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1. Introduction
During the RAN1#84 following guidelines were agreed for performance evaluation of PDSCH with shorter TTI:
· The same number of PRBs for sPUSCH/sPDSCH is assumed when comparing different sTTI lengths
· Simulations assuming different numbers of PRBs for different sTTI lengths are optional
· RB bundling for DMRS based channel estimation is studied
· Companies provide the number of bundled PRBs
· CRS based channel estimation can use long-term channel filtering on CRSs before the end of the sTTI
· The reported metrics include the SINR at 10% BLER and the throughput at 10% BLER
In this contribution, we study the performance of CRS-based and DMRS-based sPDSCH operation for several TTI lengths. In addition, we study DMRS configurations with bundling for 2-symbol TTI. 
2. Discussion
In our previous contribution [1], CRS-based downlink transmission modes were proposed as baseline reference for demodulation of shorter-TTI. In addition, we argued that DMRS pattern redesign will be required at least for sTTI lengths shorter than one slot. Similar views on the need of DMRS redesign were presented also e.g. in [2].   
When legacy-CRS are re-used for very short TTIs, such as 2-symbol sTTI, CRS are not anymore present in every sTTI. Therefore, channel estimator needs to rely only on CRS transmitted in the past. As a consequence, negative impact to channel estimation quality is expected. On the other side, channel estimation using time-domain CRS based interpolation and extrapolation between different CRS transmitted in previous OFDM symbols can alleviate this negative impact. 
Figure 1 shows two 2-symbol sTTIs with CRS and one 2-symbol sTTI without CRS. We improve CRS-based channel estimation for the sTTI with CRS by interpolating with the CRS transmitted earlier. Similarly, the CRS-based channel estimate for the sTTI without CRS could be improved by extrapolation. However instead, we utilize the channel estimate computed in the previous sTTI containing CRS, for simplicity reasons. As a consequence, the channel estimate for sTTIs without CRS is more vulnerable to UE speeds compared to sTTIs containing CRS REs.
For DMRS-based transmission, it is not possible to re-use legacy DMRS for TTI length shorter than one slot as they will be very sparsely transmitted in time due to scheduling restrictions as well as latency constraints (i.e. related DM-RS transmitted later than the sTTI). In addition, OCC multiplexing would further decrease available energy per port. 
For full scheduling flexibility, it would be required to transmit DMRS in every TTI. However, this would result in large DMRS overhead. In this document, we mainly consider 2-symbol TTI as an example case for designing new DMRS patterns. While studying new DMRS pattern, we take into account the following design principles:
· Optimal trade-off between DMRS overhead and channel estimation performance.
· No collision of new DMRS pattern with legacy CRS.
· DMRS resources evenly placed in frequency as much as possible.
· Assumption of PRB bundling for channel estimation and pattern design.


Figure 1: 2-symbol TTI with only legacy CRS transmission
Based on this, we study performance of four DMRS patterns with 2-symbol TTI as shown in Figure 2. Figure 2(a) and 2(b) show DMRS pattern 1 and pattern 2 without bundling, respectively. The main difference between these two patterns is the positioning of DMRS resources in frequency. DMRS pattern 1 has equally spaced resources, while the resources for pattern 2 are placed as close as possible to edges of the PRB. Figure 2(c) and 2(d) shows DMRS pattern 3 and pattern 4 with PRB bundling over 3 PRBs, respectively. Resources in yellow, red, grey and white are for DMRS, legacy-CRS, legacy DL control region and PDSCH, respectively.
   [image: ]          [image: ]
(a) Pattern 1												(b) Pattern 2
[image: ]          [image: ]
(c) Pattern 3												(d) Pattern 4
Figure 2: Example DMRS patterns for 2-symbol TTI 
The link performance results of these four example DMRS patterns presented in Figures 3, 4 and 5, correspond to MCS QPSK-1/3, 16QAM-3/4, and 64QAM-5/6, respectively for channel EPA-3Kmph and ETU-60Kmph. We compare the performance of 2-symbol sTTI using legacy-CRS and the four new example DMRS patterns with 1-slot TTIs using legacy CRS and the legacy DMRS pattern for comparison. 
In the performance evaluations, we also investigated the performance when DMRS is not transmitted in every TTI in order to reduce the DMRS overhead. This is noted as periodicity  and  in the figures. However, it should be noted that increased periodicity will result in scheduling restrictions, as discussed previously. 
In Figure 3, we can see that the CRS-based transmission provides solid performance for all TTI lengths. DMRS-based transmission works reasonably well with legacy patterns for 1-slot PDSCH.. In case of 2-symbol sTTI with the new DMRS patterns, we can see that bundling significantlly reduces the overhead while maintaining reasonable channel estimation quality. Therefore, new bundled patterns provide better throughput performance compared to DMRS patterns without bundling. Increased periodicity further reduces the overhead and still provides good channel estimation. In addition, we see that the placing of DMRS resources in frequency doesn’t really impact the performance in this cases.
[image: ] [image: ]
Figure 3: Throughput vs. SNR for different TTI lengths, MCS = QPSK-1/3
Observation 1: CRS-based transmission provides solid performance for all TTI lengths when MCS is low.
Observation 2: For 1-slot sTTI, sPDSCH performs reasonably well with legacy DMRS when MCS is low.
Observation 3: For 2-symbol sTTI, sPDSCH throughput performance improves with reduced DMRS overhead when MCS is low.
In Figure 4, the performance behavior for MCS 16QAM-3/4 and EPA-3Kmph is similar to lower MCS scenario for all TTI lengths. However in case of 2-symbol TTI for higher speed, we can observe that the performance for DMRS patterns with resources close to the edge of PRB have slightly better performance. 
[image: ] [image: ]
Figure 4: Throughput vs. SNR for different TTI lengths, MCS = 16QAM-3/4
In Figure 5, we compare performance for high MCS 64QAM-5/6. In this case, we can firstly observe that the performance for 1-slot TTI degrades quite significantly for this MCS in high speed. This can mainly be attributed to poor channel estimates. Secondly, the performance of 2-symbol DMRS patterns 2 and 4 with resources close to the edge is much better than performance of patterns 1 and 3 with equally spaced resources. Overall, it can be observed that bundling performs better in most of the cases.
[image: ] [image: ]
Figure 5: Throughput vs. SNR for different TTI lengths, MCS = 64QAM-5/6
Observation 4: Both legacy-CRS and DMRS give poor performance for 1-slot TTI at high MCS and high speed.
Observation 5: For 2-symbol sTTI, DMRS patterns with resources close to edges of PRB perform better than patterns with equally spaced resources in the middle for most of the cases.
Observation 6: PRB pattern designed for 2-symbol sTTI with PRB bundling, perform reasonably across all scenarios in comparison to 2-symbol sTTI patterns without bundling.
Observation 7: Increased DMRS periodicity helps to reduce overhead but the channel estimation quality degrades for high-speed scenarios.
In addition to these throughput curves, we also provide the required SNR for target BLER of 10 % for all scenarios in Table 1.
	RS Configurations
	QPSK-1/3 EPA-3
	QPSK-1/3 ETU-60
	16QAM-3/4 EPA3
	16QAM-3/4 ETU-60
	64QAM-3/4 EPA3
	64QAM-3/4 ETU-60

