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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 legacy length TTI. Results without reference signal multiplexing are given in section 2.2.1 while results with reference signal multiplexing are shown in section 2.2.2.

[bookmark: _Ref434217826]On the impact of TTI length 
We consider five different TTIs with lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols, respectively. The configurations of these TTIs are shown in Figure 1 for the case of no multiplexing of reference signals within the same SC-FDMA symbol. The legacy 1 ms TTI with 14 SC-FDMA symbols is used as baseline. Table 1 shows the simulation parameters used for shortened PUSCH, and is based on the WF on evaluation methodology [2].
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[bookmark: _Ref434216430]Figure 1. Configurations of different short TTIs and the legacy TTI. Numbers in lower part of the illustration denote OFDM symbol indices within a sub-frame.


[bookmark: _Ref441559615]Table 1. 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 

	RS configuration
	See Figure 1.

	Receiver type
	MMSE

	Channel estimation
	Practical

	Link adaptation
	Disabled

	Modulation and code rate
	MCS index = 5 (corresponds to QPSK 1/3 for legacy TTI)

	TBS determination
	Reuse Table 7.1.7.2.1-1 in 3GPP TS 36.213, but scaling the column index of the table by a factor, which is proportional to the number of user data symbols of the shortened TTI, see [1]

	HARQ retransmission
	Disabled

	Performance metrics
	BLER, throughput, MSE of channel estimation





Block Error Rate
The performance in terms of BLER is almost independent of the TTI length for all considered channel models, as shown in Figure 2 to Figure 4. For high Doppler spread, such as 222.22 Hz (120km/h) in Figure 4, a benefit with longer TTIs is expected as compared to the shorter TTIs. In case of increased Doppler spread, the time diversity is increased, which brings an advantage for longer TTIs. This positive impact is mostly visible for the legacy TTI.

[bookmark: _Toc441492197][bookmark: _Toc441492379][bookmark: _Toc441492394][bookmark: _Toc441577673][bookmark: _Toc442166319][bookmark: _Toc442427334][bookmark: _Toc442427378][bookmark: _Toc442427398][bookmark: _Toc442432133][bookmark: _Toc442432157]Time diversity impacts link level performance when comparing different TTIs
[image: ]
[bookmark: _Ref441475804]Figure 2. BLER performance for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EPA LOW, 3 km/h. 
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Figure 3. BLER performance for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EVA LOW, 60 km/h. 
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[bookmark: _Ref441475811]Figure 4. BLER Performance for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. ETU LOW, 120 km/h. 

Channel estimation error
A reduced TTI results in shorter distance in time between the reference signals and the user data symbols. With a shorter time distance, the channel estimates are less outdated due to the fading of the channel. Thus, the channel estimation error decreases with reduced TTI from 7 to 2 seven symbols, as illustrated in Figure 5. The legacy TTI contains two SC-FDMA symbols with reference signals which the receiver can use to interpolate the channel variations. For PUSCH with short TTIs only one reference symbol is available. Channel estimation errors are thus lower for legacy TTIs with 2 reference signals as compared to shorter TTIs with only one reference signal. 

[bookmark: _Toc441492198][bookmark: _Toc441492380][bookmark: _Toc441492395][bookmark: _Toc441577674][bookmark: _Toc442166320][bookmark: _Ref442358965][bookmark: _Ref442358976][bookmark: _Ref442358980][bookmark: _Ref442358984][bookmark: _Ref442359064][bookmark: _Toc442427335][bookmark: _Toc442427379][bookmark: _Toc442427399][bookmark: _Toc442432134][bookmark: _Toc442432158]For high Doppler spread, a reduced TTI has better channel estimation performance than longer TTIs
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[bookmark: _Ref441477497]Figure 5. Channel estimation error for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. ETU LOW, 120 km/h.

Throughput
Performance in terms of throughput is illustrated in Figure 6 to Figure 8. Here, the overhead due to reference signals results in a reduction of the throughput (and thus a reduction in spectral efficiency) for short TTIs. Section 2.2.2 proposes a method to address the RS overhead with short TTIs.

[bookmark: _Toc441492199][bookmark: _Toc441492381][bookmark: _Toc441492396][bookmark: _Toc441577675][bookmark: _Toc442166321][bookmark: _Ref442360382][bookmark: _Ref442360387][bookmark: _Toc442427336][bookmark: _Toc442427380][bookmark: _Toc442427400][bookmark: _Toc442432135][bookmark: _Toc442432159]The UL spectral efficiency might decrease with short TTIs without reference signal multiplexing
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[bookmark: _Ref441475919]Figure 6. Throughput performance for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EPA LOW, 3 km/h.
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Figure 7. Throughput performance for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. EVA LOW, 60 km/h.
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[bookmark: _Ref441475925]Figure 8. Throughput performance for TTI lengths of 2, 3, 4, 7 and 14 SC-FDMA symbols. ETU LOW, 120 km/h.

