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[bookmark: _Ref298777854]Introduction
In this contribution, we provide link level simulation results for PUSCH with TTI shortening according to the physical layer design for UL described in [1]. 
Discussion
Background
The uplink shared channel PUSCH for LTE is based on single carrier transmissions (SC-FDMA, Single Carrier Frequency Division Duplex) by using DFTS-OFDM (Discrete Fourier Transform Spread OFDM). Here, two SC-FDMA symbols of each sub-frame are dedicated to reference signals and the remaining 12 SC-FDMA symbols (for normal cyclic prefix) can be allocated to user data. The last SC-FDMA symbol of each sub-frame might be used for Sounding Reference Signals (SRS) such that PUSCH is only transmitted during 11 SC-FDMA symbols.
Evaluation results
This section presents link-level simulation performance of PUSCH transmission with short and 1 ms length TTI. The simulation parameters, listed in Table 7 in section 5.1 , are selected based on the WF on evaluation methodology [2]. In RAN1#84, our contribution [3] provided link level results of PUSCH for several short TTI lengths assuming larger TBS for longer TTI lengths. In section 5.2 of this contribution, an update to these results is provided covering the missing cases from [3]. In the main body of this contribution, we provide link level results of PUSCH for several short TTI lengths assuming a fixed TBS for all sTTI lengths. This facilitates the comparison of methods yielding to reduce the DMRS overhead such as DMRS multiplexing and dynamic DMRS insertion by focussing on their BLER performance.
In the following section 2.2.1 gives the results for comparing the cases of different short TTI lengths without any DMRS overhead reduction method. Section 2.2.2 gives the results for the cases of 2-symbol TTI with dynamic DMRS configurations, where DMRS is not transmitted in every TTI. Section 2.2.3 presents the results for the cases of 2-symbol TTI with DMRS multiplexing. 
[bookmark: _Ref434217826]On the impact of TTI length 
We consider five different short TTIs with lengths of 2, 3, 4, 7 SC-FDMA symbols, respectively. The configurations of these short TTIs are shown in Figure 1 for the case of no multiplexing of reference signals within the same SC-FDMA symbol. Numbers in lower part of the illustration denote OFDM symbol indices within a sub-frame. The 1 ms TTI with 14 SC-FDMA symbols is used as baseline. 
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[bookmark: _Ref434216430][bookmark: _Ref445371406]Figure 1. Configurations of different short TTIs and the TTI. 
Table 1 lists the values of TBS for different short TTIs shown in Figure 1. For each considered modulation scheme, the TBS is selected so that PUSCH transmissions with different short TTI lengths have the same maximum throughput. Here, the maximum throughput of a PUSCH transmission is defined as the TBS carried by the PUSCH divided by the TTI length allocated for the PUSCH. Therefore, for each considered modulation scheme, with reduced DMRS overhead, the effective code rate for PUSCH transmission within this short TTI is reduced. The effective code rate for different TTI lengths are given in Table 2.
[bookmark: _Ref445985253]Table 1 TBS for different short TTI lengths (same maximum throughput)
	TTI length
	2
	3
	4
	7
	14

	QPSK 
	200
	304
	404
	708
	1416

	16QAM
	920
	1384
	1848
	3224
	6456

	64QAM
	1528
	2288
	3048
	5336
	10680


[bookmark: _Ref445378331]
[bookmark: _Ref446422824]Table 2 Effective code rate for different short TTI lengths
	TTI length
	2
	3
	4
	7
	14