	2-slot CRS
	0.7
	-0.4
	13
	13.3
	20.4
	21.5

	2-slot DMRS
	0.7
	-0.6
	13
	12
	20.2
	19.8

	1-slot CRS
	1.3
	-0.2
	13.5
	13.5
	21.1
	21.8

	1-slot DMRS
	1.5
	-0.2
	13.7
	13.1
	23.8
	-

	2-symb CRS
	1.4
	0
	13.3
	14.5
	20.3
	-

	2-symb 
DMRS pattern 1, p1
	1.6
	0
	13.8
	12.4
	-
	-

	2-symb 
DMRS pattern 1, p2
	1.6
	0
	13.7
	12.9
	-
	-

	2-symb 
DMRS pattern 1, p1
	1.6
	0
	13.4
	11.9
	21.5
	19.8

	2-symb 
DMRS pattern 1, p2
	1.5
	0
	13.4
	12.5
	21.5
	23.5

	2-symb 
DMRS pattern 1, p1
	1.9
	0.5
	13.9
	12.7
	-
	-

	2-symb 
DMRS pattern 1, p2
	1.8
	0.6
	13.9
	13.1
	-
	-

	2-symb 
DMRS pattern 1, p1
	1.8
	0.5
	13.8
	12.5
	26.8
	21.9

	2-symb 
DMRS pattern 1, p2
	1.8
	0.5
	13.8
	13
	25.8
	-


Table 1. Required SNR for 10% BLER
3. Summary
In this contribution we have presented link level results of shorter PDSCH performance with CRS and DMRS based demodulation, and we have following observations:
Observation 1: CRS-based transmission provides solid performance for all TTI lengths when MCS is low.
Observation 2: For 1-slot sTTI, sPDSCH performs reasonably well with legacy DMRS when MCS is low.
Observation 3: For 2-symbol sTTI, sPDSCH throughput performance improves with reduced DMRS overhead when MCS is low.
Observation 4: Both legacy-CRS and DMRS give poor performance for 1-slot TTI at high MCS and high speed.
Observation 5: For 2-symbol sTTI, DMRS patterns with resources close to edges of PRB perform better than patterns with equally spaced resources in the middle for most of the cases.
Observation 6: PRB pattern designed for 2-symbol sTTI with PRB bundling, perform reasonably across all scenarios in comparison to 2-symbol sTTI patterns without bundling.
Observation 7: Increased DMRS periodicity helps to reduce overhead but the channel estimation quality degrades for high-speed scenarios.
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Appendix A: Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	TTI length
	2 symbols, 1-slot (7 symbols), 2-slot (14 symbols)

	Allocated bandwidth
	50 PRBs

	Channel model 
	EPA 3km/h, ETU 60km/h

	Antenna configuration
	[bookmark: _GoBack]2Tx(UE), 2Rx (eNB)

	Antenna correlation
	Uncorrelated

	CP length
	Normal

	Transmission mode
	TM4 with 2 CRS ports, TM9 with 2 CRS ports and DMRS

	Receiver type
	LMMSE

	Channel estimation
	Practical,

	Link adaptation
	Disabled

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

	HARQ retransmission
	Disabled

	Performance metrics
	Required SNR at 10% BLER and throughput
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