[bookmark: _Ref434217878]On the impact of DMRS multiplexing
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 six 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”. The other simulation assumptions are selected according to Table 1.

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. 
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[bookmark: _Ref434216599]Figure 9. Different DMRS multiplexing cases for a fixed short TTI length of 2 symbols. 
Figure 10 and Figure 11 illustrate the BLER and throughput of the considered DMRS multiplexing cases, respectively. From Figure 10, we see that BLER increases as the number of multiplexed DMRS increases. This performance loss is due to the increased interference between different cyclic shifted DMRS sequences, which in turn leads to a degraded channel estimate performance. As shown in Figure 10, this channel estimation degradation can result in an error floor with 4 or more multiplexed reference signals. 
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[bookmark: _Ref434216607]Figure 10. BLER vs. SNR for different DMRS multiplexing cases. EPA LOW, 3km/h. 
Multiplexing of reference signals can reduce the RS overhead, and thereby increase the resource utilization. This can be seen in Figure 11, where the throughput gap is reduced between PUSCH with short TTIs and the legacy TTI as the number of multiplexed DMRS increases to up to 4. Then, further increasing the number of multiplexed DMRS leads to a decreased throughput due to the degraded channel estimation performance. 
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[bookmark: _Ref434216615]Figure 11. Throughput vs. SNR for different DMRS multiplexing cases. EPA LOW, 3km/h.

However, as shown in Figure 10, multiplexing of more than 3 DMRS sequences can result in an error floor in BLER, which is larger than 10%. Therefore, multiplexing of up to 3 DMRS in the same SC-FMDA symbol is a good choice in terms of both throughput and BLER.

[bookmark: _Toc441492200][bookmark: _Toc441492382][bookmark: _Toc441492397][bookmark: _Toc441577676][bookmark: _Toc442166322][bookmark: _Toc442427337][bookmark: _Toc442427381][bookmark: _Toc442427401][bookmark: _Toc442432136][bookmark: _Toc442432160] Multiplexing of at maximum 3 reference signals on the same SC-FDMA symbol provides a good trade-off between spectral efficiency and BLER
Proposal 1 [bookmark: _Toc442166333][bookmark: _Toc442171550][bookmark: _Toc442254584][bookmark: _Ref442432071][bookmark: _Ref442432076][bookmark: _Toc442432115]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	Time diversity impacts link level performance when comparing different TTIs
Observation 2	For high Doppler spread, a reduced TTI has better channel estimation performance than longer TTIs
Observation 3	The UL spectral efficiency might decrease with short TTIs without reference signal multiplexing
Observation 4	Multiplexing of at maximum 3 reference signals on the same SC-FDMA symbol provides a good trade-off between spectral efficiency and BLER

Proposal 1	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: Evaluation results
BLER results without DMRS multiplexing
EPA LOW, 3 km/h, 25 PRB, 1Tx (UE), 2Rx (eNB)
	SNR at 10% BLER [dB]
	2
	3 
	4 
	7 
	14 

	MCS index = 5  (corresponds to  QPSK r1/3 for legacy TTI) 
	1.04
	1.31
	1.35
	1.31
	1.30

	MCS index = 20 (corresponds to 16QAM r3/4 for legacy TTI) 
	13.10
	13.35
	13.13
	13.01
	13.32

	MCS index = 28 (corresponds to 64QAM r5/6 for legacy TTI) 
	20.55
	20.68
	20.45
	20.44
	20.95



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

	MCS index = 5  (corresponds to  QPSK r1/3 for legacy TTI) 
	-0.07
	0.07
	0.08
	0.02
	0.00

	MCS index = 20 (corresponds to 16QAM r3/4 for legacy TTI) 
	12.47
	12.81
	12.96
	12.78
	13.05

	MCS index = 28 (corresponds to 64QAM r5/6 for legacy TTI) 
	20.71
	21.76
	23.47
	23.91
	25.77



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

	MCS index = 5  (corresponds to  QPSK r1/3 for legacy TTI) 
	0.50
	0.66
	0.76
	0.69
	0.50



BLER results with DMRS multiplexing
EPA LOW, 3 km/h, 25 PRB, 1Tx (UE), 2Rx (eNB), a fixed short TTI length of 2 symbols
	SNR at 10% BLER [dB]
	2-symbol short TTI
	Legacy TTI

	
	1 RS
	2-RS MUX
	3-RS MUX
	4-RS MUX
	5-RS MUX  
	6-RS MUX 
	

	MCS index = 5  (corresponds to  QPSK r1/3 for legacy TTI) 
	1.12
	2.44
	2.77
	3.69
	--
	--
	1.30

	MCS index = 20 (corresponds to 16QAM r3/4 for legacy TTI) 
	12.92
	21.89
	--
	--
	--
	--
	13.32

	MCS index = 28 (corresponds to 64QAM r5/6 for legacy TTI) 
	20.53
	--
	--
	--
	--
	--
	20.95


     --  denotes not applicable
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