	QPSK 
	0.3333
	0.2533
	0.2244
	 0.1967 
	0.1967

	16QAM 
	0.7667
	0.5767
	0.5133
	0.4478
	0.4483

	64QAM
	0.8489
	0.6356
	0.5644
	0.4941
	0.4944 



Figure 2 shows the throughput of different TTI lengths for the three considered modulation schemes under EPA LOW 3km/h channel model. We see that, based on the TBS values given in Table 1, for each considered modulation scheme, different TTI lengths will achieve the same maximum throughput at the high SNR regime. This is the main difference compared to the throughput results shown in our previous contribution [3].
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[bookmark: _Ref445989084]Figure 2 Throughput for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EPA LOW, 3 km/h. QPSK, 16QAM and 64QAM.
Figure 3, Figure 4, and Figure 5 show the BLER performance of different TTI lengths under EPA LOW 3km/h channel model, for QPSK, 16QAM and 64QAM, respectively. We see that, for all considered modulation schemes, the BLER increases with reduced TTI length. This is mainly due to the increased RS overhead for shorter TTIs, which in turn results in an increased effective coding rate, as shown in Table 2.
[bookmark: _Toc446064714][bookmark: _Toc446423424]With the same maximum throughput, BLER might decrease with reduced TTI lengths due to increased DMRS overhead

Proposal 1 [bookmark: _Ref446423523]Methods to reduce DMRS overhead for short TTIs shall be considered
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[bookmark: _Ref445988400]Figure 3. BLER for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EPA LOW, 3 km/h. QPSK 
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[bookmark: _Ref445988403]Figure 4 BLER for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EPA LOW, 3 km/h. 16QAM
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[bookmark: _Ref441475804]Figure 5. BLER for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EPA LOW, 3 km/h. 64QAM
[bookmark: _Ref434217878]On the impact of Dynamic DMRS
When the same UE is scheduled on consecutive short TTIs, an effective way to reduce the overhead of reference signals when using short TTIs with PUSCH is the dynamic insertion of DMRS. This means that the DMRS is not transmitted in each TTI when the same UE is scheduled on consecutive short TTIs, as illustrated in Figure 6. A certain periodicity is assumed for transmitting DMRS.
The TBS for each 2-symbol TTI of different DMRS periodicities is given in Table 3. For each considered modulation scheme, the TBS is selected so that PUSCH transmissions with different DMRS configurations have the same maximum cell throughput. With increased DMRS periodicity, the DMRS overhead decreases. This implies that the effective code rates for PUSCH transmissions within the corresponding short TTIs are reduced. The effective code rate for different DMRS configurations are given in Table 4. 
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[bookmark: _Ref446423183]Figure 6 Different dynamic DMRS configurations for a fixed short TTI length of 2 symbols
[bookmark: _Ref446421969]Table 3 TBS for different DMRS periodicities (same maximum cell throughput)
	DMRS periodicity
	1 TTI
	2 TTIs
	3 TTIs
	1 ms TTI

	
	
	1st TTI
	2nd TTI
	1st TTI
	2nd TTI
	3rd TTI
	

	QPSK 
	200
	136
	272
	120
	240
	240
	1416

	16QAM
	920
	616
	1232
	552
	1104
	1104
	6456

	64QAM
	1528
	1016
	2032
	912
	1824
	1824
	10680



[bookmark: _Ref446421998]Table 4 Effective code rate for different DMRS periodicities
	DMRS periodicity
	1 TTI
	2 TTIs
	3 TTIs
	1 ms TTI

	QPSK 
	0.3333
	0.2267
	0.2000
	0.1967

	16QAM 
	0.7667
	0.5133
	0.4600
	0.4483

	64QAM
	0.8489
	0.5644
	0.5067
	0.4944
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[bookmark: _Ref446423239]Figure 7 BLER vs. SNR for different dynamic DMRS configurations. EPA LOW, 3km/h. QPSK, 16QAM and 64QAM
Figure 7 shows the BLER performance of different DMRS periodicities under EPA LOW 3km/h channel model, for QPSK, 16QAM and 64QAM, respectively. We see that, for all considered modulation schemes, the BLER decreases with increased DMRS periodicity. This is mainly due to the reduced RS overhead, which in turn results in a reduced effective coding rate, as shown in Table 4. The positive impact of dynamic insertion is substantial comparing figure 10 and figures 3 to 5.
[bookmark: _Toc446423425]With the same maximum throughput, the BLER performance of PUSCH with 2 symbol long short TTI approaches the BLER performance of PUSCH with the legacy TTI with increased DMRS periodicity due to reduced DMRS overhead
Figure 8 shows the throughput of different DMRS periodicities for the three considered modulation schemes under EPA LOW 3km/h channel model. As expected, based on the TBS values given in Table 3, for each considered modulation scheme, different TTI lengths will achieve the same maximum throughput at the high SNR regime. 

