	Fixed

	TBS determination
	Calculated from modulation and code rate

	HARQ retransmission
	Disabled

	Control channel overhead
	2CCE (72RE) reserved for short PDCCH transmission each short TTI

	Imperfections
	RX imperfections and 6% TX EVM, (standard value in RAN4)
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