Proposal 2 [bookmark: _Ref446423480]Dynamic DMRS insertion is supported, for instance based on increased DMRS periodicity
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[bookmark: _Ref446423312]Figure 8 Throughput vs. SNR for different dynamic DMRS configurations. EPA LOW, 3km/h. QPSK, 16QAM and 64QAM
On the impact of DMRS multiplexing
In case different UEs are scheduled in consecutive short TTIs, the dynamic DMRS insertion cannot be used. Instead, to reduce the overhead of reference signals when using short TTIs with PUSCH, DMRS multiplexing can be considered. This subsection includes link level simulation results of five different DMRS multiplexing cases as shown in Figure 9, see also [1]. Numbers in the lower part of the illustration denote OFDM symbol indices. Each number in the light green boxes refers to an enumeration index of the UEs. The DMRS of different UEs are multiplexed in the boxes with “R”. For each considered case, the TTI length equals two symbols, i.e., only one SC-FDMA symbol is used for data. The legacy 1 ms TTI with 14 symbols is used as baseline with two SC-FDMA symbols with reference signals.  
[image: ]
[bookmark: _Ref445992294]Figure 9 Different DMRS multiplexing cases for a fixed short TTI length of 2 symbols. 
The TBS for each 2-symbol TTI of different DMRS multiplexing cases is given in Table 5. For each considered modulation scheme, the TBS is selected so that PUSCH transmissions with different DMRS multiplexing cases have the same maximum cell throughput. Here, the maximum cell throughput is defined as the total TBS of all multiplexed UEs divided by the time duration used for transmitting all these payload bits. With increased number of multiplexed DMRS, the DMRS overhead decreases. This implies that the effective code rates for PUSCH transmissions within the corresponding short TTIs are reduced. The effective code rate for different DMRS multiplexing cases are given in Table 6.
[bookmark: _Ref446422054][bookmark: _Ref445991673]Table 5 TBS for different DMRS multiplexing cases (same maximum cell throughput)
	Number of multiplexed DMRS
	1
	2
	3
	4
	5
	legacy

	QPSK 
	200
	152
	136
	128
	120
	1416

	16QAM
	920
	688
	616
	567
	552
	6456

	64QAM
	1528
	1144
	1016
	952
	912
	10680


[bookmark: _Ref446422038][bookmark: _Ref445992024]
Table 6 Effective code rate for different DMRS multiplexing cases
	Number of multiplexed DMRS
	1
	2
	3
	4
	5
	14

	QPSK 
	0.3333
	0.2533 
	0.2267
	0.2133
	0.2000
	0.1967

	16QAM 
	0.7667
	0.5733
	0.5133
	0.4800
	0.4600
	0.4483

	64QAM
	0.8489
	0.6356 
	0.5644
	0.5289
	0.5067
	0.4944



By increasing the number of multiplexed DMRS, the RS overhead decreases, which leads to a reduced coding rate for achieving the same maximum cell throughput. On the other hand, the interference between different cyclic shifted DMRS sequences increases as the number of multiplexed DMRS increases. This results in a degraded channel estimate performance. Therefore, there is a trade-off between reducing RS overhead and keeping good channel estimation, when choosing the number of multiplexed DMRS. 
Figure 10 and Figure 11 illustrate the BLER and throughput of the considered DMRS multiplexing cases, respectively, considering EPA LOW 3km/h channel model with QPSK modulation. From Figure 10 and Figure 11, we see that multiplexing of 3 different DMRS within the same symbol is optimal, which gives the lowest SNR value and the highest cell throughput at 10% BLER over all considered DMRS multiplexing cases. With multiplexing of 3 different DMRS, more UEs can be supported simultaneously while improving slightly the BLER performance compared to no DMRS multiplexing.
From Figure 10, we also observe that, with 3 or more multiplexed reference signals, channel estimation degradation can result in an error floor in BLER, and the error floor is larger than 10% for Case 5. For these cases, i.e., Cases 3-5, the error floor in BLER leads to a throughput gap at the high SNR regime as compared to the legacy TTI, as shown in Figure 11, even though the TBS for all cases are designed to have the same maximum cell throughput.
For higher MCS DMRS multiplexing is more challenging as visible in Figure 12 which shows the BLER performance of different DMRS multiplexing levels for 16 QAM modulation. 
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[bookmark: _Ref445372305]Figure 10 Average BLER for different DMRS multiplexing cases. EPA LOW, 3km/h. QPSK
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[bookmark: _Ref434216615]Figure 11. Cell throughput for different DMRS multiplexing cases. EPA LOW, 3km/h. QPSK
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[bookmark: _Ref446599111]Figure 12 Average BLER for different DMRS multiplexing cases. EPA LOW, 3km/h. 16QAM.

[bookmark: _Toc446064715][bookmark: _Toc446423426]For EPA LOW 3km/h channel model with QPSK modulation, at maximum 4 DMRS can be multiplexed within the same symbol and still achieve 10% BLER
[bookmark: _Toc446064716][bookmark: _Toc446423427]For EPA LOW 3km/h channel model with QPSK modulation, multiplexing of 3 DMRS within the same symbol gives the optimal trade-off between RS overhead and channel estimation.
Proposal 3 [bookmark: _Toc442166333][bookmark: _Toc442171550][bookmark: _Toc442254584][bookmark: _Ref442432071][bookmark: _Ref442432076][bookmark: _Toc442432115][bookmark: _Ref446423571][bookmark: _Ref446423574]The UE should support configurations of the position of the reference signals within the TTI such that several UEs can multiplex reference signals within the same OFDM symbol by using cyclic shifts
Conclusion
In this contribution we discussed our views on the physical layer design for short TTIs in uplink transmissions. The above discussion is summarized with the following observations:
Observation 1	With the same maximum throughput, BLER might decrease with reduced TTI lengths due to increased DMRS overhead
Observation 2	With the same maximum throughput, the BLER performance of PUSCH with 2 symbol long short TTI approaches the BLER performance of PUSCH with the legacy TTI with increased DMRS periodicity due to reduced DMRS overhead
Observation 3	For EPA LOW 3km/h channel model with QPSK modulation, at maximum 4 DMRS can be multiplexed within the same symbol and still achieve 10% BLER
Observation 4	For EPA LOW 3km/h channel model with QPSK modulation, multiplexing of 3 DMRS within the same symbol gives the optimal trade-off between RS overhead and channel estimation.
 
Proposal 1	Methods to reduce DMRS overhead for short TTIs shall be considered
Proposal 2	Dynamic DMRS insertion is supported, for instance based on increased DMRS periodicity
Proposal 3	The UE should support configurations of the position of the reference signals within the TTI such that several UEs can multiplex reference signals within the same OFDM symbol by using cyclic shifts
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Appendix
Here, we summarize the simulation results in terms of SNR at 10% BLER and the throughput at 10% BLER for PUSCH with shortened TTIs. 
[bookmark: _Ref447269880]Simulation assumptions
[bookmark: _Ref446422982][bookmark: _Ref441559615]Table 7 Simulation assumptions for shortened PUSCH
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	TTI length
	2/3/4/7 symbols

	Allocated bandwidth
	25 PRBs

	Channel model 
	EPA 3km/h, EVA 60km/h, ETU 120km/h

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

	CP length
	Normal

	Transmission mode
	TM1 

	Receiver type
	MMSE

	Channel estimation
	Practical

	Link adaptation
	Disabled

	Modulation scheme
	QPSK, 16QAM, 64QAM

	HARQ retransmission
	Disabled

	Performance metrics
	BLER, throughput



[bookmark: _Ref447269898]sPUSCH link level results assuming larger TBS for longer sTTI lengths
Results for different TTI lengths
The results presented in this section are based on the TBS table given in Table 8, where the modulation scheme and the coding rate are the same for different TTI lengths.
[bookmark: _Ref446331447]Table 8 TBS for different short TTI lengths (Same MCS)
	TTI length
	2
	3
	4
	7
	14

	QPSK 1/3
	200
	400
	600
	1200
	2400

	16QAM 3/4
	904
	1800
	2696
	5400
	10800

	64QAM 5/6
	1496
	3000
	4496
	9000
	18000



EPA LOW, 3 km/h, 25 PRB, 1Tx (UE), 2Rx (eNB), TBS Table 2
	SNR at 10% BLER [dB]
	2
	3
	4
	7
	14

	QPSK 1/3
	2.69
	2.06
	1.89
	1.84
	1.61

	16QAM 3/4
	13.97
	13.79
	13.86
	13.66
	13.63

	64QAM 5/6
	20.94
	20.81
	20.80
	20.94
	20.78



	Throughput at 10% BLER [Mbps]
	2
	3
	4
	7
	14

	QPSK 1/3
	1.26
	1.68
	1.89
	2.16
	2.16

	16QAM 3/4
	5.70
	7.56
	8.49
	9.72
	9.72

	64QAM 5/6
	9.42
	12.60
	14.16
	16.20
	16.20



EVA LOW, 60 km/h, 25 PRB, 1Tx (UE), 2Rx (eNB) , TBS Table 2
	SNR at 10% BLER [dB]
	2
	3
	4
	7
	14

	QPSK 1/3
	1.48
	1.20
	1.10
	0.94
	0.46

	16QAM 3/4
	13.64
	13.47
	13.67
	13.63
	13.47

	64QAM 5/6
	21.22
	21.92
	24.30
	25.07
	24.60



	Throughput at 10% BLER [Mbps]
	2
	3
	4
	7
	14

	QPSK 1/3
	1.26
	1.68
	1.89
	2.16
	2.16

	16QAM 3/4
	5.70
	7.56
	8.49
	9.72
	9.72

	64QAM 5/6
	9.42
	12.60
	14.16
	16.20
	16.20



ETU LOW, 120 km/h, 25 PRB, 1Tx (UE), 2Rx (eNB), TBS Table 2
	SNR at 10% BLER [dB]
	2
	3
	4
	7
	14

	QPSK 1/3
	1.84
	1.67
	1.65
	1.53
	1.15



	Throughput at 10% BLER [Mbps]
	2
	3
	4
	7
	14

	QPSK 1/3
	1.26
	1.68
	1.89
	2.16
	2.16



Results for 2-symbol sTTI with dynamic DMRS
The results presented in this section are based on the TBS table given in Table 9, where the modulation scheme and the coding rate are the same for different DMRS configurations.
[bookmark: _Ref446422172]Table 9 TBS for different DMRS periodicities (Same MCS)
	DMRS periodicity
	1 TTI
	2 TTIs
	3 TTIs
	legacy

	
	
	1st TTI
	2nd TTI
	1st TTI
	2nd TTI
	3rd TTI
	

	QPSK 
	200
	200
	400
	200
	400
	400
	2400

	16QAM
	904
	904
	1800
	904
	1800
	1800
	10800

	64QAM
	1496
	1496
	3000
	1496
	3000
	3000
	18000



EPA LOW, 3 km/h, 25 PRB, 1Tx (UE), 2Rx (eNB) 
	SNR at 10% BLER [dB]
	2-symbol short TTI
	Legacy TTI

	
	DMRS per 1 TTI
	DMRS per 2 TTIs
	DMRS per 3 TTIs
	

	QPSK 1/3
	2.69
	2.43
	2.29
	1.61

	16QAM  3/4
	13.97
	13.84
	13.83
	13.63

	64QAM  5/6
	20.94
	20.88
	20.88
	20.78



	Throughput at 10% BLER [Mbps]
	2-symbol short TTI
	Legacy TTI

	
	DMRS per 1 TTI
	DMRS per 2 TTIs
	DMRS per 3 TTIs
	

	QPSK 1/3
	1.26
	1.90
	2.11
	2.16

	16QAM 3/4
	5.70
	8.52
	9.46
	9.72

	64QAM 5/6
	9.42
	14.18
	15.75
	16.20
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